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The physical dose quantity given by

where de is the mean energy imparted by ionising radiation to thmtter in a volume element and
dm is the mass of the matter in the volume element. The Sl unit for absorbed dose is joule per
kilogram (J kg) and its name is Gray (Gy).

Absorption

Movement of material to blood regardless of mechanism. In the respirataract, it generally
applies to dissociation of particles and the uptake into blood of soluble substances and material
dissociated from particles

Absorption type

Classification of inhaled materials according to fheates of absorption from the respiratory tract
into body fluids. The absorption types are defined in ICRblication66 as follows

Type F materials (deposited materials that are readily absorbed into body fluids from the
respiratory tract; fast rate of absption)

Type M materials (deposited materials that have intermediate rates of absorption into body fluids
from the respiratory tract; moderate rate of absorption)

Type S materials (deposited materials that are relative insoluble in the respiratory traet;rsite of
absorption)

Type V materials (deposited materials that are assumed, for dosimetric purposes, to be
instantaneously absorbed into body fluids from the respiratory tracpplied only to certain gases
and vapours- very rapid absorption.

The default absorption parameter values for each absorption Type given in ICRP Publication 66 will
be revised in the forthcoming ICRP OIR document basedenews of experimental data

Activity

Physical quantity for the number of disintegrations per uritne (s) of a radioactive material. The
Stunit of the activity is Becquerel (Bg): 1 Bg =1 s




Activity Median Aerodynamic Diameter (AMAD)

Physical parameter for the description of the particle size of radioactive aerosols. Fifty percent of

the activity in the aerosol is associated with particles of aerodynamic diametey) (@reater than

the AMAD. The AMAD is used for particle sizes for which deposition depends principally on inertial
impaction and sedimentation: typically those greater than about Q[5k , Dmp gk _jjcp
deposition typically depends primarily on diffusion, and the activity median thermodynamic
diameter (AMTD)- defined in an analogous way to the AMAD, but with reference to the
thermodynamic diameter of the particlesis used.

Bioassay

Any procedure used to determine the nature, activity, location or retention of radionuclides in the
body by direct (7 vivo measurement or by indirect/f vitro) analysis of material excreted or
otherwise removed from the body.

Biokinetic model

A mathematical model describing the intake, uptake and retention of a radionuclide in various
organs or tissues of the body and the subsequent excretion from the body by various pathways.

Biokinetic or reference bioassay function

A mathematical function @scribing the time course of the activity in the body (retention function)
or the activity excreted via urine or faeces (excretion function) following a single intake at time
0. In general, the retention functiomwx(?) represensthe predicted body ororgan activity at the time

t after the intake, whereas the excretion functiom(?) represens the integral of the excretion rate
from ¢ « 1 daysuntil £ days The radioactive decay in the sample during the sample collection
period is taken into account. Tabulated values @/ are given in ICRP Publication 78 but these
will be updated in the forthcoming ICRP OIR document.

Biological half -life

The time takenfor the quantity of a material in a specified tissue, organ or region of the body (or
any other specified biota) to halve as a result of biological processes.

Committed Effective Dose (E¢' ' Qcc _jgm ~Cddcargtc bmgc%

The sum of the products of the comrmted equivalent doses in organs or tissues and the
appropriate organ or tissue weighting factors @y wheret is the integration time in years
following the intake. The integration time is 50 y for worker accordance with ICRP Publication
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103, A50)is calculated with the use of male and female committegtjuivalent dosego individual
organs or tissue regions as follows:

The Sl unit for committed effective dose is the same as for absorbed dose?,Jakg its special
nameis sievert (Sv).

Committed Equivalent Dose (H+(t))

The time integral of the equivalent dose rate in a particular tissue or organ that will be received by
an individual following intake of radioactive material into the bodyy a Reference Perspmwheret
is the integration time in years following the intake. The integration time is 50 y for workers.

Compartment

Pool of radioactive materials in the body which can be characterised by first order kinetics; a
compartment can be an organ (as for example the liver), a part of an organ (as for example the
bronchial region of the lung} a tissue (as for example the bdnea part of a tissue (as for example
the bone surface) or another substance of the body (as for example the body fluidsjtivity is
considered to be uniformly distributed in a compartmen

Computational phantom (voxel)

Computational anthropomorphic phantom based on medical tomographic images where the
anatomy is described by small thredgimensional volume elements (voxels) specifying the density
and the atomic composition of the various organs and tissues of the human body.

Critical monitoring quan tity (M)

If the measured quantity, M, from a routine monitoring program, is less tihdythen the potential
intakes during the accounting year is assumed to result in an annual dose less than 0.1 vh$v.
the amount of activity retained or excretedt the end ofa monitoring period that determines an
intake that, if it was repeated for all monitoring periods during the accounting year, would result in
a value of committed effetive dose of 0.1 mSv in a yedn. the absence of knowledge of the exact
time of intake, it is assumedhat intake took place at themid-point of the monitoring period (T/2)
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Decision threshold and detection limit
1 Decision ThresholdDT)

Fixed value of a measured quantity that, when exceeded by the result of an actual
measurement quantifying a physical effect (e.g. the presence of a radionuclide in a sample),
may be taken to indicate that the physical effect is present (ISO, 2010a, 20I0ie).
decision threshold is the critical value of a statistical test for the decision between the
hypothesis that the physical effect is not present and the alternative hypothesis that it is
present. When the critical value is exceeded by the result of etua measurement, this is
taken to indicate that the hypothesis should be rejected. The statistical test is designed in
such a way that the probability of wrongly rejecting the hypothesis (Type | error) is at most
CoOSs _|j rm _ egt cl hteshplasisana pgsterioRytiantity bevabugtay gftar r
a particular measurement in order to decide whether the result of the measurement is
significant. The decision threshold isometimesreferred to as thecritical level, decision
level or minimum signiftant activity.

1 Detection Limit (DL)

The smallest true value of a measured quantity which ensures a specified probability of
being detectable by the measurement procedure (ISO, 2010a, 2010b). The DL is the
smallest true value that is associated with the sstical test and hypothesis in accordance
with the Decision Threshold, as follows: if in reality the true value is equal to or exceeds the
DL, the probability of wrongly not rejecting the hypothesis (Type Il error) is at most equal to

egtcl te DI & ama pripriquamity, evaluated for a particular measurement
method in advance of the performance of a measurementThe detection limit is
sometimes referred to as the minimum detectable activifylDA),lower limit of detection
(LLD) or limit of étection (LOD).

Decorporation therapy

Use of chelating agents to enhance the elimination of radionuclides from the body in order to
reduce the radiation dose to an individual accidentally contaminated internally with radionuclides.

Deposition

The initialprocesses determining how much of a material in inhaled air remains in the respiratory
tract after exhalation. Deposition of material may occur during both inhalation and exhalation. The
distribution of the deposition of inhaled materials in the differémegions of the respiratory tract
depends on factors including the Activity Median Aerodynamic Diameter (AMAD) and the
breathing pattern of the subject.

ICRRPublication 66establishes three classes of gases and vapours on the basis of the initial pattern
of respiratory tract deposition: Class 9R(soluble or reactive: depositionhtoughout the
respiratory tracj, Class SR (highly soluble or reactive: deposition in ET) and Clas® $iRsoluble
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and nonreactive: negligible deposition). However, in tle forthcoming ICRP OIR document, a
simpler classification will be made for gases and vapours.

Direct measurement

Generic term for any kind of? vivo measurement of incorporated radionuclides (i.e. whole body
counting, lung counting, thyroid counting etc.)

Dose Coefficient

Committed equivalent dose in organ or tissue T per unit intakgth or committed effective dose
per unit intake e(), wheret is the time period in years over which the dose is calculated. The
integration time is 50 y for adults

Effective Dose (E)

In ICRP Publication 103, the effective dasas defined for the purposes of radiological protection
as a sexaverage quantity and igjiven by:

. eHM+H"
E:aWré%

T e
HM HF

where 'T and T are the equivalent doses to the tissues or orgafd®f the Reference Adult

Male and Reference Adult Female, respectively, amgs the tissue weighting faor for tissue 7,
aw =1

with T

The sum is performed over all organs and tissues of the human body considered to be sensitive to

the induction of stochastic effectsBecausens and w4 are dimensionless, the Sl unit for effective
dose is the same as for absorbed dose, 3,kand its special name is sievert (Sv).

Equivalent dose (Hr)

The equivalent dose, +, in tissue or organ T due to radiatidgpe R, is given by:
HT,R = WR c"D)T,R

where Drris the average absorbed dose from radiatidgpe R in tissue Df the ReferenceAdult
Male or Reference Adultdfale,and wkis the radiation weighting factofor radiation type R Since
wris dimensionless, the unit is the same ag fbsorbed dose, J kg and its name is Sievert (Sv).
The total equivalent dose, Hlis the sum of Ik over all radiation types




H, = a Wr CDT,R
R

The equivalent dose is a radiation protection quantity

Excretion analysis

Procedure for theassessment of the activity in the urine or faeces or in the exhaled air. The
excretion analysis includes radiochemical separation, preparation of measuring samples and the
evaluation of the measuring samples by spectrometric or other techniques @-spectrometry or
ICRMS)

Excretion rate

In general, the excretion rate is the amount of activity which is excreted via urine or faeces during
24 hours, with the decay of the radionuclide having been corrected for the end of the 24 hour
sampling period. A spdal case is HTO where the excretion rate in general is given in terms of the
activity concentration in the excreted material.

Exposure

Thestate or conditionof being subject to irradiation.

Fractional absorption in the gastrointestinal tract ( #)

The £ value is the fraction of an element directly absorbed from the gut to body flyidsed in the
ICRRB0 gastrointestinal tract modelQc ¢ Humanmlinfentary Tract Model (HAT#)

Human Alimentary Tract Model (HATM)

Biokinetic model for describing themovement of ingested materials through the human
alimentary tract; published in Publication 100 (ICRP, 2008).the model, the &mentary tract
transfer factor f) is defined aste fraction of activity entering the alimentary tract that is absorbed
to blood, taking no account of losses due to radioactive decay or endogenous input of activity into
the tract.

Human Respiratory Tract Model (HRTM)

Biokinetic model for describing the deposition, translocation and absorption of inhaled materials in
the humanrespiratory tract; published in ICRP Publication @6RP, 1994) and will be updated in
the forthcoming ICRP OIR documentheTHRTM defines the following regions:




1 Extrathoracic (ET) airways.
The anterior nose (EJfand the posterior nasal passages, ntbupharynx and larynx (EJ
9 Bronchial (BB) region.
The trachea and bronchiairway generations @.
91 Bronchiolar (bb) region.
The bronchioles and terminal bronchiolesirway generations 4.5.
1 Alveolarinterstitial (Al) region.

The respiratory bronchites, alveolar ducts and sacs with their alveoli, and the interstitial
connective tissue.

Indirect measurement

Generic term for any kind of? vitro analysis of material excreted or otherwise removed from the
body (e.g urine and faecal analysis). Theneis also used to include air sampling measurements.

Intake

The processes and thactivity of radioactive material entering the body, the principal routes being
inhalation, ingestion or through intact or wounded skin (note in the case of inhalatioraefosols
the intake is greater than the amount which is deposited in the body).

Acute intake

An intake occurring within a time period short enough that it can be treated as
instantaneous for the purposes of assessing the resulting committed dose.

Chronicintake

An intake over an extended period of time, such that it cannot be treated as a single
instantaneous intake for the purposes of assessing the resulting committed dose.

Mean absorbed dose, Dr

The mean absorbed dose in a specified organ or tissue regiegiven byDr = 1/my EDdm, where
mris the mass of the organ or tissue, amgiis the absorbed dose in the mass elementd The Sl
unit of mean absorbed dose is joule per kilogram (J'kgand its special name is gray (Gy).
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Occupational exposure

Exposure to radiation incurred at work as the result of situations that can reasonably be regarded
as the responsibility of the operating management.

OIR document

The forthcoming ICRP Occupation#thitake of radionuclides (OIR) document series will provide
revised dose coefficients for worker by inhalation and ingestion replacthg ICRPPublication 30
series and Publication 68. Iwill also provides data for the interpretation of bioassay
measurenents, replaing Publications 54 and 78Further information regarding this forthcoming
document is given in Section 1.2.7.

Radiation weighting factor, ws

A dimensionless factor byhich the organ or tissue absorbed dose component of radiation type R
is multiplied to reflect the relative biological effectiveness of the radiation in inducing stochastic
effects at low doses. It is used to derive the organ equivalent dioss the meanabsorbed dose

in an organ or tissue The values are chosen by ICRP for radiation protection purposes only.

Reference male and reference female (reference individual)

An idealised male or female with anatomical and physiological characteristics defingthke ICRP
for the purpose of radiological protection.The anatomical and physiological characteristics are
defined in the report of the ICRP Task Group on Reference Man (Publication 89, ICRP 2002).

Reference person

In ICRP Publication 103, a referengerson was defined asraidealised person, for whom the
equivalent doses to organs and tissues are calculated by averaging the corresponding doses of the
Reference Male and Reference Female. The equivalent doses of the Reference person are used for
the cakulation of the effective dose

Relative biological effectiveness (RBE)

The ratio of a dose of a IolET reference radiation to a dose of the radiation considered that gives
an identical biological effect. RBE values vary with the dose, dose rate, ahoghial endpoint
considered. In radiological protection, the RBE for stochastic effects at low dosew)(RB&f
particular interest.
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Rogue data

Rogue or outlier data are data that aneimerically distant from the rest of thdata. In other words,

an outlier is one thatappears to deviate markedly from other members of the sample in which it
occurs An outlier is considered as a rogue data point, if it is not part of the sample population in
which the other members occur. Iterms of bioassay data, outlierbove and below the trend of
the other data have different significance See Section 6.1.

Scattering Factor (SF)

The scattering factor (SF) is a measure of the uncertainty of an individual monitoring vatus. |
assumed that the overall uncertainty on an individual monitoring value can be described in terms
of a lognormal distribution and the scattering factor (SF) is defined as its geometric standard
deviation. In this report, theuncertainty is divided into two main categories referred to as Type A
and Type B uncertainties Type A uncertainties are taken to arise from counting statistirdy
whereasType B components are due to all other sources of uncertainty.

Specific Effective Energy (SEE)

The Specit Effective Energy, SEETS) is the equivalent dose itarget region or organ,T per
nuclear transformation of a given radionuclide in source region, S. Units are: Sv per disintegration
= Sv (Bq 9) In the forthcoming ICRP OIR documenhe SEE is ferred to as the Soefficient
(radiationrweighted) and is correspondingly defined for the Reference Adult Male and Reference
Adult Female

Structured approach to dose assessment

The structured approach consists of a series of stages (or flow chartdhdoassessment of dose
based on the principles of harmonisation, accuracy apobportionality (i.e.the effort applied to
the evaluation should be proportionate to the dose the lower the dose, the simpler the process
should bg. See chapters-11.

Tissue weighting factor, wr, Qcc _jgm ~Cddcargtc Bmqgc %,

The factor by which the equivalent dose to an organ or tissue is weighted to represent the relative
contribution of that organ or tissue to overall radiation detriment from stochastic effecsulting
from uniform irradiation of the body It is defined such that

aw =1
-
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Transfer compartment

The compartment introduced for mathematical convenience into most of the biokinetic models
used in ICRP and IAEA publications to account for ttenslocation of the radioactive material
through the body fluids from where they are deposited in tissues.

Uptake

The processes by which radionuclides enter the body fluids from the respiratory tract,
gastrointestinal tract or through the skin, or thedction of an intake that enters the body fluids by
these processes.
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Abstract

Doses from intakes of radionuclides cannot be measured but must be assessed from monitoring
data, such as whole bodyrine or faecadata. Such assessments require applicatiohbiokinetic

and dosimetric modelsand the assessor may well have to make assumptions about factors such as
the pattern of intake and properties of the material. Intercomparison exercises (Doerfel 2000) have
shown a wide range in doses that can be obtad from the same data set as a result of such factors
and hence the need for guidance on harmonising evaluations. As a result a European project in the
EC 5th Framework programme was established to give guidance on internal dose assessments
from monitoring data (Project IDEAS). In 2006, a document giving such guidance was published
(Doerfel 2006) and is commonly refedeo as the IDEAS Guideline§ollowing its publication, a
working group within European network CONRAD and EURADOS was establishegtovienand
update the IDEAS Guidelines, and to take account of recent developments in the field of internal
dosimetry. This document is the result of such work.

The IDEAS Guidelines are based on a general philosophy of:

1 Harmonisation: by following the Guielines any two assessors should obtain the same
estimate of dose from a given data set.

1 Accuracy: the "best" estimate of dose should be obtained from the available data.

1 Proportionality: the effort applied to the evaluation should be proportionate to the

dose-the lower the dose, the simpler the process should be.

Following these principles, the Guidelines use the following "Levels of task" to structure the
approach to an evaluation: Level 0: Annual dose <0.1 mSv. No dose evaluation; Level 1: Simple
evaluaion normally using ICRP reference parameter values (typical dose- @ImSv); Level 2:
Sophisticated evaluation using additional information to give more realistic assessment (typical
dose 1- 6 mSv); Level 3: More sophisticated evaluation, for casel agmprehensive data (typical

dose > 6 mSv).

In this new version the following revisions have been made:

9 Additional information and literature review on value of excretion of U, Th, Ra, o
different bioassay types (urine and faeces) guldcesdue to alimentaryintroduction.

1 Collection of typical and achievable values for detection limits for different bioassay
measurement techniques.

1 New default measurement uncertainties (i.e. scattering values, SF) for different types of
monitoring data.

1 Additional information on the minimum number and type of data required for dose
assessment.

I Additional information on the calculation of the effective AMAD.
9 Additional information on data fitting andautocorrelationtest statistics.

1 Introduction of aspecal procedure for wound cases, following the publication of tiNCRP
156 wound model.

1 Introduction of the descriptionof the direct dose assessment metho(dritium case)

XV



1 Example evaluations showing the correct application of the guidelines taken from the
recent EURADOS/IAEA advanced training course on internal dose assessment.

1 Typical uranium and plutonium isotopic compositions encountered in the nuclear industry.

This version takes account of the forthcoming ICRP Occupational Intakes of Radionuclitiey (O

document series, so that these Guidelines can still be applied following their publication. A brief
description of the ISO standard on dose assessment for monitoring of workers for internal radiation
exposure is also included and compared with the IB& Guidelines.
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IDEAS Guidelines (Version 2) for the Estimation of Committed Doses from Incorporation Monitoring Data

1.Introduction

1.1 The IDEAS project

1.1.1/ntroduction

The need for harmonisation of the procedures for internal dose assessment has been the
aim of the project IDEAS, partly funded by the European Commission under contract No- FIKR
CT200100160. The IDEAS project started in October 2001 and ended in June. db@5following
partner institutions were involved in the project: Forschungszentrum Karlsruhe (FZK),
Germany;Belgian Nuclear Research Centre (&EN), Belgium; Electricité de France (EDF), France;
Italian National Agency for New Technology, Energy ahd Environment (ENEA), Italy; Institut de
Radioprotection et de Sireté Nucléaire (IRSN), France; KFKI Atomic Energy Research Institute (AEKI),
Hungary; Radiation Protection Institute (RPI), Ukraine; National Radiological Protection Board
(NRPB), now HedltProtection Agency, Radiation Protection Division, (HRRD), United Kingdom.

The IDEAS project was divided into Work Packages (WP), one for each of the five major tasks:

WP1- Collection of incorporation cases was devoted to the collection of data by eans of
bibliographic research. Two databases were prepared: W¥ASBibliography Databaseand the
IDEASnternal ContaminationDatabaseHurtgen 2007); http://www.sckcen.bel/ideas/). THDEAS
Bibliography Databasecollects information present in the ope literature or in other reports
dealing with internal contamination cases. TWH®EASnternal ContaminationDatabasevas set up

to collate the descriptions of selected well documented cases in a specific format providing all the
information needed for inernal dose assessment.

In WP2- Preparation of evaluation software the existing computer code IMIE (Individual
Monitoring of the Internal Exposure, (Bevski 2000, Berkovski 2002)as used as a platform for
testing existing methods and approaches folidassay data interpretation and methods developed

in the project. IMIE permits the user to review and compare simultaneously different possible
exposure condition combinations and to select the degree of automation from fully automated to
completely manual

In WP3- Evaluation of incorporation cases52 selected casesvere evaluated using IMIE and
another computer code, IMBA (Integrated Modules for Bioassay Analysis, (Birchall 2003). From the
evaluationsvarious items were identified where guidance was riEa. General features of the
evaluation of monitoring data, were consequently defind@€astellani 2004)

In WP4- Development of the general guidelinesthe partners derived a common strategy for the

evaluation of monitoring data, drafted the general gualines and discussed it with internal
bmqgkcrpw cvncprgq ~w kc_I g md _ 8tgprs_j?3 umpi
discussion was used to improve the common strategy and the general guidelines.

In WP5- Practical testing of general guidelirre the validity of the draft guidelines was tested by
means of a joint IDEAS/IAEA dose assessment intercomparison exercise open to participants from
all over the world. Some 76 participants provided answers to all or some of the 6 cases proposed
for evaluation. The results were discussed with the participants in a workshop in April 2005 and
have been evaluated and discussed in a report (Hurtgen 2005). Based on these discussions the
IDEAS general guidelines were finalised.
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1.12 The IDEAS/IAEA intercompsaoin exercise

The intercomparison exercise begins with the announcement at the beginning of August 2004. The
selection of cases was done up to September 2004. The cases were posted on the IDEAS web page
at the beginning of October 2004.

The cases were avalble for evaluation up to the end of January 2005, so 4 months had been
available to perform evaluation and to submit results in a dedicated web page. The analyses of
results were performed during February and March 2005 and the final workshop was hdEA

on April 2005.

Tablel.1 summarizes results the radionuclides considered in the six cases and the results obtained
in terms of committed effective doses, E(5@eometric mean and geometric standard deviation
values, calculated by excluding outliers). Outliers were identified on the basis of the statistical
procedure used in a previous exercise (Doerfel 2000). Number of participants and outliers for each
study case are also reported in the table.

Table 1.1: Statistical evaluations of the E(50) results of the IDEAS/IAEA intercomparison exercise
(excluding outliers) (76 participants)

E(50) E(50)
Case number  Radionuclide Geometric Geometric  Number of result®’
mean (MSV)  standard dev.

1 *H 25.8 1.06 46 (12)
2 187Cs 0.66 1.16 52 (6)
%05y 7.22 1.94 48 (10)
3 ®Co 5.0 1.4 56 (6)
4 13 2.57 1.07 50 (13)
5 Enriched Uraniurr 36.8 2.4 38 (3)
6 241Am 52 2.1 32 (3)
239py 140 1.58 31(5)

@ number of outliers in brackets

The results were discussed with the participants during a workshop held by IAEA in April 2005. Of
the 76 participants who assessed at least one case, 36% provided an answer to all six cases. The
highest participation (84%) was for the cobalt and iodine cases and the lowest (57%) was for the
americium part of case 6.

Even if the direct comparison on the spread of results between the previoifs Eliropean
Intercomparison Exercise (Doerfel 2000) and the IDEAS/IAEAcbrtgparison Exercise (Hurtgen
2005) cannot be accomplished, the application of the draft guidelines seems to produce an
improvement i.e. a reduction of the spread of results, as the geometric standard deviation values
tend to be smaller. Some 20% of paipants used the IDEAS Guidelines correctly and reached
results that can be considered to be completely accurate.
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Another important finding of the IDEAS/IAEA intercomparison exercise was the lower occurrence
of outlying values among those who applied theuilelines than among those who did not. So it
can be affirmed that the IDEAS Guidelines have a positive influence on the harmonisation of
reported intakes and doses.

However, even very detailed guidelines cannot help if unrealistic assumptions or simpstakes

are made. As a final outcome of the intercomparison the authors indicated that more effort should
be done forthe promotion and correct application of such guidelines in the international internal
dosimetry community, together with dedicated traimig.

1.1.3 The 2006 IDEAS Guidelines

The IDEAS guidelines, updated according to the outcomes of the intercomparison exereiseg
published as FZKA report in 2006 (Doerfel 2006).

The general philosophy of the guidelines focuses on the principles of:

9 harmonization; any assessors should obtain the same estimate of dose from a given
data set.

T _aasp_aw9 rfc 8 cqr?® cqrgk_rc md bmgc qf ms]|

9 proportionality; the effort applied to the evaluation should be proportionate tché
dose«the lower the dose, the simpler the process should be.

A level of task to structure the approach of internal dose evaluation was propaeedell as special
proceduresfor the different paths of intake.

The IDEAR006 publication describes CRPoiokinetic models (ICRP 1998) and provides advice on
the handling of bioassay monitoring data for the purpose of dose calculation. A quantification of
measurement uncertainties by a scattering factor (SF) is proposed as well as statistical tools to
make julgement on the fit of the model to the data and on the most likely value of intake. A
standardized procedure for the evaluation of committed effective dose is structured through
flowcharts along four levels of increasing complexity depending on the expetterder of
magnitude of the dose:

1 Atlevel 0, when the measured activity is less than a threshold value determined in advance
from the biokinetic model, the monitoring period and technique, the annual dose is likely
to be less than 0.1 mSv and no furtheogimetric evaluation is needed.

1 Atlevel 1, for a dose in the order of 0.1 to 1 mSv, a simple evaluation is performed using
reference ICRP parameters unless specific information is available: inhalation at the middle
of the monitoring interval, AMAD 1 ds um and absorption type F, M or S.

1 Atlevel 2, if the dose may exceed 1 mSv or in case of established incident, it is advised to
perform several measurements with different techniques and/or at different times. The
most likely time of intake, AMAD and atigption type are obtained by fitting the prediction
of the model to the measurement data.

1 Atlevel 3, if the dose is estimated to be more than 6 mSv, a more sophisticated evaluation
is performed by fitting all the model parameters in a specific order urgilreasonable
consistency betweermodel prediction and the measurement data is obtained.
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1.2 Recent reference documents of interest for internal dose assessment

1.21 The 2007 recommendaations of the ICRP on effective dose

The ICRP Publication 103 of ti2007 Recommendations (ICRP 2008) introduced changes in the
definition of effective dose leading to an egoing process of revision of the biokinetic model and
dose coefficients.

The protection quantities are used to specify exposure limits to ensure tha bccurrence of
stochastic health effects is kept below unacceptable levels and that tissue reactions are avoided.
The definition of the protection quantities is based on the average absorbed dosegsiD the
volume of a specified organ or tissue T, dteeradiation of type R. The radiation R is given by the
type and energy of radiation either incident on the body or emitted by radionuclides residing
within it. Computational representations of the Reference Male and Reference Female are used to
compute the mean absorbed dose, Din an organ or tissue T, from decay of radionuclides after
incorporation. These organ and tissue doses are multiplied with the radiation weighting facter w
(Table 1.2) to yield the equivalent doses in the tissues and organs @fReference Male and the
Reference Female
H, =3 W:D;

R
The sum is performed over all types of radiations involved. The unit of equivalent dose'iandkg
has the special name sievert (Sv)

Table 1.2 Reference values for the radiation weighting factors (ICRP, 2008)

Radiation type Radiation weighting factorw
Photons 1
Electrons and muons 1
Protons and charged pions 2

Alpha particles, fission fragments, heavy ior 20

25+182¢ " , for £,< 1 MeV

50+17.0e (ln(ZE”)2/6* d mp E D K &
MeV

Neutrons

2.5+3.258 MOMESIE L o £0 MeV

The equivalent doses in the organs and tissues of the Reference Male and the Reference Female are
averaged. The averaged dose is multiplied wittie corresponding tissue weighting factor (Table

1.3). The sum of these products yields the saseraged effective dose for the Reference Person.
The effective dose is thus computed from the equivalent doses assessed for organ or tissue T of the
H Y

F
ReferencaViale, , and Reference Femal&'T , according to the following equation:
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eH) +HS o
E= awre—l}j @9

T 2
The tissue weighting factors of Table 3 are sard ageaveraged values for all organs and tissues,
including the male and female breast, testis, and ovary (gonads: carcinogenic and heritable effects).
This averaging implies that the application of this approach is restricted to the determination of
effective dose in radiological protection and, in particular, ¢ait be used for the assessment of
individual risk.

Analogous to the approach for other organs and tissues, the equivalent dose to the remainder is
defined separately for the Reference Male and the Reference Female. The equivalent dose to the
remainder tisues is computed as the arithmetic mean of the equivalent doses to the tissues listed
in the footnote to Table 3. The equivalent doses to the remainder tissues of the Reference Male,

M F
H g , and the Reference Femal'é',rmd ,are computed as

H F
rmd 13§

rmd —

|IM —_ '1' IIM
3a

Table 1.3: Reference values for tissue weighting factors (ICRP 2008)

Tissue Tissue weighting factor, w
Bone marrow (red), colon, lungs, stomach, breast, remainc 0.12

tissues

gonads 0.08
Bladder, oesophagus, liver, thyroid 0.04

Bone surface, brain, salivary glands, skin 0.01

a Adrenals, extrahoracic region, biliary vesicle, heart, kidney, small intestine, lymphatic noc
muscle, oral mucosa, pancreas, prostate (male), spleen, thymus, uterus (female).

The quantities equivalent dose and effective dose are not measurable racfice. For the
calculation of dose coefficients from intakes of radionuclides, biokinetic models for radionuclides,
reference physiological data, and computational phantoms are used

ICRP Publication 103 (ICRP 2008) acknowledges that there may be sacunensiances in which

the values of material specific parameters, such as absorption parameters, gastrointestinal uptake
factors and aerosol parameters may be changed from the reference values in the calculation of
effective dose. However, as the effectidmse applies to a reference person, individual specific
parameter values should not be changed. Examples of individual specific parameters that should
not be changed include particle transport parameters of the Human Respiratory Tract model
(HRTM), transiparameters of Human Alimentary Tract Model (HATM) and systemic biokinetic
model parameters.

In the last stages of these Guidelines, which apply to cases with good quality and comprehensive
data, it may be necessary to alter individual specific parametafues to obtain good fits to
bioassay data. However, these apply to cases where the assessed dose to the individual is high and
in such situations risk assessments may be necessary. It is also noted that the cases for which a

EURADOS Report 2008 5



C.M. Castellani, J.Warsh, C. Hurtgen, E. Blanchardon, P. Berardsissani. M.A. Lopez

detailed risk assessment isnessary are in the minority and will require an expert dosimetrist to
assess them.

It is emphasised that effective dose is a radiation protection quantity and neither it nor the quantity
equivalent dose to organs should be used for individual risk assesst® or epidemiological
evaluations. Rather, the absorbed dose should be used with the most appropriate biokinetic
biological effectiveness and risk factor data (ICRP, 2007)

Since the publication of reference dose coefficients and bioassay data for tHivichual monitoring

for internal exposure of workers (ICRP 1997), the ICRP is updating the models to be used for the
calculation of new values of these reference quantities. A brief swnmis provided in the
following paragraphs.

1.22 Human Alimentary Tact Model

The ICRP has published a new agad sexdependent Human Alimentary Tract Model (HATM) in
its publication 100 (ICRP 2006) . The structure of the model is presented in Figure 1.1, while Table
1.4 presents the transfer rates for the movements lo¢ talimentary tract contents.

Ingestion——>| Oralcavity Z] Teeth | T

I

i —— contents General I
I
—l s

I
I
[
[ : T ) i ton
| I : Respiratory ; | ‘
I
| : Oesophagus | | _ Waet | [ [
I | Fast'Slow e &
et | v\ |
Do Stomach Z Stomach | : Liver | 1
: secrefory | con\tl/ents wall 1 a :
, organs ! L= =
o ! Small intestine—>{Smallintestine
:(ln§lud|ng | contents wall —) Portal
liver) orta
' | \l, vein
[ :
I Rightcolon |1 Right colon
'L | contents || wall —
- v
Leftcolon > Leftcolon
contents < wall )
Rectosigmoid [~>{Sigmoid colon
contents (<& wall 2
Faeces

Figure 1.1: Structure of the HATM .The dashed boxes show connections with the
other models (ICRP 2006).

Compared to the old gastrointestinal model of ICRP Publication 30 (ICRP 1979) the most significant
changes inbiokinetics are the addition of the initial compartments of oral cavity and oesophagus
with mean retention times of only several seconds and the possibility of absorption not only
directly from the small intestine but from nearly all sites of the tract lwjtotential retention in the

walls and subsequent recycling into the contents of the tract. The total fractional absorption in the
alimentary tract is quantified by the parametex.f
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Table 1.4 : Transfer ratesjdfor the movement of alimentary tract cdents in the HATM (ICRP
2006)

Region Adult male fe(::gle Region Qiﬂt ?etj:gle

Mouth Stomach

Solids 5760 5760 Solids 19.2 13.71

Liquids 43,200 43,200 Caloric liquids 32 24

Total Diet 7200 7200 Non-caloric 48 48
liquids

Oesophagus (fast Total diet 20.57 15.16

Solids 10,800 10,800

Liquids 17,280 17,280 Small intestine 6 6

Total diet 12,343 12,343 Right colon 2 15
Left colon 2 15

gf’;mo/jyhag us Rectosigmoid 2 15

Solids 1920 1920

Liquids 2880 2880

Total diet 2160 2160

1.2.3 Physical data for dose calculation

The ICRP publication 107 (ICRP 2008b) provides an electronic database of the physical data
needed in calculations of radionuclidspecific protection. This databassupersedes the data of
ICRP publication 38 (ICRP 1983). The database contains information on thévhalfdecay chains,
and yields and energies of radiations emitted in nuclear transformations of 1252 radionuclides of
97 elements. The CD accompanyingetipublication provides electronic access to complete tables

of the emitted radiations, as well as the beta and neutron spectra. The database has been
constructed such that usedeveloped software can extract the data needed for further calculations
of a raionuclide of interest. A Windowbased application is provided to display summary
information on a usesspecified radionuclide, as well as the general characterisation of the nuclides
contained in the database. In addition, the application provides a medmy which the user can
export the emissions of a specified radionuclide for use in subsequent calculations.

1.24 Adult reference computational phantoms

The evaluation of equivalent doses for the Reference Male and Female and of effective dose for the
Rekrence Person is based on the use of anthropomorphic models (phantoms). In the past, the ICRP
did not specify a particular phantom, and in fact various mathematical phantoms have been used.
The ICRP now uses reference computational phantoms of the adufef@ace Male and adult
Reference Female for the calculation of equivalent doses for organs and tissues. ICRP publication
110 (ICRP 2009) describes the development and intended use of the computational phantoms of
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the Reference Male and Reference Femalee phantoms are based on medical image data of real
people, yet are consistent with the data given in Publication 89 (ICRP 8008 the reference
anatomical and physiological parameters for both male and female subjects. The reference
phantoms are construted after modifying the voxel models of two individuals whose body height
and mass resembled the reference data. The organ masses of both models were adjusted to the
ICRP data on the adult Reference Male and Reference Female, without compromising their
anatomic realism. The numerical data representing the phantoms are contained on an electronic
data storage medium (CEROM) that accompanies the printed publication.

1.25NCRP wound mode/

The United States National Council on Radiation Protection ahebhsurements (NCRP) developed
and published a new biokinetic wound model (NCRP 20@uilmette 2003 consisting of five
compartmentsdescribing the clearancéom the wound site by transport directly into blood or via
the regional lymph nodes into blood.

This NCRP model defines seven default wound retention categories which are to be used according
to the material involved: There are four categories for soluble material (with weak, moderate,
strong and avid retention at the wound site) and categories failloids, particles and fragments.
There are different uptake compartments for soluble material, colloids, particles and fragments and
for each of these default categories only some of the five wound compartments are used.

The structure of the model is compsed by 5 compartments linked together with a first order
kinetics (see Figuré.2). They have been named:

91 Soluble,

9 Colloidal and Intermediate State (CIS),

9 Particles Aggregates and Bound State (PABS),
9 Trapped Particles and Aggregates (TPA), and
1 Fragment.

The whole structure of the model is presented in Figure 1.2.

“THE MODEL"

Accidental Injection

Il

Fragment

Trapped Particles Yo
. & Aggregates d b
Particles = | '
Aggrega‘es T - =l Soluble
& Bound State

/
f Colloid & ‘//
! Intermediate State
“Lymph < i
" Nodes > » Blood B
aikon ——

Figure 12: General structure of the NCRP wound model
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These compartments are designed to describe some physical or chemical state of the radionuclide.
The overall structure of the modekiintended to describe in a general way both soluble and
insoluble materialsFor soluble materials, the principal clearance pathway from the wound site is
via the blood whereas for particulates it is via the lymph nodes (LNPurther dissolution of
particulates in LN also results in transfer of nuclides to bloo@ihe Blood compartment is the
compartment that links the wound model to the systemic model of each radioelement. The
behaviour of a radionuclide that reaches the blood is the same as fiiat had been injected
directly into blood in a soluble form

The behaviour of asoluble materials in the wound is strongly influenced by aqueoaslution
chemistry, in particular thec j ¢ k deindefégto hydrolyze This affects its physicochemicatate
aswell as its tendency as a charged molecule to bilatallyto tissue moleculefNCRP, 2006}-or
insoluble materials other mechanisms such as phagocytosis, and fibrous tissue encapsulation play
the major role.Different submodels (categories) haveherefore been suggestedin the NCRP
report in relationship to the chemical and physical status of the mate(MCRP, 2006)

In Table 1.5 the default values for the transfer rates for soluble and insoluble materials are
presented.

Table 1.5: Default trasfer rates of the BRPwound model. CIS, colloid and intermediate state;
PABS, particles aggregates and bound state; LN, lymph nodes

Transfer rate (d*)

Transfer Weak Moderate Strong Avid Colloid Particle Fragment
Soluble to Blood 45 45 0.67 7.0 0.5 100 -
Soluble to CIS 20 30 0.6 30 25 - -
CIS to Soluble 2.8 0.4 0.024 0.03 0.025 - -
CIS to PABS 0.25 0.065 0.01 10 0.05 - -
CISto LN 2.10° 2.10° 2x10 2x16¢ 2x1C@ - -
PABS to Soluble 0.08 0.02 0.0012 0.005 0.0015 2x10 -

PABS to LN 2.10° 2.10° 2x1¢ 2x10F 4x10* 3.6x10 0.004

PABS to TPA « « - - - 0.04 0.7
TPA to PABS « « - - - 0.0036 0.0005
LN to Blood « « - - 0.03 6 x 10 0.03
Fragment to « « ) ) i ) )
Soluble
Fragment to PABS « « - - - - 0.008

For soluble compounds the chemical behaviour is the most importdattor. For thesesoluble
categories the general modehs depicted in Figurd .2, is reduced to 3 compartments and there is
no transferfrom the LN to blood (Figure 1.3).
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The retention in the wound for the four soluble default categorisgpresentedin Figure 1.4

L . Weak
. ® Moderate
A Stong
l T v Awvd
£ "*
= | 1 l
€ = | .
€ N
E 10 4 ‘ : ‘ >
£ ‘e
® .
) ~
-] !
c ® -
§ ‘ \+
“ ) ]
\
1 v Y - T - —— - »

0 50 1o 150

Time after Injection (days)

Figure 1.4: Default retention in wound for reference soluble materials.

The behaviour of particulate radionuclides in wounds has been wgped into three main
categories; colloid, particle and fragment. These three categores based on the physical
properties of the deposited material and otheir retention pattern. Fragments and particles are
both solid materials, which may beolid maerials contaminated with radionuclides or may be
essentially puresubstances like plutonium, depleted uranium metal or oxideBlowever, olloids

are most commonly formed as hydrolysiggructs of radioactive metals and also have particulate
properties. Insoluble particulates can have significant clearance to the lymph nodes whereas
soluble materialstypically do not.

Wounds can also contain significant masses of material, which may cause infetomnreactions
in the wound tissue. As a result biologicadequedration and capsule formation may occur, which
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provides a biological barrier to clearance from the wound sit€his is modelled with thetrapped
particles and aggregategompartment.

The Colloid category consists of radionuclides that exist aiotdal material prior to deposition,
and typically have small fractions of the deposited amount that clear rapidly from the wound site.
For this category the general model reducésthat presented in Figure 1.5.

Accidental Injection

Particles =y
Aggregates » S
& Bound State [ +
a [ comone ‘//
L / Intermediate State
(o G
L Nod & Blood

Figure 1.5 : The Colloid Model

The Paiicle category represents material, typically relatively insoluble, whose individual physical
gqgxcq _pc D 0. Nk, Rfgg snncp jgkgr eclcp_jjw
by tissue macrophages or can be moved to lymphatics via fluahk to collecting lymph nodes. In

this case the model reduces to that presented in Figure 1.6.
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Figure 1.6: The Particle model

The Fragment category includes large particles and fragments whose size and/or quantity of
material are sufficient to cause fareign body tissue reaction, in which fibrous connective tissue
encapsulates the deposited material, and is thought to retard the physical and chemical movement
of material from the wound site. The Fragment model is presented in Figure 1.7.
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Figure 1.7The fragment model

The most consistent observation for the retention of thesieree categories(colloid, particle and
fragments) is the very long retention of the majority of the deposited material. This letlegm
retention is surmised to be due to thenirinsic insolubility of the forms of materials that have been
studied, mainly Pu and U, and the foreidrody encapsulation phenomenon, although the latter
may not be required for long retention.

For each default retention categorythe retention in the wound can be expresseds a sum of up to
three exponential functions

RH=43@"

with at =0 Rf)=1

Thecoefficients a_ | bof these exponential expressionsvhichgive the "exact" solutionfor each
default retention categoryare given inTable 1.6 Nosske 2008)For the calculation of the wound
retention function of agiven radionuclide, the corresponding decay constant has to be considered
additionally in the exponent.

Table 1.6 : Coefficients al h(d*) ofthe exponential functiors describing the wound retention of
the NCRP wound model.

Category & 11 =) 12 as 13

weak 0.6734  65.89 0.2897 2.16 0.0369 0.077
moderate 0.5974  75.16 0.3099 0.306 0.0927 0.018
strong 0.518 1.28 0.261 0.023 0.221 9.60E04
avid 0.1888  37.03 0.0007 10 0.8105 9.70E04

colloid 0.0966  0.057 0.9048 7.70E04 -0.0014 3.02
particle 0.075 0.047 0.925 2.90E04 - -
fragment 0.9947 2.84E06 0.0054 8.00E03 -0.0001  7.00EO1
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To combine the NCRP wound model with a systemic modfthe element in questionthe rate to

blood from both wound and lymph nodess required.The retention in the wound and in the lymps
nodes can be described as a sum of exponential terms as given in Table 1.7. These values are the
analytical solutions of the model. This can be coméd with the systemic model considering a
delayed chronic intake into the blood compartmentin other words theretention in wound pus

lymph nodes expressed as a sum of exponentialgggquired. This is given in Table 1.7.

Table 1.7Coefficients a_ | h(d* ofthe exponential functions describing the wounglus lymph
node retention of the NCRP wound model.

Category & 11 & 12 & 13 u 14

weak 0.6735 65.89 0.2897 2.16 0.0369 0.0771  0.000012 0
moderate  0.5974 75.16 0.3099 0.306 0.0926 0.018  0.000122 0
0

strong 0.518 1.28 0.261 0.0227 0.216 9.59E04 0.004819

avid 0.1888 37.03 0.00072 10.0 0.7937 9.68E04 0.01675 0
colloid -0.00139 3.02 0.0375 0.057 0.0457 0.03 0.9183 0.000771
particle  -2.00E06 100 0.003031 0.047 -0.75 0.0006 1.7470  0.00029

fragment 2.90E06 0.7045 -0.00212 0.03 0.007345 0.008 0.9948  2.84E06

1.2.6 The ISO 2704Biternational Standard

The International Standard on dose assessment for the monitoring of workers for internal radiation
exposure (1ISO, 2011) wdsveloped to improve the reproducibility of dose assessments carried out
by different Dosimetry Services while ensuring that the level of effort required is proportional to
the magnitude of the exposure. The IDEAS Guidelines and ISO 27048 both addresspibeof
internal dose assessment, but their aims are different. 130048 specifies theminimum
requirements for the evaluation of data from the monitoring of workers, and defines standard
procedures and assumptions for the standardised interpretation mbnitoring data in order to
achieve acceptable levels of reliability for the purpose of demonstrating compliance with
regulations. To comply with the Standard, dose assessments must follow all those procedures and
assumptions that are defined as normativelowever, Dosimetry Services are not prevented from
adopting additional procedures or methods, or adopting more limiting dose criteria than are
presented in the Standard.

The general approach to standardised dose assessments is similar in ISO 27048 taltipied in

the IDEAS Guidelines (Doerfel 2006), although there are some differences, as described below. A
major difference is that 1IS@048 does not specify dose assessment methods for cases where the
annual dose limit could be exceeded, the reason bgithat a standardised method is considered
inappropriate for such cases. ISO 27048 indicates that the IDEAS Guidelines provided guidance for
such cases.

ISO 27048 addresses:
a) Procedures for dose assessment;
b) Assumptions for the selection of dosaitical parameter values;

c) Criteria for determining the significance of monitoring results;

EURADOS Report 2008 13



C.M. Castellani, J.Warsh, C. Hurtgen, E. Blanchardon, P. Berardsissani. M.A. Lopez

d) Interpretation of workplace airborne monitoring results;
e) Uncertainties arising from sampling, measurement techniques and working conditions;
f) Special topics:

1 Interpretation of multiple data arising from different measurement methods at different
times;

1 Handling data below the decision threshold,;

1 Rogue data;

9 Calculation of doses to the embryo/foetus and infant;

g) Reporting / documentation

h) Quality assurance.

The procedures described in ISO 27048 for dose assessment based on reference levels for routine
and special monitoring programmes are briefly described below. For more details, reference
should be made to the Standard (1SO, 2011

As in the IDEAS Guidelines, ISO 27048 states that no dose evaluation is required if the potential
intakes in the accounting year would result in an annual dose of less than 0.1 mSv. This criterion is
satisfied if the measurement value is below thetwal value M. Values of Mare presented in both

the guidelines (Sectior8.3) and in ISO 27048.

If comparison with M indicates that the potential annual effective dose is greater than 0.1 mSv,
and a new intake could have occurred, then the measurememy be interpreted by following a
standard assessment method. The standard assessment is carried out with the ICRP biokinetic and
dosimetric models assuming exposure via inhalation. The time of intake is assumed to be at the
mid-point of the monitoring interval and ICRP default values for the AMAD and absorption type are
assumed. However, where sipecific default values are available and documented, these may be
used in the assessment.

There is no need for further evaluation if one of the followingteria is met:

a If the 97.5% confidence level of the assessed potential annual dose is less than 5% of
the annual dose limit (e.g. < 1 mSv). The confidence level is determined by
considering measurement uncertainties alone.

b If the annual dose limit couldhot be potentially exceeded. The decision whether or
not the dose limit could be exceeded should be based upon a procedure that
considers the uncertainty or possible ranges of material specific parameter values as
well as the uncertainty in the time ohiake. ISO 27048 provides the data required by
this procedure for all radionuclides of interest. Alternatively, the assessed dose may be
compared to the investigation level as defined in ISO 20553:2Q8® 2006 order to
decide whether the dose limit auld be exceeded. The investigation level is set at a
jctcj wufgaf gq Im fgefcp rf_I 1.# md rfec

c If this analysis indicates that the annual dose limit could potentially be exceeded, then
casespecific information should beobtained and applied in order to decrease
uncertainties. The casspecific information may be on: contributions to
measurements from earlier intakes; the time pattern of intake; values of AMAD
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differing from the default; absorptiontypes or absorption paameter values differing
from the default; intake pathways other than inhalation; and results of workplace
monitoring. A comparison with dose limits similar to that described in (b) is then
repeated.

If the analysis indicates that the annual dose limit matill potentially be exceeded, a more
sophisticated analysis shall be applied by an expert. As noted above, expert assessment is
considered to be beyond the scope of the Standard.

1.2.7 Forthcoming ICRP publication on Occupational Intakes of Radionucl{ds$)

ICRP is in the process of providing revised dose coefficients @ocupational Intakes of
Radionuclides (OIRby inhalation and ingestionin the revision of the dose coefficient, ICRP has
taken the opportunity to update its biokinetic and dosimetric models. ICRP will also provide
information on absorption to blood following inhalation of different chemical forms of elements.

One important aspect of this revision is changes to thduman Respiratory Tract Model (HRTM,
ICRP 1994; 2002, which take accounbf data accumulated over the last two decades, although
the basic features of the model remain unchangg®ailey, 2009)Inhaled particlescontaining
radionuclides deposit in the nose, the bronchial and bronchiolar airways of the lung and the
alveolar respiratory region, with deposition in the different regions being dependent on particle
size. Removal from the lungs occurs mainly by dissimntand absorption to blood and the
competing process of clearance of particles from the lung to the throat followed by their entry into
the alimentary tract. The proportions absorbed to blood or escalated depend on the solubility of
the material and on tle radioactive haHife of the radionuclide. The ICRP model for the respiratory
tract is also applicable to vapours and to inhalation of radand its radioactive progeny.

For absorption to blood, the main changes are:

1 Material specific parameter value®r dissolution (f, s and s) in cases where sufficient
information was available (eg. compounds of U).

1 Redefinition of F, M and S absorption default values.
1 Revised treatment of gases and vapours.
For particle clearance the main changes are:

1 Realisticnasal particle transport, including transfer from the anterior to the posterior
region, based on studies using gamrtagged particles.

1 Revised characteristics of particle retention in the bronchial tree.

1 Longer retention in the alveolar region of the lungyith a revised model structure, based
on long term retention data of the lung (Gregoratto 2010) .

The updated biokinetic models have been made to be physiologically realistic with regard to the
dynamics of organ retention and excretion so that they arepdipable to the interpretation of
bioassay data as well as the calculation of dose coefficients.

The maodifications to the definition of effective dose, radiation and tissue weighting factors, basic
radiation physical data, updated biokinetic and dosimetrimodels will be implemented in the
forthcoming Occupational Intake of Radionuclides (OIR) document® update the dose
coefficients and reference bioassay functians
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TheOIR Documentvill also provide values of effective dose per unit conteimt the accanpanying
CDROM,of a given bioassay quantity. These values could be used for the simple reference
evaluation at Level 1 (Section 2.2).

These guidelines will be still applicable for dose assessment following the publicatiorOtR
Documentseries. Howevethese revised ICRP biokinetic and dosimetric models should be applied
depending upon national regulations. For example the critical monitoring quantities fisk routine
monitoring will need to be recalculated. Default absorption parameter values (Typa&MFand S) or
specific absorption parameter values for compounds &, s, f, $) given in the OIR series should
also be used.

1.3 Recent activities within the European networks CONRADand EURADOS

1.3.1 Activities within CONRAD

The Coordination ActionCONRAD (Coordinated Network for Radiation Dosimetry) has been
funded by the European Commission (EC) within the 6th Framework Programme (Z&)5for
research and training in nuclear energy (Contract No FIAR684). The objective of CONRAD was
to generatea European Network in the field of Radiation Dosimetry, to promote both research
activities and dissemination of knowledge.

Work Package 5 within CONRAD Project dealt with the Coordination of Research on Internal
Dosimetry (Lopez 2008). The research to dmordinated had a general objective to improve the
reliability in the assessment of exposures resulting from the intake of radionuclides into the body.
Members coming from 20 institutes from 14 countries participated in WP5, and CIEMAT (Spain)
chaired thegroup.

Some of the tasks performed within CONRAD WP5 dealt with topics of interest for the application
of the Guidelines:

A calculation of values of the Scattering Factors (SF) for different radionuclides and types of
monitoring data, using real cases seted from IDEAS databases (Marsh, 2007). The
calculated values were, in general, in agreement with the previous SF values originally
suggested by IDEAS on the basis of expert's judgement, only SFs for faecal excretion were
at the lower end of the range suggsted by IDEAS;

A implementation of the new NCRP wound model (NCRP 20@6see section 1.2.5.
Evaluations of wound contamination cases have been done with the application of IDEAS
guidelines philosophy;

A use of a partitioning factor of the activity between eleton and liver in fitting systemic
model parameters for actinides;

A refinements of methodologies for the determination of an effective AMAD in the case of
special evaluation;

A suggestion of criteria to be applied (number and type of monitoring data)rasuirements
for internal dose assessments;

A replacement of former IDEAS web page with the IDEAS/ENEA website
(www.bologna.enea.it/attivita/ideas.html). The results of the IDEAS/IAEA intercomparison
exercise on internal dose assessments can be downloadedhfthis site, as well as other
important reports and documents related to IDEAS, CONRAD and ICRP activities;
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A update of IDEAS internal contamination databases with new cases. IDEAS Bibliography and
IDEAS Internal Contamination Databases were updated wittwneputs. All three IDEAS
databases are now available to the internal dosimetry community on SCK.CEN website
(www.sckcen.belideas/) (Marsh 2008).

After completion of the CONRAD project the Work Package on internal dosimetry has been
transformed into a stake Working Group of EURADOS (WG7; eurados.org).

1.32 The EURADOS IAEA Training Course

To take care of the need of advanced training in application of IDEAS guidelines, EURADOS WG 7
(internal dosimetry) promotel jointly with IAEAan advanced training coues on nternal dose
assessment. The course was hétdPrague (Czech Republic) in February 2088d was aimed to

train dosimetrists as well as to disseminattee main outcomes of the research performed during

the CONRAD project. Theoretical lessons on tapplication of the IDEAS guidelines were
performed together with numerous examples and exercises to be explained during the 5 days
course.

The course used a dedicated web site to share documents and exercises to participants and to
collect their results oproposed evaluations.

?2r rfc dgl _j gr _ec md rfc amspqc rfcpc u_q rfc c
Left to Participants CJ N a_qcq?, Rfgg gg _ iglb md ncasjg_p
the end of a training cours. The participants had to evaluate the 4 cases in a 7 hour period.

Rf ¢ k_gl pcqgsjrq mdan bef sammarigddascfglave katf ofptlippsenhd a
addressed the exerciseid it correctly, using the IDEAS GLs. Compared to the previous IDEAS/IAE
intercomparison (see paragraph.12 The IDEAS/IAEA intercompsoin exercisgthe percentage of
those who performed the evaluation correctly following the guidelines, increasérom 20 % to

50% .

Also in this case it has been possible to find out errors of different species: trivial (mainly
transcription errors), conceptual errors and also related to the correct use of data scattering factors
in routine monitoring. The coherence between models usdédr m(t) (retention curves) and for
e(50) (dose coefficients) valuesas still a source of errors, also for trained personnel. (Castellani
2010)

1.4 Revision of the IDEAS Guidelines

Following the developments occurred after the publication of the 2006 i@elines, EURADOS WG7
set up a Task group to update the Guidelines in order to include:

1 the work that was undertaken within CONRAD project: New values of SF , refinements of
the evaluation of effective AMAD and additional information on the minimum numksard
type of data required for dose assessment.

9 a special procedure for wound cases, following the publication of the wound model
1 procedure for direct dose assessment methods.

1 examples for the correct application of the guidelines taken from the recent
EURADOS/IAEA advanced training course on internal dose assessment.
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acknowledgment of the ISO standard on dose assessment for monitoring of workers for
internal radiation exposure.

acknowledgment of the forthcoming ICRPIR Documers.
more detailed descripbn on data fitting.
additional test statistic for data fitting.

typical uranium and plutonium isotopic compositions.

The document will give guidance on:

T

General principles to be applied in internal dosimetry, namely: harmonization, accuracy,
proportionality.

Detailed information about the handling and evaluation of monitoring data, comprising
data processing and estimation of uncertainty.

Detailed procedure to intake estimation with single or multiple datasets.

Special aspects of data handling: valudselow the detection limit, influence of
decorporation therapy, minimum number and type of data required for dose assessment.

Criteria for rejectingafit of model predictionsto monitoring data.

A structured approach to dose assessment consisting of a diggstep procedure
described in well defined flow charts with accompanying explanatory text.

There is a chapter givingeference solutiors of examplecases of contaminatiorfSection13). There
are also Annexes (Section 14) alata fitting, test statisticsand on typical values forisotopic
composition ofuranium and plutonium materials encountered in the nuclear industry.
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2. Overview of the IDEAS guidelines

The approach here presented is related to the evaluation of the best evaluable intake and related
committed effective or organ doses.

Over the recent years a Bayesian approach has become increasingly available also in light of the

need for assessing the uncertainty related to the evaluated doses. In this case a probability
distribution insteadofaunosc 8 cqr cqrgk_rc t_jsc?® a_I|l, ¢ nprt
Miller 2003).

The authors acknowledge that the Bayesian approach provides more information about the real
situation of internal exposure even taking into account the probability of ocoemce of rare
introductions, nevertheless suggest the application of these guidelines based the three
principles listed below, for the sake of harmonisation of the assessed doses in the majority of cases
to evaluate.

2.1 Principles

In carrying out the asessment (evaluation) of committed doses from monitoring data following
intakes of radionuclides, the assessor may well have to make assumptions about factors such as the
pattern of intake and properties of the material. When more than one measurememtvilable,
issues such as the weighting applied to the different data can substantially affect the reBhé.
recent intercomparison exercises have showmat wide range in doses castill be obtained from

the same data set as a result of such factorsd &ence the need for guidance on harmonising
evaluations.

The procedures proposed in this chapter are based on the following principles:

Harmonisation: by following the procedures any two assessors should obtain the same estimate of
dose from a given dataet or at least understand why differences have occurred

2aasp_aw8 rfc 8 cqgr?® cgrgk_rc md bmgc gfmsjb "¢

Proportionality: the effort applied to the evaluation should be proportionate to the dosethe
lower the dose, the snpler the process should be

21.1 Harmonization

A welldefined procedure is needed and for this reason the process is defined here primarily by
means of a series of flowharts. So far as possible, the structured process has been made widely
applicable, ie., it does not assume that the assessor has the use of sophisticated bioassay
interpretation software. For routine monitoring situations, where typically there is only one
measurement relating to each intake, it is reasonably straightforward to defingracedure.
However, in special monitoring situations, where typically there is more than one measurement
_I'b osgrc nmqgqqgqg jw kmpc rf _|I ml c rwnc md kc_qgspc
handling can easily lead to different evaluated dosemyen when the same model, parameter
values and software are used. Another range of options, and opportunities for different evaluated
doses, arises in situations where it is appropriate to consider changing parameter values from the
ICRP defaults. Propdsaare made here for a systematic approach to dose assessment in all these
situations. In each case, however, it is important to record all departures from the use of default
model parameter values.
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2.12Accuracy

It is recognised that the uncertainties agciated with assessed internal dose can be considerable,
especially for actinides which are difficult to detect in the body and have relatively high dose
coefficients (Sv B§. If the initial estimate of dose exceeds 1 mSy, it could well be that the
possbility of a substantially higher dose (eg. 6 mSv) cannot easily be excluded. It is then important
to make best use of the available information. To do so may well involve changing parameter
values from their ICRP default values and guidance is theref@eded on which parameter values
might reasonably be varied according to the circumstances.

2.1.3 Proportionality

The effort applied to the evaluation of incorporation monitoring data should broadly correspond
to the expected level of exposure, and tlemplexity of the case. On the one hand, if the exposure
is likely to be very low with respect to the dose limits, simple evaluation procedures with a
relatively high uncertainty may be applied. On the other hand, if the monitoring values indicate the
exposure to be close to or even above the dose limits, much more sophisticated evaluation
procedures will need to be applied. These take account of any egsecific information available,

so that the uncertainty and bias on the best estimate are as low asarably achievable.

2.2 Levels of task

The effort needed for the evaluation of monitoring data for internal exposure from intakes of
radionuclides should correspond to the anticipated level of exposure in the particular facility area
mp epmsn md umpicpgq, ?2I § dmmited gffedtiven dose3fronaintdkes ™ ¢
of radionuclides that occur during the accounting year. The expected annual dose to workers
assessed prospectively may be used as a quantitative criterion for planning the scope of the
procedures needed for individual wnitoring and interpretation of monitoring data. The structured
approach was widely discussed through open consultation the web during Working Package 4

of the IDEASproject. It is considered that this approach can be of general value for dose
assessmenpurposes and its key features are described below. The structured approach is given in
terms of levels of task that can be chosen depending upon the circumstances of any exposure.

With respect to operational radiation protection the following structured 8&Jctcj g md
proposed.

221 Level 0 (committed effective dose less than 0.1 mSv/a)

Potential intakes that could result in an annual dose less than 0.1 mSv. No evaluation of dose is
needed. This would be most likely even if there should be similatakes in each monitoring
interval of the year. At this level there igenerallyno need to evaluate the measured values
explicitly, and the effective dose can be set to zero in analogy to the rounding of doses in external
dosimetry. However, the measad value should be recorded with respect to further assessments

in the future.

A measured quantity M (retention or daily excretion measurement) can be allocated to Level O if it
gq ~c¢cjmu _ egtecl t _jsc bcdgl cb _ loput $lagoegiveg m _ |
paragraph3.3 Determination of M values
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222Level 1 (0.1 mSv/a <committed effective dose <1 mSv)

Qgknjc* 8pcdcpclac?® ct_js_rgml* wugrf GAPN bcd_sj
will be generally concerned with radionuclides that are straightforward to measure, e.g.
high-energy gamma emitters that can be measured at levels of activity that would correspond to

small intakes and doses and for which there are unlikely to be real problendat# handling.

When there is bettea priorinformation available, (e.g. information on the particle size distribution
for inhalation intakes), the user may wish to perform a more sophisticated evaluation (Level 2).

223Level 2 (1 mSv < committed eftbve dose < 6 mSv)

Sophisticated evaluation generally using additional information from the workplace to give a more
realistic assessment of dose. Level 2 users might be concerned with radionuclides that are difficult

to measure at levels that would corspond to small doses. Examples are isotopes of uranium,
thorium, plutonium or ?*!Am, for routine inhalation intakes. Level 2 might also be used for an
_aagbclr _j glr_ic, Amkn_pggmlg umsjb ~c¢c k_bc md
choos between alternative parameter values, or to find optimum parameter valuegpgsteriory.

At this Level, only the parameters related to the material characteristics, and to the time of intake (if
unknown) should be adjusted.

224 Level 3 (committed effetive dose? 6 mSv)

More sophisticated evaluation performed by an expert user. It applies to cases where there are
comprehensive data available, as would be the case for exposures near the dose limit and probably
relating to an accident. The evaluation @ extension of Level &lsoto parameters relating to the

subject (e.g. for inhalation intakes the HRTM particle transport rates). The fundamental approach at
rfgq Jctcj gg rm _bhsqgr rfc kmbcj n_p-bkgracm3 t | <
approach), until the goodness of fit is acceptable (i.e. the fits obtained to all the data are not

rejected by the specified criteria). If any parameter values in the ICRP models are changed from the
defaults, then these values are recorded and dge calculate committed equivalent and effective

doses. Such a procedure may need to be approved by the national regulatory authority.
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3. Monitoring programmes

3.1 Objective and nature of monitoring programmes

The general objective of operational monitoring programmes for the internal exposure has been
indicated in the safety guide IAEA RE1.2 (IAEA 1999). In the same guide a criterion for the
assessment to undertake individual monitoring of the occupationattxposed persons, has been
suggested. Types of monitoring are explained, and routine and special monitoring are presented.

The International Standard ISO 20553 (ISO 2006) provides guidance for the dewibiether a
monitoring program is required and howtishould be designed. Its intention is to optimize the
efforts for such a monitoring program consistent with legal requirements and with the purpose of
the general radiation protection program. In particular the suggested maximum monitoring
periods for thedifferent radionuclides with the tolerances for routine monitoring are reported, as
well as the ecommended methods for special monitoring programs after inhalation

The purpose of monitoring for internal exposure to radionuclides is to verify atawtument that

the worker is protected adequately against radiological risks, and that the protection afforded
complies with legal requirements. Two types of monitoring of internal exposures of workers can be
identified: workplace monitoring and individuainonitoring.

Individual monitoring gives information needed to assess the exposure of a single worker by
measuring individual body activities, excretion rates or activity inhaled (using personal air
samplers). Workplace monitoring, which includes collectivaonitoring, provides exposure
assessments for a group of workers assuming identical working conditions i.e. risks of intake as well
as all factors influencing the resulting doses. An example of workplace monitoring is the
measurement of radionuclide conadration(s) in air using static air samplers. In some cases, results
of workplace monitoring are needed to support individual dose assessments (e.g. air monitoring
can provide information on the time of an intake). It can indicate the release of radiodaslinto

the working environment and trigger subsequent bioassay measurements. ISO (2006)
recommends initiating workplace (resp. individual) monitoring if the likely annual committed
effective dose exceeds 1 mSv (resp. 6 mSv)

Different categories of indidual monitoring exist. Routine monitoring for internal exposure is
conducted on a fixed schedule to ensure acceptably safe and satisfactory radiological conditions
for the potentially exposed workers in the workplace. 1ISO (2006) recommends defining the
measurement period of routine monitoring so that intakes contributing to a total annual dose of 1
mSv can reliably be detected and that the maximum potential underestimation shall not exceed a
factor of three assuming that a single intake occurred in the meldf the monitoring interval.

Special monitoring programmes are investigative; they are usually based on a suitable
combination of in vivo measurements and in vitro analyses according to the appropriate biokinetic
model. Special monitoring may be necesgaas a result of a known or a suspected exposure; it is
most often triggered by a result of a routine bioassay measurement that exceeds somelgiiaed
derived reference levels. It should provide enough data for a precise dose assessment and usually
benefit from more information on the circumstances of an intake event, especially relating to the
time between measurement and intake.
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Other monitoring programmes may be conducted in relation to a particular task, or to determine
intakes in actual or suspectedbnormal conditions. In these circumstances, the time of intake, or
potential intake, is likely to be known and workplace monitoring programmes may provide some
information on the physical and chemical nature of any contamination. Confirmatory monitoring
programmes can be required to check the assumptions about exposure conditions underlying the
procedures selected, e.g. the effectiveness of protection measures. It may consist of workplace or
individual monitoring.

3.2 Decision threshold and detection limit

A nuclear transition is a random process following Poisson statistics. Furthermore, the counting of a
radioactive sample is affected by a background resulting from natural radiation or from the activity
of radionuclides other than the nuclide of interesthis background is commonly assumed also to
follow Poisson statistics. In case of measurement of a naturally occurring radionuclide, the
uncertainty on the background measurement result is mostly due to the contribution the
alimentary intake (Section.4.3).

The total or measured number of gross couniis the sum of counts induced by background
radiation, Ak and counts induced by the activity of interest contained in the sample /ro) or in
the body (in vivo) (net counting)M:

Ne= N6+ M,

Ma | c becrcpkglcb “w kc_gspgl &) fronfthe backgeound p ms | b
radiation in the absence of the activity of interest contained in the samplhus/As =15 75, Where

Tsis the duration of the sample (gross) effect measuremehtowever, the background is variable

and fluctuates around its mean value according to a Poisson distribution. Therefore, a measured

low but positive countA, may be the consequence of a mere fluctuation of the background rather

than the presence of an aatity of interest.

To take this into account, a decision threshol®7) is defined such that ithe result of an actual
measurement quantifying a physical effede.g. the presence of a radionuclide in a sample) is
greater than theD7, thenit is decided ttat the physical effects present(ISO, 2018, 2010b. If the
measurement resulk DT, then the result cannot be attributed to thghysical effect nevertheless

it cannot be concluded thatt is really absent. The statistical test is designed in such aythat if
the radionuclide isreally absent (i.e. that only a background effect exists), then the probability of
taking a wrong decision that the nuclide is present is equal to the specific probahjliiSO, 2010).
For cases whereM; is large enough (>about 30) so that the Poisson distribution can be
approximated by a normal (Gaussian) distribution, th27 (expressed in terms of Bgjan be
calculated as follows:

a1 1
= MR B
C's Ts 3

(1SO, 2000)

QDO

DT:Crn kl—a /B

where

1 G.is the normalisation factor converting count rate to activity (Bq per count/s)
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9 Tsis the duration of the background effect measurement
9 Tsis the duration of the sample (gross) effect measurement

1 1sis the background effect counting rate equal to the ratio of the background count$
counted during the preselected duration of theackgroundmeasurement, ¥and the duration
of the background measurement, gl 5= Ao /Te.

1 &z, is the desired 1/ percentile of the normal distribution. For aprisk of 5 %,k:, =1.645.

Because othe overall variability of the countingit cannot be concluded that the radionuclide is
really absent if themeasurement resulk DT, it can only be stated that the radiartlide was not
detected by the measurement procedure. detection limit (DL is definedas the smallest true
value of a measured quantityvhich ensures a specified probability of being detectable by the
measurement procedure if the nuclide is actually ment (ISO, 2010a, 2010b). Given that the
radionuclide is present in the sample or body, theL shall refer to the smallestrue value of the
measured quantity for which, by applying the decision rule above, the probability of the wrong
assumption thatthe nuclide is absent does not exceed the specified probabijljty,Again, for cases
where Ak is large enough (> about 30) so that the Poisson distribution can be approximated by a
normal (Gaussian) distribution, th®L (expressed in terms of Bgan be alculated as follows:

alr 1
= W B
C's Ts 3

(1SO, 2000)

QOO

DL= Crn (k:l—a+ klb) /B

For an error probability of 5% faa _ | b dmp [ * igahdck., &re §.6d5% qGhenefdre, K +
Ki-; ; 1,07, R and fkas lafge emdughgheenDy=;%DL The DTand DL are described
graphically in Figure 3.1.

The DL allows a decision to be made as to whether a measuring method satisfies certain
requirements and is consequently suitable for the given purpose of measurement (ISO, 201.0).
other words, to check whiher a measurement procedure is suitable for measuring the measurand,
the calculated detection limit shall be compared with a specified guideline value, for instance
according to specified requirements on sensitivity of the measurement procedure for sdient
legal or other reasons. If the calculated detection limit value is smaller than the guideline value, the
procedure is suitable for the measurements, otherwise it is not.

The typical DL can be determineda priorifor a given radionuclide and measuneent procedure
before the sample measurement takes place. In contrast, fileand DTassociated with the actual
measurementare evaluateda posterioriafter themeasurement has taken place.

Sometimes the decision threshold is frequently referred to as thréical level, decision level or
minimum significant activity. Also the detection limit is sometimes referred to as the minimum
detectable activity or lower limit of detection.
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Figure 3.1 Decision threshold (DT) and detection limit (DL). The prdhghiensity
distribution f(M|M,) is the conditional distribution of the measurement estimates, M
given the true value Mof the measured quantity.

To summarize, having performed the measurement, the measurement result is compared with the
DT. If the meagement result > DT then one decides that the nuclide is present with an activity
equal to the measured activity. If the measurement result is less than the DT, then one can say that
the nuclide or its activity was not detected with the measurement proegd, but it cannot be
concluded that the nuclide is absent. In such cases, if any activity is present, it is generally
indicated as being less than the DL.

In recent ISO standards (e.g. ISO 11929:2010; ISCaRGkétistical equations for the, DT, Dhda
measurement uncertainty have been developed based on Bayesian statistics. The application of
these procedures to radiobioassay measurements and the subsequent calculations of the
characteristics limits are reported in the standard ISO 28218:2010 (80k2. For example, Annex

B of ISO 28128:2010 (ISO 2010b) presents four application examples with the detailed calculations
and analytical equations to be applied for the following bioassay types: Whole body counter
measurement, Pu determination by alphspectroscopy, determination of U in urine by means of
ICP«MS and tritium measurement in urine samples with liquid scintillation countinthe reader is
referred to the ISO standards for further clarification and for the application of these procedures t
practical examples.

In the following Tables (collected for bioassay types) the typical and the achievdétection limit
values for different radionuclides and methods of measurements, are reported (Hurtgen 2012).

The reported values are expected toe consistent with the values to be issued by ICRP in the
forthcoming OIR documents. It is however recommended that the typical and achievable detection
limit values that will be given in the ICRP OIR series documents should always be used in
preference tothese values
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The reported values have not been derived from equations reported in the recent ISO standards
(ISO, 2018 2010b). However, they provide a basis for assessing the sensitivity of a detection
method, developed by a specific laboratory, andrf@omparing it with the state of the art
sensitivity, internationally recognized for the type of bioassay measurement under consideration.

Table3.1: Detection limit values for urine bioassay.

Isotope  Method of Typical Achievable  Units
measurement
H3 Liquid scu_mllatlon 100 10 B/L
counting
c14 Liquid SC|r_1t|IIat|on 60 5 B/L
counting
P32 Liquid SC|r_1t|IIat|on 15 0.02 B/L
counting
S35 Liquid SC|r_1t|IIat|on 15 5 B/L
counting
Co57 Gamma ray spectrometry 1 0.2 Bg/L
Co58 Gamma ray spectrometry 0.4 0.1 Bg/L
Co60 Gamma ray spectrometry 0.4 0.1 Bg/L
Sr85 Gamma ray spectrometry 5 1 Bg/L
SK89 Beta proportional 1 0.05 Bg/L
counting
SE90 Beta proportional 0.4 0.05 Ba/L
counting
SE90 Liquid scmtlllatlon 04 01 B/L
counting
Zr-95 Gamma rayspectrometry 5 0.1 Bg/L
Nb-95  Gamma ray spectrometry 4 0.5 Bg/L
Csl134  Gamma ray spectrometry 1 0.04 Bg/L
Cs137 Gamma ray spectrometry 2 0.1 Bg/L
Ra226 Alpha spectrometry 10 mBg/L
Ra226 Emanationsmethod 5 mBg/L
Ra226 Proportional counting 4 mBg/L
R2226 Liquid scmtlllatlon 3 mBa/L
counting
Th-228 Alpha spectrometry 1 0.1 mBg/L
Th-230 Alpha spectrometry 1 0.05 mBg/L
Th-232 Alpha spectrometry 1 0.05 mBqg/L
Th-232 ICRMS 0.3 0.06 mBg/L
U-234 Alpha spectrometry 0.3 0.05 mBqg/L
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U-235 Alpha spectrometry 0.3 0.05 mBg/L
U-235 ICRMS 0.001 po/L
U-235 ICRMS 0.08 mBag/L
U-238 Alpha spectrometry 0.3 0.05 mBg/L
U-238 ICPMS 0.0015 po/L
U-238 ICPMS 0.02 mBg/L
U-238 TrrKPA 0.1 0.06 po/L
U-238 Fluorimetry 1 pg/L
Np-237 Alpha spectrometry 1 0.1 mBag/L
Pu-238 Alpha spectrometry 0.3 0.05 mBag/L
Pu-239 Alpha spectrometry 0.3 0.05 mBag/L
Pu-239 Tgeggl";‘r'o"r’n”eifgﬁg] ,\'X'S"j‘)ss 0.01 0.004 mBa/L
Pu-241 "iq“ifoi‘r’;it’i‘ggaﬂon mensreme 003 Bg/L
nt)
Am-241 Alpha spectrometry 0.3 0.05 mBqg/L
Cm244 Alpha spectrometry 0.3 0.05 mBag/L

* After chemical separation and redissolution of the tray from alpha spectrometry.

Table3.2 : Detection limit values for faeces bioassay

Isotope  Method of measurement  Typical Achievable Units
Ra226 Proportional counting 16 mBg/24h
U-234 Alpha spectrometry 1 0.2 mBg/24h
U-235 Alpha spectrometry 1 0.2 mBg/24h
U-238 Alpha spectrometry 2 0.2 mBg/24h
Th-228 Alpha spectrometry 2 0.2 mBg/24h
Th-230 Alpha spectrometry 2 0.2 mBg/24h
Th-232 Alpha spectrometry 2 0.2 mBg/24h
Np-237 Alpha spectrometry 1 1 mBg/24h
Pu-238 Alpha spectrometry 2 0.2 mBg/24h
Pu-239 Alpha spectrometry 2 0.2 mBg/24h
Am-241 Alpha spectrometry 2 0.5 mBg/24h
Cm244 Alpha spectrometry 2 0.5 mBg/24h
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Table3.3 : Detection limit values for lung measurements

Isotope  Method of measurement  Typical Achievable Units

U-235 Gamma ray spectrometry 8 3 Bq

U-238 Gamma ray spectrometry 50 30 Bq
Gammaray spectrometry

Th-228 of Pb212 10 8 Bq
Gammaray spectrometry

Th-232 of Ac228 20 10 Bq
i Gammaray spectrometry

Np-237 of Pa233 25 13 Bq
Gammaray spectrometry

Pu-239 of Am-241 10 4 Bq

Am-241  Gammaray spectrometry 10 4 Bq

Table34: Detection limit values for whole body counting by gamma rggectrometry.

Isotope Typical Achievable Units

Mn-54 20 Bq
Co57 40 30 Bq
Co58 40 10 Bq
Co60 40 10 Bq
Se75 40 Bq
Sr85 50 20 Bq
Zr-95 50 20 Bqg
Nb-95 40 12 Bq
Ag-110m 20 Bqg
Csl34 40 10 Bq
Cs137 60 15 Bq
U-235 60 40 Bq

Table35: Detection limit values for thyroid counting by gamma ray spectrometry

Isotope Typical Achievable Units
[-125 40 10 Bqg
I-131 25 1 Bqg
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3.3 Determination of M . values

In routine monitoring, an explicit assessment of the dose is required only ifdabeerved bioassay
measurement exceeds a preefined critical monitoring quantity. This critical monitoring quantity
M. can be considered as the amount of activity retained or excretgdthe end ofa monitoring
period that determines an intake that, if iivas repeated for all monitoring periods during the
accounting year, would result in a value of committed effa® dose of 0.1 mSyv in a yedn the
absence of knowledge of the exact time of ake the adopted assumption is to consider that
intake took phce at the central value of the monitoring period (T/2), according to the indication of
the ICRP publication 78 (ICRP 199¥Yecent confirmation of this methodology is also reported in
the ISO 20553 standard (ISO 2006).

To calculate the values of Mising the values of the monitoring period The following equation
can be used.

"
_10°0n(T/2) T

° e50) 365 a1)

with
M; Critical monitoring quantity for Level 0 (Bq or Bg/d)
T monitoring interval for the monitoring quantity considered (d)

m(T/2) corresponding retention or excretion function for the monitoring quantity at time= T/2
(Bg per Bq intake or Bg/d per Bq intake). It is assumed that the intake occurs at thpamitof the
monitoring interval.

e(50) Dose coefficient (Sv BY

Valuesof the critical monitoring quantity,M,, asassessed for selected radionuclides by the above
equation, in case of inhalation of jum AMAD aerosolsare given in Tables fron3.6 to 3.10, in
relationship to different bioassay types. However these values may need to be updated using the
revised dose coefficients and bioassay quantities given in tdR Documerdg. For other
radionuclides or monitoring periods, the equatior3(1) can be usedo evaluate the specificM;
value to be applied.

The values reported in Tables from63o 3.10 are numerically equal to those reportein Tables 1
to 5 of ISO 2704@S0 2011).
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Table3.6: Critical monitoring quantities Mfor routine monitoring programme corresponding to
0.1 mSv/y: Urine measurements.

Radionuclide Absorption type Maximum time M. (Bq / 24h)
interval (days)

*H HTO 30 4000
14C Organic 7 10
14C Dioxide 180 300
2p F 30 10
$p F 30 100
*S F 7 20
R\ M 15 3
893r F 30 10
893r S 30 S5E2
0Sr F 30 1
0Sr S 180 3E3
22Ra M 180 1E4

e .

Uranium (natural)
peroxide, nitrate, F 30 2E2
ammonium diuranate

Uranium (natural)

tetrafluoride, trioxide M 90 3E3
dionde, octnide, s % 285
“Np M 180 164

“Pu S 180 767

“Pu S 180 1E6

“*Pu M 180 1E5

el M 180 3E5

*Cm M 180 3E5

EURADOS Report 2008 31



C.M. Castellani, J.Warsh, C. Hurtgen, E. Blanchardon, P. Berardsissani. M.A. Lopez

Table 3.7: Critical monitoring quantities Mfor routine monitoring programme corresponding to
0.1 mSvl/y: Faecal measurements.

Radionuclide Absorption type Maximum time M. (Bq / 24h)
interval (days)
teraonde, wiowide z 180 263
gg}:juer? cgrc]?ot;i:ja;) S 180 9E4
“Th s 180 2E4
“Th s 180 5E4
“Th M 180 2E4
“Np M 180 7E2
“Pu S 180 5E4
“Pu S 180 7E4
“Pu M 180 1E4
“HAm M 180 2E4
ey M 180 4E4

Table 3.8: Critical monitoring quantities Mfor routine monitoring programme corresponding to

0.1 mSvl/y: Whole body measurements.

Maximum time

Radionuclide Absorption type interval (days) M. (BQ)

1Cr F 15 20000
*Mn M 90 1000
*Fe M 90 400
*Co S 180 2000
*Co S 180 500
®Co S 180 100
Se M 180 4000
1omAg S 180 200
¥Cs F 180 2000
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Table3.9: Critical monitoring quantities Mfor routine monitoring programme corresponding to
0.1 mSv/a: Lung measurements.

Radionuclide Absorption type Maximum time M. (BQ)
interval (days)

U tetrafluoride,

trioxide M 180 0.6
235U dioxide, octoxide S 180 0.3
241Am M 180 0.4

Table3.10: Critical monitoring quantities M for routine monitoring programme corresponding to
0.1 mSvly: Thyroid measurements.

Maximum time

Radionuclide Absorption type interval (days) M. (Bq)
129 F 90 200
13y F 15 30

As can be seen, Malues are above the detection limit (DL) for the fission and activation products
whereasthey are below the DL for the considered actinides. So in case of the actinides, any
significant monitoring value is likely to result in an annual dose of more titah mSv and thus has

to be evaluated. In the case of the fission or activation products, however, there might be
significant monitoring values which result in an annual dose less than 0.1 mSwv.
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4. Handling of Monitoring data

4.1 Data Collection and Processing Before Use

4.1.1 Normalisation of an activity measurement
Some types of measurement data may need processing before use. Examples include:

1 Lung. Generally, the combined activity in lungs and thoracic lymph nodes is referred to as
"jsle%w _argtgrw* _|I b gr gq rfgq os_Ilrgrw rf _r
estimates of lung and lymph activity are given separately, they shob ¢ qgs kkc b, § /£
measurements may also include counts from activity in liver and skeleton for radionuclides that
concentrate in these tissues, and their contributions will be need to be subtracted.

9 Faeces. The transit time through the alimentary ttais subject to large inter (and intra)
subject variations. Moreover, while for ease of computation transit through the alimentary tract
is represented by a series of compartments that clear exponentially, in practice, the movement
gq k mpc j ow. dt is Stheeefere Uunlikelyj that individual daily faecal clearance
measurements in the first few days after intake will follow the predicted pattern, and so it is
best to consider cumulative excretion over the first three days. The uncertainty associgithd
cumulative excretion in the first three days will be lower compared with that from daily
excretion especially as the daily faecal excretion over the first three days after intake is likely to
be correlated.

1 Urine and faecal samples collected over s less than 24 hours should in general be
normalized to an equivalent 24 hour value. This can be achieved by multiplying by the ratio of
the reference 24 hour excretion volume or mass to the volume or mass of the sample. The
reference volumes, for mageand females respectively, are: for urine 1.6 L and 1.2 L; and for
faeces 150 g and 120 g (ICRP 2002a). For urine sampling, another widely used method is to
normalise to the amount of creatinine excreted per day; 1.7 g and 1.0 g for males and females
respectively (ICRR002a).

9 A critical case may arise when the sample, indicated as fulh@4r sample, is less than 500 mL
for urine or less than 60 g for faeces.dimchcases it can reasonablye assumedthat it hasnot
been collected over a full 24 hour period, and normalization by volume/mass should be
considered

1 A special case is the monitoring of intakes of tritiated water. In this case the collection of spot
samples is sufficient because tritium is considered to beiformly distributed in the body
fluids.

4.1.2 Exposure to multiple radionuclides

In many situations exposure will be to a single radionuclide or a limited number of radionuclides. In
such situations it should be clear how best to establish an approiatonitoring programme. For
some complex mixtures, however, or for some elements with many isotopes with different decay
properties, care is needed in the development of a monitoring programme. Some examples to
illustrate the potential for exposure to compx mixtures are given below and in Annex 1 for
uranium and plutonium.
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1 Uranium: Excretion data (especially faecal) may need correction for dietary intakes of
uranium (Section4.1.3 Subtraction of the alimentary background Doses need to be
calculated for the other isotopes in addition to those measured. In particular, for enriched
uranium #°U may be measured, while the highest dose comes frétfu. Tables given in
Annex 1 show the isotopic composition terms of mass or activity for enriched or depleted
uranium. Note that the composition in terms of mass is completely different from that in
terms of activity. The isotopic composition for natural uranium and the spedaifitivities of
the different uranium isotopes are given in Sectioitd.1 Annex 1« Isotopiccomposition of
natural, enriched and depleted uranium anglutonium materials encountered in the
nuclear industry

T Njsrmlgsk _I'b _kcpgagsk8 Gd rfc kc_qgspckecl
details) assume that the given value actually refers to total Pu atphtvity **Pu,?*°Pu,
and ?*%Pu). If the measuremerd q c v n p@Ng3c b&ugr f8Msr dspr fcp
the given values actually represerff®Pu+“°Pu, because these two nuclides cannot be
separated by alpha spectrometry. 3Pu was not measured, then assume a typical ratio to
total plutonium alpha activity, for use as default. For those cases where no specific
information is available the typical plutonium isotopic ratios given in Annex 1 could be
used as default. However, there are widely different chemical characteristics and
composition of Pu mixtures encountered in the nuclear industry. Becaé&8Bu decays into
2IAm with a period of 14.32 y, an increase %¥fAm fraction in an incorporated P#ém
mixture may be observed. This contribution of*Am from decay of?**Pu should be
accountedfor when interpreting??Am bioassay data (i.@7-v/voand excretion data).

4.1.3 Subtraction of the alimentary background

Radionuclides from the three natural radioactive decay series are present in all environmental
media, and thus are also contained foodstuffs, drinking water and in the air, leading to intakes by
human populations.

ICRP Publication 23 on Reference Man gives data on the daily intake and losses for different
elements. For uranium, daily losses range from G«@B5 pg (1.25% 12.5 mHy) in urine and from 1.4

« 1.8 pg (3545 mBq) in faeces. For thorium, these losses are 0.1 ug (0.4 mBq) and 2.9 pug (12 mBq)
in urine and faeces respectively. For radium these losses are 3 mBq in urine and 80 mBq in faeces.

As can be seen from the tabdet.1 and 4.2 a wide range of activity concentration is observed in
different world area with exceptionally high value oksved for uranium in Finland. For
homogeneity and comparison purpose the activity concentration have been calculated from the
authorsdata and taking the daily urine excretion as 1.6 L (ICR®2a) and the faecal ashes as 4 g
per day.)
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Table 4.1. Background uranium activity concentration in urine.

4 (mBg/d) 8 (mBg/d) Comments Reference
Mean Range Mean Range
141 0.25-25 130 0.17-2.6 control subjects US Fisher 1983
0.89 0.52 dietary study UK Spencer 1990
0.46 non-occupatlonalla ;xposed volunteers Wrenn 1992
0.26 normal background environment, IN Dang 1992
0.23 0'2576' 0.20 0.051-0.94 worker potentially exposedMol, BE Hurtgen 2001
8437 20-112000 population from Southern Finland Kurttio 2002
3.95 0.23-15.2 unexposed subjects]O Al-Jundi 2004
046 0-25 041 0-3.0 Dounreay not exposed to uranium UK Spencer 2007

0.037-

0.17 0.29

0.17 0.032-0.44

0.53 0.19-1.26

unexposed subjects from South of DE ~ Oeh 2007

. Malatova

general population CZ 2011
. Malatova

U worker family CZ 2011

Data given in mass have been recalculated and expressed in mBg/c*for The daily urinary
excretion has been taken as 1.§ICRP2002).

Table 4.2 Background uranium activity concentration in faeces.

4 (mBg/d) 8 (mBg/d) comments Reference
Mean Range Mean Range

37 26 dietary study, US Spencer 1990
17.4 5.0-27 persons inthe Berlin are®E Naumann 199¢

14 9.2«19.2 13.5 8.0«18.0 Pocos de CaldasBR Taddei 2001

32 7.3-225 22 3.8-170 worker potentially exposedBE Hurtgen 2001

46 47 Bueng BR Juliao 2003

32 28.5 Rio de JaneirdBR Juliao 2003
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Table 4.3 Background thorium activity concentration in urine

22Th (mBg/d)  2*°Th (mBq/d) #32Th (mBq/d) Comments Reference
Mean Range Mean Range Mean Range
. , Dalheimer
0.03 urine natural background (DE] 1994
2.1 daily excretion in Buena (BR' Juliao 1998
0.63 0.19-2.6 0.53 0.11-3.7 0.23 0.11-0.50 worker not exposed to Th, (BE Hurtgen 2001
0.007 unexposed adult (DE) Roth 2005
Table 4.4. Background thorium activity concentration in faeces.
228Th (mBg/d)  2%°Th (mBqg/d) Z2Th (mBq/d) Comments Reference
Mean Range Mean Range Mean Range
Dalheimer
12 faeces natural background (DE 1994
23 11-39 98 17-16 54 1.6-12  persons in the Berlimrea (DE) Nafgrggnn

30 5.6-104  daily excretion in Buena (BR) Juliao 1998
35 58-161 7.7 1.87-31 3.4 0.97-22 worker not exposed to THBE) Hurtgen 2001

290 218-442 124 7.5-175 74 45-120 Pocos de Caldas (BR) Taddei 2001
947 26 inhabitants of Buena (BR) Juliao 2003
60 10 inhabitants of Rio de Janeiro(BF

41 1.0-34 general population (DE) Schafer 2006
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Table 4.5. Background radium activity concentration in urine and faeces.

Urine Excretion Faecal excretion

226Ra (mBg/d) 226Ra (mBq/d) Comments Reference

Mean Range Mean Range

0.6 0.22-1.22 29 20-43 male patient (US) Spence 1973
65 38-121 persons in the Berlin area (DE} Naumann 1998
3.8 047-185 109 36-240 non exposed worker (BE) Hurtgen 2001

581 inhabitants of Buena (BR) Juliao 2003

71 inhabitants of Rio de Janeiro (Bl  Juliao 2003
9.9 0.6-29 66 6-212 general population (DE) Schafer 2004
8.1 2.0-75 21 2-442 general population (DE) Schafer 2006

A knowledge of the natural background activity found in the bioassay is absolutely necessary if
occupational intake has to be assessed., Bank bioassay sample should be obtained prior to the
effective work in potentially contaminating aredlhisisto be able todistinguish between natural

or non-occupational intake and occupational intake.

Theseblank bioassay samplesan be obtained from the worker before or at the beginning of their
employment, from norroccupationally exposed workers or from the population Ihg in the area,
including some members of the worker's family. Alternatively during the intake assessment, and to
take care of the natural radioactivity contained in the foodstuff and drinking water, a chronic
ingestion intake can be assumed during the aktriod of occupational exposure.
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Table 4.6. Background polonium activity concentration in urine and faeces.

Urine excretion

Faecal excretion

2190 (mBg/d) 2190 (mBg/d) Comments Reference
Mean Range Mean Range
0.41 non smoker Radford 1964
2.4 smoker Radford 1964
22 0.26-9.3 adult hospital patient Taylor 1964
13.6 - Hoélgye 1969
5 3.3-9.1 - De Boeck 1971
1.4 pooled sample Bale 1975
25 7.1-62 non-smokers Okabayashi 197&
66 33-118 smokers Okabayashi 197&
14.0 7.4-27 236 63-938 one individual non smokers Okabayashi 197&
9.3 1.85-189 64 48- 73 adult males Spencer 1977
1.78 - Helmkamp 1979
41 non uranium mine worker Okabayashi 1982
26 local control individuals (mining area Fenzi 1986
12.4 Milan area(IT) Fenzi 1986
5.2 non-smokers Azeredo 1991
9.9 smokers Azeredo 1991
8.3 4.6-11 non-smokers Santos 1994
15.7 11-24 smokers Santos 1994
85 6.4-104 farmers Santos 1995
6 2(LD)-9.9 persons in the Berlin are@E) Naumann 1998
12 2-35 45 16-85 14 caucasians volunteers Thomas 2001
5.2 non-smokers Lipsztein 2003
9.9 smokers Lipsztein 2003
514 240-890 alimentary tract study (5 volunteers) Hunt 2004
9.4 2.4-16 non-smokers Al-Arifi 2006
14.2 5.3-25 smokers Al-Arifi 2006
13.0 3.5-31 shiha smokers Al-Arifi 2006
3.5 1.0to 248~ general population Schafer 2006
56 16-172 239 32-936 alimentary tract study (7 volunteers) Hunt 2007

* Maximum value taking into account the workers.
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4.2 Assessment of uncertainty on data
The uncertainties on the data are of great importance for the evaluation for several reasons:

1 They enable an objective decision to be made on whether a measured value is due to a new
intake, or due to previous intakes thatready have been evaluated.

1 They enable an objective decision to be made on whether a measured value is consistent with
previous evaluations, or if it indicates the previous evaluations to be wrong.

1 They can have a strong influence on all evaluationsngsiveighted fitting procedures (i.e.
where there is more than one data point).

1 They enable rogue data to be identified objectively.

1 They enable objective (statistical) criteria (goodnesfsfit) to be calculated, which are used to
determine whether the predictions of the biokinetic model (with a given set of parameter
values) used to assess the intake and dose are inconsistent with the data.

1 They enable statistics to be calculated, such as the-sthiared ¢2), which can be used to
compare the fits to tle data of different models/parameter values.

Uncertainties in measurements of activity in the body or in biological samples have been discussed
in IAEA publications (IAEA 1996, 2000). There are no standard procedures for indirect or direct
bioassay measwments, although some examples of bioassay methods are given in these
publications and elsewhere. The choice of the procedure, detector or facility will depend on the
specific needs such as the nuclides of interedgtection limits (DL) and budget. All pocedures

used to quantify the activity of a radionuclide are sources of random and systematic errors.
Uncertainties in measurements typically are due mainly to counting statistics, validity of the
calibration procedures, possible contamination of the smer or the measurement system, and
random fluctuations in background.

In estimating the overall uncertainty in a measurement, it may be necessary to take each source of
uncertainty and treat it separately to obtain the contribution from that source. Eachhef separate
contributions to uncertainty is referred to as an uncertainty component.

The components of uncertainty in a quantity may be divided into two main categories referred to
as Type A and Type B uncertainties. ISO's Guide to the Expression eftainty in Measurement
(BIPMet al, 2010 discriminates between the Type A evaluation of uncertaintyhat based on
statistical means and the Type B evaluation of uncertaintjthat based on nonstatistical means.
However, as noted in a publication dfe UK National Physical Laboratory (Cox and Harris, 2004), it
is sometimes more useful to make a distinction between effects that can be regarded as random,
and those that can be regarded as systematic. Cox and Harris note that the subdivision intoAType
and Type B evaluations of uncertainty will correspond in some instances to random and systematic
effects, respectively, but not in all circumstances.

In the case of a measurement of activity in the body or in a biological sample, Type A uncertainties
aretaken to arise only from counting statistics, which can be described by the Poisson distribution
and Type B components are due to all other sources of uncertainty.

Examples of Type B components fan vitro measurements include the quantification of the
sample volume or weight; errors in dilution and pipetting; evaporation of solution in storage;
stability and activity of standards used for calibration; similarity of chemical yield between tracer
and radioelement of interest; blank corrections; backgroumnadionuclide excretion contributions

EURADOS Report 2008 41



C.M. Castellani, J.Warsh, C. Hurtgen, E. Blanchardon, P. Berardsissani. M.A. Lopez

and fluctuations; electronic stability; spectroscopy resolution and peak overlap; contamination of
sample and impurities; source positioning for counting; density and shape variation from
calibration model and assumptins about homogeneity in calibration (Skrable et al, 1994). These
uncertainties apply to the measurement of activity in the sample. With excretion measurements,
rfc _argtgrw gl rfc g_knjc gq sqgcb rm neowet gbc
24 hours for comparison with the model predictions. If the samples are collected over periods less
than 24 hours then they should be normalised to an equivalent 24 hour value. This introduces
additional sources of Type B uncertainty: the uncertainythe collection period, which depends

on the sampling procedures and the technigues used to calculate the collect period, and the
uncertainty relating to biological (intefand intra-subject) variability. This uncertainty may well be
greater than the urcertainty in the measured sample activity.

/n vivomeasurements can be performed in different geometries (whole body measurements, and
organ or site specific measurement such as measurement over the lung, thyroid, skull, or liver, or
over a woung. Each tpe of geometry needs specialized detector systems and calibration
methods. The IAEA (1996) and the ICRU (2003) have published reviews of direct bioassay methods
that include discussions of sensitivity and accuracy of the measurements.

Examples of Type B omonents for i vivo monitoring include counting geometry errors;
positioning of the individual in relation to the detector and movement of the person during
counting; chest wall thickness determination; differences between phantom and individual or
organ being measured, including geometric characteristics, density, distribution of the
radionuclide within the body and organ and linear attenuation coefficient; interference from
radioactive material deposits in adjacent body regions; spectroscopy resolutinod peak overlap;
electronic stability; interference from other radionuclides; variation in background radiation;
activity of the standard radionuclide used for calibration; surface external contamination of the
person; interference from natural radioactivelements present in the body; and calibration source
uncertainties (IAEA,1996, Skrable et al, 1994).

For partial body measurements it is generally difficult to interpret the result in terms of activity in a
specific organ because radiation from othergions of the body may be detected. Interpretation of
such measurements may require assumptions concerning the biokinetics of the radionuclide and
any radioactive progeny producedn vivo. An illustration using*Am is given in the IAEA Safety
Report on Diect Methods for Measuring Radionuclides in the Human Body (IAEA 1996). A
fundamental assumption made in calibrating a lung measurement system is that the deposition of
radioactivity in the lung is homogeneous, but depositions rarely follow this pattern.

Measurement errors associated with counting statistics (Type A uncertainties) decrease with
increasing activity or with increasing counting time, whereas the Type B components of
measurement uncertainty may be largely independent of the activity or the oting time.
Therefore, when activity levels are low and close to the detection limit the total uncertainty is often
dominated by the Type A component (i.e. by counting statistics). For radionuclides that are easily
detected and present in sufficient quainty, the total uncertainty is often dominated by the Type B
components (i.e. by uncertainties other than counting statistics).

In these Guidelines, for simplicity, it is assumed that the overall uncertainty on an individual
monitoring value can be describé in terms of a lognormal distribution and the scattering factor
(SF) is defined as its geometric standard deviation. This approximation is reasonable when Type A
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uncertainties are relative smallHowever, h cases where the counts are low (i.e. Typerfors are
large),Miller et al. (2002¢onsiders thathe exact likelihood functionthey describeshould be used
This function which gives the probability distribution of measurements given an intakiescribes
uncertaintiesdue to counting statistics(Type A errors) with a Poisson distribution whereas all other
uncertainties (Type B) are described by a single-tagmal distribution.

Table4.7 lists typical values for the various components of uncertainty /of vivo measurements
(Doerfel 2006). The uncertainty is given in terms of the scattering factors (SF) assuming that the
distributions of the measurements can be described by a{oegrmal distribution. For example, the

SF due to counting statistics is given asaS+1.07 for high photon energy counting. This means
that the scattering of the measured values due to counting statistics would result in 68% of the
values to be inthe rangebetween »%/1.07 and x:*1.07, where ¥ is the medianof all measured
values.

Based on the experience gained in the IDEAS project (Castellani 2004), as well as on the grounds of
simplicity and practicality, the following general approach for the calculation of the total
uncertainty may be applied:

SF=expa |4 In*(SF)g
ev i U

4.1)

with SF  total scattering factor

Sk scattering factor due to component i

When applying this approach on the SF values given in Tabkthe values in Tablé.8are derived
for the total scattering factors. However, it is noted that Miller, 2@@nside's the assumptiorthat
the overall uncertainty on an individual monitoring value can be described in terms of arflogmal
distribution is reasonable if the ratio In(SF: In(SE) is less than onghird.

The SF values suggested in Tabfesand 4.8 for /n vivomeasurements are applicable to chest and
total body in-vivo measurements. It is noted that specialisédvivo measurements such as knee
and head measurements to determine skeleton activity, may have larger uncertainties compared
with chest andtotal body activity measurements.
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Table4.7 Typical values for the components of lagormal uncertainty forin vivomeasurements of
radionuclides emitting low, intermediate and high photon energy radiation.

Source of uncertainty (Type) Scatteringfactor SF
Low photon Intermediate High photon
energy photon energy energy

E<20keV  20keV<E<100ke E>100keV

Counting statistics (A) 15 1.3 1.07
Variation of de(tg)ctor positioning 12 1.05 <105
Variation of background signal (B 15 1.1 <1.05
Variation in body dimensions (B) 15 1.12 1.07
Variation of ov(eBrI)aying structures 13 115 112
Variation of activity distribution (B 1.3 1.05 <1.05
Calibration (B) 1.05 1.05 1.05
Spectrum evaluatiof®’ (B) 1.15 1.05 1.03

@) HPGedetector spectra

Table 4.8 Typical values for the total type A and type B lagrmal uncertainty forin vivo
measurements of radionuclides emitting low, intermediate and high photon energy radiation

Uncertainty type Scattering factor SF
Low photon Intermediate photon High photon
energy energy energy

E < 20 keV 20 keV < E < 100 keV E > 100 keV

Total type A 15 1.3 1.07
Total type B 2.06 1.25 1.15
Total 2.3 1.4 1.2

Specific treatments, like measurement of the actinides activity in 8iall or knee, needs careful
estimation of the SE General estimations of the SF does not have robustness, because particular
value depends strongly on the measurement geometry and detection system property. Therefore
an appropriate uncertainty analysis required. Crude estimation for simple two detector geometry
facing temporal bones based on general assumpt®was published by Malatova and Foltanova
(Malatova2000). Detailed analyses for the same geometry based on the best available data and
Monte Garlo calibration was publised by Vrba (Vrba 2010The overalluncertainty was estimated

with two methods: the first methodcombined uncertainties addescribedin the present report and

the second method appliedMonte Carlo sampling.Based on theepublications, suggested values

of type B uncertaintiegor the assessment of*!Am activity in the skularegiven in Table4.9.
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Table 4.9, Suggested values of uncertaies (type B) forthe assessment of*!Am activity in the
skull.

Source of uncertainty Sk
calibration phantom 1.06
detector positions 1.13
skull size dependence 1.24
activity distribution 1.11*
spectra analyses 1.08
Total 1.33

* Possible source distribution difference between calibration phantom and measured subject

Whole skeleton activity is required in biokinetic models, therefore uncertainty of the skull to
skeleton ratio, which is about $F1.16, will contribute too. Thus the overall S&ncertainty of
24Am skeleton activity based on skull measurement can be evaluae®&R=1.38.

The measured activityl/and its Type A uncertaintyg, are given in terms of measured quantities
by:

o

AN Ng @ . Ng
M:qgéﬁ —B e
C's Tg scé%\le RB

s = Crn N + N B
A T G Ré
s 4.2)

Where, A\t is the number of measured countg\ is the number of measured background count&
is the ratio of background count time t@amplecount time R=Tg/Ts, and G, is the normalisation
factor converting count rate to activity (Bqg per counts/s).

I O‘DOz

Note that A; can be calculated by rearranging eation 3.2, and knowing MG, 7s Atand R.

Therefore, the Type A uncertaintg,. can be determined from equation 3.2 given Mz, 7s Asand
R.

The SFor Type A uncertainties is given by:

€S, 0
SF, =exps—=27
&M H 4.3)

The SF for Type icertainties is given by:

7]
Sk = exp Cmn N
€%m U (4. 4)

Where S s the uncertainty on the normalisation factor.
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Typical values for Type B scattering factors fofvitro measurements are given in Tabk10. In
practice, routine urinary excretion data from plutonium workers is often found to have a-log
normal distribution with a SF ranging from 1.3 to about 2.4 (Moss et al, 1969; Riddell et al, 1994,
Miller et al 2007 andVlarsh et al, 2007, 2008)). However, Moss et al. (1969), showed that when the
sampling method and analytical procedures are carefully controlled for true2drine samples,

over 5 days, then the SF is significantly less (1.1). This is in agreement wiBRlvalues calculated
from data obtained from a volunteer experiment where sampling procedures were carefully
controlled (Marsh et al. 2007). This shows that for routine urinary excretion data the uncertainty
associated with the unknown collection perioi the main source of uncertainty.

Scattering factors have been evaluated from urine monitoring data where urine samples were
averaged (Marsh et al.,2007). Scattering factors of 1.7, 1.7 andierel calculated fromthree
uranium inhalation caseswhere the urine data mainly consisted of an average oft@ 6 urine
samples

For intakes of tritiated water (HTO), the activity concentration in urine is used and not thlh 24
excretion rate. As a result SB lower (1.1).

Marsh et al. 2007 calculated SF vauer faecal monitoring using real data contained in the IDEAS
Internal Contamination Database (Hurtgen et al. 2007). Ten cases involving intakes of plutonium
and americium were assessed and the SF values ranged from 1.9 to 3.5 for the individual cases.
Combining these cases gave an overall SF of 2.7. Bull (2005) determined SF values between 2 and 3
for systemic faecal from volunteer data, which is in agreement with the values calculated by Marsh

et al. 2007. The scattering factors estimated from thel2faecal excretion data of Juliao et 2007

for #2%U are also consistent with these values

Table4.10 Typical values for the scattering factor SF for various typegnefifro measurements
from different studieg(Type B errors). Ranges are givemparentheses.

Quantity Scattering factorSik
True 24hr urine 1.1@
Activity concentration ofH (HTO) in urine 1.1®
Simulated 24_h_r urine_, creatinin.e, volume or 1.67 (1.39-1.89)
specific gravity normalised.
Spot urine samplée® 2.0
Faecal 24r sample 3(2-4®
Faecal 7zhr sample 2 (1.5« 2.2)"

(a) Value given by Moss et al, 1969 based on plutonium in urine measurements of workers at
Los Alamos.

(b) Value based on judgement and on values calculated by Marsh et al. (2007, 2008).

(c) At Los Alamos, Type B uncertainties, in terms of the coefficient of variation, for urine
samples normalised using volume and specific gravity have been found to be 30% (i.e. a
SF of 1.3).
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(d) Value given by Riddell et al, 1994 based on plutonium in urine measuets of Sellafield
workers. Because sampling procedures and measurements technigues have improve over
the years, recent measurements are likely to have a SF less than 1.8.

(e) A spot urine sample is a single void which is used to estimate & 2#ine sampleby
normalisation.

() The SF values for A2 faecal samples were calculated from the SF values fehr2faecal
samples.

Hurtgen (2003) calculated Type A uncertainties for urine and faecal measurements by alpha
spectrometry for actinides as a function of @daty assuming optimum analytical conditions. For

rfc pc_bcpg% amltclgclac* rfc dgespc egtgle rfec
and faeces using optimum analytical conditions is reproduced here (Figdre). The graph
represens mainly Type A uncertainties at least for activities less than 100 mBqg.

Relative uncertainty

100%
L'rincsl
80%
60%
40% —
20%

.

o Al : b R R RE b L L L
0.01 0.1 1 10 100 1000
Sample activity in mBqg/24h

Figure 4.1 Relative uncertainty (%) as a function of sample activity (mBq per 24 h) in
urine and faeces using optimum analytical conditions (Hurtgen and Cossonnet,
2003)

For casesvith comprehensive high quality datat may be possible to determine the SF value using
the approach described by (Marsh 2007). In this approach the trend of the data is determined by
fitting a sum of exponential terms to the data assuming the errore dog-normally distributed.

The SF is then determined by calculating the geometric standard deviation of the data around the
trend.
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5. Processing of measurement data

5.1 Introduction

Direct and indirect measurements provide information about the amounts of radionuclides
present in the body, in parts of the body including specific body organs or tissues, or in biological
samples. ThdCRPbiokinetic models which describe body and orgaocontents, and activity in
excreta, as a function of time following intake, are used for this purpose. These models are used to
calculatevalues of the measured quantities for unit intakej(?), at a timet after the intake.These
functions will be publishe in terms of tables and figures in the OIR Publication seff@s the time
being the values are reported in ICRP Publication 78 (ICRP 1997) and in IAEA Safety Reports Series
37 (IAEA 2004Dnce the intake is estimated, the committed effective dose isthcomputed from

the product of the intake and the appropriate dose coefficient. Alternatively, measurements of
activity in the body can be used to estimate dose rates directly, if a sufficient number of
measurements are available to determine retention rictions. This direct dose assessment
approach can be used for intakes of tritiated wajexs described in Sectiot (IAEA, 2004;lurtgen

et al. 2005, IAEA, 2007)

When only a single bioassay datum is available, a point estimate of the intake is maueltiple
measurements are available, a best estimate of intake may be obtained by applying a statistical
fitting method.

5.2 Single measurements, acute intakes
Special monitoring

For special or taskelated monitoring when the time of intake is known, théntake can be
estimated from the measured results comparing them with the corresponding predicted values of
the retention or excretion functions (m(t) values) at time t after intake. If only a single measurement
is made, the intake/ can be determined tym the measured quantity/, by:

m(t) (5.1)

Care must be taken to ensure that the measurement resd, and /m(t) are comparable; for
example, in the case of urinalysis, the bioassay result must be expressed as the total actavigin
hour urine sample at the end of collection (not at analysis).

The intake can be multiplied by the appropriate dose coefficient to give the committed effective
dose; this can then be compared with the dose limit or any fletermined investigation levé
based on dose. If the measurement indicates that an investigation level has been exceeded, further
investigation is required.

Routine monitoring

For routine monitoring, it might be necessary to estimate an intake from a measurement made at
the end of a monitoring interval. When the time of intake is not known and cannot be estimated
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from workplace analysis and/or workers interviews, it should bewsed that the intake occurred
at the mid-point of the monitoring interval of T days. For a given measured quantity, M, obtained at
the end of the monitoring interval, the intake is:

m(T / 2) (5.2)

where m(T/2) is the predicted vakiof the measured quantity for a unit intake assumed to occur at
the mid-point of the monitoring interval.

An intake in a preceding monitoring interval may influence the actual measurement result
obtained. For a series of measurements in a routine moniigr programme, the following
procedure may be followed:

1 Determine the magnitude of the intake in the first monitoring interval.

9 Predict the contribution to each of the subsequent measurements from this intake.
1 Subtract the corresponding contributions from all subsequent data.

1 Repeat above for the next monitoring interval.

Both the ISO 27048 standard (ISO 2011) and these guidelines (S&c8psuggest taking account
of the measurement uncertainty (i.e. the S&lue) in determining whether a measured value is due
to a new intake, or due to previous intakes that already have been evaluated.

The dose from the intake in the monitoring interval is obtained by multiplying the intake by the
appropriate dose coefficiat. The dose can be compared with the prata fraction of the dose
limit. Alternatively, the dose or intake can be compared with predetermined investigation levels.
However, if a measured value in a routine monitoring programme exceeds adatermined
investigation level (or dose level), special monitoring is started so that the intake and the dose can
be assessed more accurately (SectiaB)7

5.3 Multiple measurements

Usually, a special monitoring program consists of results for different measurempetirmed at
different times, and even from different monitoring techniques, e.g. direct and indirect
measurements.

To determine the best estimate of a single intake, when the time of intake is known, it is first
necessary to calculate the predicted valsien(t), for unit intake of the measured quantities. It is

then required to determine the best estimate of the intakésuch that the product m#)8 ~ cqr dgr g3
the measurement datg?, M). In cases where multiple types of bioassay data sets ardatMai it is
recommended to assess the intake and dose by fitting predicted values to the different types of
measurement data simultaneously. For example, if urine and faecal data sets are available then, the

intake is assessed by fitting predicted valutesboth data sets simultaneously.

Numerous statistical methods for data fitting are available (IAEA, 2004). The two methods that are
most widely applicable are the maximum likelihood method and the Bayesian approach. Other
methods, such as the least sques method and the geometric mean of the point estimates can be
justified on the basis of the maximum likelihood method for certain assumptions on the error
associated with the data. For example, the least square method can be derived from the maximum
likelihood method if it is assumed that the uncertainty on the data can be characterised by a
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normal distribution. The assumed distribution (e.g. normal or lognormal) can have a dramatic
influence on the assessed intake and dose if the model is a poor fihéodata. However, as the fit

of the model to the data improves, the influence of the data uncertainties on the assessed intake
and dose reduces (Marsh et al. 2007).

The following section gives simple equations for estimating the intake from multipledssay data
based on the maximum likelihood method assuming the uncertainty on the data can be
characterised by a lognormal distribution with a given SF. A dethdlescription of the derivation

of these equations is given in Annex 2.

Maximum likelihood nethod

The likelihood function is the probability density function of observing the measurement data
egt cl rfc glr_ic _I'b kmbcj n_p _ k cr/isphe intake ®rc q ,
which the likelihood function is a maximum. Assuming &h probability distribution of
measurements can be approximated by a legprmal distribution with a given SF (Section.2), the

best estimate of intake is given by the following equation.

4 nC)
2
|n(| ) — Ir:11 [ln(SE )]
3 1
i=1 [ln(SFi )]2 (5.3)
Where, the point estimate/is the intake calculated from thé'imeasurement and is given by:
I = —M‘
-om(t)

So Inf))is a weighted average of Iif the log of the individual intake estimates calculated from a
single bioassay measurement iMusing as weight the inverse dhe square of the log of the
scattering factor of the same measurement.

Generally, the scattering factor is dominated by Type B uncertainties (i.e. uncertainties other than
counting errors, such as calibration errors or errors related to sampling proceslas for excretion
data), thus the SF can be assumed to be constant, i.e. the same for each measurement (within the
same type of monitoring data). Therefore, the best estimate of intake is given by the following
equation.

1.0 € 1 <
n()==4110)=n&O 1.8
n g;|l -

i=1 i=

oocoe

So in ths case, the best estimate of the intake, | is simply the geometric mean of the point
estimates,l

= (5.4)

In such a case, the best estimate turns out to be independent of the SF value.
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Consider cases where data sets from diffiet monitoring techniques are availablend where the
scattering factor is different for each data point. For examplezifurine and rx faecal data are
available and the scattering factors for the urine and faecal data Sfgand S£; respectively then

equation 6.3) becomes:

n() X in(1,)
M ICH M ICH)]
In(1)= ' = .
1 1 (5.5)

= (|n (SFUJ))2 * ?:1 (In (SFf,j))z

Q:s

where |refers to the individual intake estimates from the urine data andefers to the individual
intake estimates from the faecal data. Also in this case, if the scattering factor is dominategpey T

B uncertainties, the SF value can be considered to be the same for all the measurements of a
certain bioassay type, e.g. for urine data, $FSK, for all i =1,..,ndata.

If this holds also for the faecal dafae, Ski[ Skfor all i =1,..,,data),then equation 6.5) becomes:
in(1,) LA In(lj)
% (n(sR) Tn(sk)f
in(1)= n
1 N é 1
= (n(sk)f 5 (n(sk )

Or, in a simpler way ,

Q:»

(5.6)

5.4 Extended Exposures

One of the factors that influence the interpretation of bioassay results is the temporal variation of
the intakes of radioactive material. The pattern of intake, although often poorly characterized, is an
important factor in the correct interpretation of rmasurements and thus for dose assessment. In
general, the amount of activity present in the body and the amount excreted daily depend on the
length of time the individual has been exposed. Consequently, the correct interpretation of
bioassay measurementsquires information on the complete exposure history of the worker to
the particular radionuclide of interest. The bioassay result obtained, e.g. the amount present in the
body, in body organs, or irexcreta, will reflect the supg@osition of all the prevbus intakes,
whether isolated or persistent.

Any previous intakes that influence the actual measurement result need to be taken into account.
It is proposed to calculate the net value of the activity of the radionuclidé¢ by subtracting the
contributions from previous intakes? from the measurement value (i.&\Vi= M, - F). For simplicity,
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ignoring the uncertainty in/2, equation5.3 can be applied to determine the best estimate of intake
but with:

o) (5.7)

In applying equation5.3to such cases, it is assumed that the net values of the activity are log
normally distributed with a given SF (Secti@h2). It is acknowledged that the actual distribution of
the net values is not lognormal because subtracting alve (F) from lognormally distributed
values (/) does not result in another lognormal distribution.

An alternative approach is to fit the previous intakes as well as the intake of interest to all the data
simultaneously using the maximum likelihood mbbd. However, this requires appropriate
software tools to do this.

Constant chronic exposures

When exposure is known to extend for several days, perhaps as a result of an undetected incident,
bioassay results may be interpreted as containing an independena ml r pg s r g ml dp mk
intake. For example, consider the case where a subject has been exposed at a constant chronic

rate of intake over a period of T days (i.e. from 0 to T days) and a measurement is carried out at a
time ¢ after the start of tle chronic period. The calculated value of the measured quantity for unit

intake arising from an intake rate of 1/T Bd dver a period of T days is approximated by:

1] o
mcm(ti)=;a mt - j) if T<t,

j=1

or (5.8)

t-1
ML {)=Tame - ) if T

j=0

Again equation5.3 can be applied to determine the best estimate of the total intakibyt with:

I\/Ii
rrLhr(ti ) (5 9)

Equation5.8 only gives approximate values fan.(¢)and is not very accurate if m(t) varies a great
deal over the period of summation. In such cases appropriate software tools are required to
improve the accuracy of the numerical integration over th&posure period.

Chronic and intermittent exposures

In routine monitoring of workers, especially for loAg/ed radionuclides, it is highly desirable to
produce a scheme in which the workers' realistic exposure (e.g., a weekly cycle) is considered. The
schedule of work may differ for individual workers and modifications should be introduced as
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necessary. The use of an input function that represents the worker's routine intake permits the
interpretation of bioassay results according to the day of the wemkwhich samples are taken. In
this way the shortterm components associated with lung clearance will be better accounted for,
since the early clearance component(s) of excretion may introduce a significant difference before
and after an interruption in ®posure, e.g., the weekend. The interpretation of this data requires, in
most cases, appropriate software tools and is beyond the scope of this report.

For longlived radionuclides, chronic exposures will eventually produce an equilibrium value of
activity in the body. Equilibrium values for selected radionuclides have been provided by ICRP
Publication 78 (ICRP 1997).

For cases where the exposure is protracted the assumption of a constant chronic intake may be
applied by default when the actual schedule ekposure is unknown (intermittent exposures, non
constant chronic intake). Assuming a constant chronic as opposed to chronic exposures during
only working days makes little differences to the assessed dose for long lived radionuclides.
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6. Special aspec ts of data handling

6.1 Identification of rogue data

A systematic basis to identify outliers and criteria to exclude them are needed. Outliers above and
below the trend of the other data have different significance. A point above the trend might
indicate another intake and should be investigated; this may mean taking further measurements
and/or looking at the workplace conditions. A point below is more likely to result from a
transcription or measurement error or from fluctuation of individual metabolism.

The problem of deciding how to identify outliers is not straightforward. Ideally, outliers should be
identified before fitting model predictions to the data. If not, then the assessor faces a dilemma
when the model does not fit the data: should the modphrameters be varied to obtain a fit, or
should the data that does not fit be rejected. So ideally, the trend of the data should be obtained
first by, for example, fitting a sum of exponentials to the data and then using a statistical test to
reject the daa (Marsh, et al. 2007)in practice, it is realised that this procedure could be time
consuming, and many assessors will rely on judgement when deciding to reject certain data.
Specifically, care must be taken in excluding data, particularly if a grouplaih at early or late
times does not appear to be predicted by the model, then model parameters should be varied in
preference to excluding data.

Dmp kc_qspckclr b_r_ gsqncarcb md "~ cgle 8pmesc?
or exclusion sigificantly affects the intake and dose. If it does not, there is no point in expending

effort on justifying excluding it: it should be included. If it does have an effect, then a statistical test
should be carried out to determine if it is an outlier.itlfs an outlier then it should be excluded.

To identify outliers the following statistical test is proposed. A measurement value M(t) is an outlier

if it is more than afactoro6F_u_w dpmk rfc rpclb md rfc mrfcp &
t | & tnfe tis calculated on the base of a fit of the other data and compared with the suspected

outlier.

If the data set is significantly reduced after excluding outliers, then further measurements may be
required for dose assessment.

6.2 Handling data below detection limit

There may be cases where data sets consist of positive values (i.e. values above a decision
threshold, DT) and values reported as being below a detection limit (DL). Such data sets are defined
as being censored where the number of datvalues below a DL is known. The definition of the
detection limit and the associated decision threshold is given in 1SO standards (ISO 2010, ISO
2010b) and Section 3.2. However, it is recommended to keep records of the original counting
statistic and asociated information for all data including results below the DT. Such information
includes background and sample count rates, duration of the background and sample
measurements, calibration factors (Bq per count rate) and assessed uncertainty of estimat
activity. All original data may be used in the dose assessment taking account of the uncertainty
associated with each measurement result. The substitution of the original data by an expression
8jcqq rf _|I rfc bcrcargml jgkgr3® gq I mr pcamkkcl b

If sane of the data are reported as being below the DL and only the DL value is recorded then the
maximum likelihood method can be applied to obtain the best estimate of intake (Annex 2). In
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cases, where the uncertainty is dominated by Type B errors, theitiketl function can be
described by a lognormal distribution (Section 5.3 and Annex 2). For these cases, it can be shown
that for censored data sets the maximum likelihood method leads to an unbiased estimate of the
intake if the measurement uncertainty lnown (Marsh 2002).

If the application of the maximum likelihood method is not possible because of the lack of
available software, then several other simplifying assumptions are possible. Common approaches
arerm rpc_r c¢_af 8§ c jemwaueBqldl tothe DLwvatue, equal to Dlii2nogegualg t
to DT/2. The first approactvill clearly lead to an overestimate of the intake, but there is no simple
method to quantify the degree of overestimation. The approach to replace the unknown values
with DT/2 is recommended here, in the interest of harmonisation with the 1SO standd8D
27048:2010(E)]. However it is acknowledged that this method has no strong foundation in
mathematics.

6.3 Criteria for rejecting a fit
In assessing intakes and doses, thedenying starting assumptions are that:

9 the structure of the biokinetic model is a realistic representation of the physical and biological
processes, and

1 the model parameter values are correct.

Estimates of bioassay quantities will be unbiased only if these conditions are met. These
assumptions are analogous to the null hypothesis in classical statisitgases where the model
predictions are inconsistent with the data (i.e. fits are inadegelatand measurement data have
been checked to be accurate and unbiased, this indicates that either the model parameter values,
or the structure of the model is incorrecthe classical statistical approach is to reject the model
and to repeat the assessmemvith different model parameter values or with a new model structure
so that the predictions are not inconsistent with the data. Before the model structure itself can be
rejected, it is necessary to first consider changes to the model parameter valutisede guidelines

only changes to the parameter values are considered, not to the model structure.

It is important to remember that it is not possible to prove that the null hypothesis is true. Test
statistics are used to indicate that the null hypothesi false. The criteria for rejecting the null
hypothesis, (i.e. stating the fit is inadequate), needs to be defined before the assessment is carried
out.

? kc_gspc md rfc 8S8Emmblcgqg md dgr3® &EMD' b rf
arer f cpcdmpc apgrga_|j gggscq, Rfcpc k_w ~¢c amldj
number of available data could play an important role in rejecting or accepting the @&enerally

the better the data (quality and quantity) the more likelyid that a statistical test will show that the

data are inconsistent with the model. If the data are poor it is more likely that the model widifit

the extreme case of a single measurement any model will fit. It is therefore important that there

should be sufficient data available for assessment of a significant dose, and the higher the dose, the

better the data should be. Proposals are therefore made for the minimum amounts of data that
umsjb ¢ _aacnr_ " jcb6®&8qgsddgagclrs3* qcc Qcar gml

A comprehensve discussion of all the possible statistics that can be used to quantify whether a fit
is inadequate is beyond the scope of this document. Toe-squareatest statistic,c¢?, is adopted
here as part of the criteria for rejecting fit.
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If it is assumed thaeach measurement), is taken from a lognormal distribution with a scattering
factor of S/then for nmeasurementsgo? is defined as:

, S aAnM)-In[lm@)]a _ 2 L,
G TAE TG 87an

6.1)

The product/ m(t) is the predicted value andR are the (normalised) residuals. Under certain
assumptions, it can be demonstrated that? is distributed according to a chsquared distribution.

The above formulae do not apply to data that are reported as below the detection limit (<[Bt}.
left cenred data sets (i.e. data with < DL measuremenitsis proposed to use the above formula
dmp b_r_ _"mtc rfc BJ, Fmuctcp* gd kmqgr md
which are not very much greater than the DL, then the calculatdd-squared statistianay not be
valid.

When fitting predicted values to different types of data simultaneously, the ovevdllis equal to
the sum of the calculatedy? values for each data set.

If the predictions are inconsistent with the data, thendttalculated value of,? is inconsistent with
the theoretical chi-squared(y?) distribution for the specific number of degrees of freedom. The
actual number of degrees of freedom when varyingparameters for a linear model is-/, and he
expected value of?is equal to the number of degrees of freedom (ire)).

If the intake | is the only parameter to be adjusted, thérl and the number of degrees of freedom

is n-1. If some of theother model parametersalsoneed to be modified, tlen /is greater than one.
However, the biokinetic models used in internal dosimetry are not linear with respect to most of
their parameters, other than the intake, arttierefore the chi-squared statistiovith n-/degrees of
freedom might not be valid anymae especial for small datasets

For cases where there is comprehensive data so thiat/, it is proposed to assumeg-1 degrees of
freedom for each step of the procedure given in the flow charts (SectioriOR If the fit is rejected
assuming n-1 degrees ¢ freedom, then the fit would also be rejected if the actual number of
degrees of freedom is less.

The probability of observing a larges? value thanco? for (1) degrees of freedom is given by the
p-value, which can be obtained from Statistical Tablésinex 4 indicates the way to perform a
hand evaluation of thep-value. The pvalue is the fraction of the theoretical? distribution that lies
above the calculatedcto? value. So if the gvalue is very small, the calculatesd® value is very much
larger than expected and therefore it can be concluded that the predictions are likely to be
inconsistent with the data and the assumed uncertainties.

It is proposed that the fits to the data are judged to be inadequate (fit rejected) if:

1 the probability thatc? is greater thance? is 5% or less (i.e. ifyalue < 0.05). in other words the
fit is inadequate at the 5% level of significance, or if

1 the fit displayed graphically looks unreasonable by eye.
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Thec? test uses the assumed uncertainties ;SF the assurad uncertainties are overestimated then

co’ istoo small and a bad fit is accepted. The converse is also true; if the assumed uncertainties are
underestimated thenc,? is too large and a good fit is rejected. This is one of the reasons why it is
important to assess realistic uncertainties.

It is also acknowledged that whether or not the fit displayed graphically looks unreasonable by eye
is a subjective judgement. Genergll however, a fit would be considered unreasonable if all, or a
long series, of data were systematically underestimated or overestimated.

This can be quantified objectively by examining the serial correlation in the residuals (Draper,
1981). The auteorrelation coefficient statistic (Puncher, et al. 2007, Chatfield 2004) or the Durbin
Watson statistic (Durbin and Watson, 1970) are possible statistics and, compared to?ttest
statistic, have the advantage of being relatively insensitive to the magn#udf the assumed
measurement uncertainties. Annex 3 discusses the aatwrelation coefficient statistic and
describes how it can be applied to test whether or not a fit is inadequate.

6.4 Influence of decorporation therapy

Chelating agents such as DTPAjdasome other types of complexing agent, can be effective in
increasing the rate of elimination of radionuclides from the body. Generally, it should be assumed
that urinary and faecal excretion data for actinides and lanthanides are affected by DTPA
treatment. If this is the case then systemic organ retention will also be affected. Excretion rates may
well be influenced for weeks or months after cessation of treatment.

The analysis of DTPA treatments at CEA and AREVA from 1970 to 2003 (Grappin 2006, Grappin
2007) led to the conclusion that, following a first DTPA treatment, the full efficacy of a next DTPA
injection on urinary excretion of plutonium was usually restoredter 20 days, indicating that the
remaining action of DTPA on urinary excretion lasts for about 20 days. Thus excretion data
obtained in the first 20 days after treatment has ceasgbuld be disregarded for the purpose of

dose assessment.

An alternativeapproach is to use a model for the urinary excretion of the chelated actinide that has
been modified to compensate for the enhanced excretion (Hall et al. 1978, La Bone, 1994; Bailey et
al. 2002). This is preferable, when an early assessment is requeedube it makes more use of the
available information. It is difficult however to give any specific advice or formulation as the
treatment of any excretion data will depend upon the circumstances of the exposure and the need
and timescale required for theose assessment.

6.5 Number and type of data required for assessment of dose

The reliability of the dose assessment depends on the number and type of the monitoring data.
Thus, there are minimum requirements for the type and number of monitoring data, degieg on

the involved radionuclide and the evaluated dose range. The greater the evaluated dose the
greater the number of data is required.

The previous version of the IDEAS Guidelines suggested the minimum number and type of
monitoring data required for dose assessment for some selected radionuclid&uring the
CONRAD project the evaluation was extended to different categories of radionuclides, and the
results are summarized in Table 6liLshould always be borne in mind that the table is presented

to illustrate the point that more measurements should be taken the greater the dose estimate.
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Table 6.1 Minimum number and type of data required for assessment of dose for some categories
of radionuclides.

Number of required monitoring data

. . Type of D<1mS
Category of radionuclide mﬁpnitoring v 1 mSv < D v
(minimum < 6 mSY 6 mS
requirement)
?2jj r vemitersmd Urine ) 2
ugrf qgel gd Faeces 1 2 3
component Whole body,
(**U,2"Am etc.) critical organ ) 2 4
or wound site,
respectively.
279 ] r vemittersmd Urine - 3 5
ugrfmsr ggel
component Faeces 1 3 5
(®*°P0,%*%Pu, etc.)
27 r vemitersmd V\/_h_olel body,
ugr f qgelgd'crltlcaorgqn 1 2 4
component " or wound site,
P respectively.
60, 131 137,
(*°Co,**1,*"Cs, etc.) Urine ) 2 4
Fr w n-emitters
ugrfmsr qggel
(H,*C, etc.)
M/St w n-emitters Urine 1 2 4
ugrfmsr ggel
component Faeces i > 4
(°°Sr, etc.)
Purer-emitters V\/_h_ole body or 1 2 4
critical organ
123
(4, etc) Urine - 2 4
a) The monitoring data should cover a time range of 30 d; if the effective idfis less than

30 d, the monitoring data should cover a time range corresponding to the effective-fiff

b) The monitoring data should cover a time range of 60 dthié effective halflife is less than
30 d, the monitoring data should cover a time range corresponding to twice the effective-lifgf

Based upon the information given in Tab®1, the minimum number and type of monitoring data
required for dose asses®nt for some selected radionuclides are given in Tablg.
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Ideally the measurements should be distributed appropriately over the relevant time range given
in Table6.1. It is important to remark that the period of time indicated in this table and in able

6.2 does not correspond to the period of routine monitoring (e.g. that proposed by the publication
ISO 20553).

Table 6.2 Minimum number and type of data required for assessment of dose for some selected
radionuclides and the respective monitoringrpcedures.

Required monitoring data

D <1 mSv I1mSv<D<6mS D > 6 mSv
Radionuclide Typeof . : :
monitoring Time Time Time
Number range Number range Number range
(days) (days) (days)
H-3 Urine 1 - 4 10 8 20
Co60 z\éZ‘;)e 1 : 2 30 4 60
Urine - - 2 30 4 60
Sr90 Urine 1 - 2 10 4 20
Faeces - - 2 10 4 20
[-131 Thyroid 1 - 2 7 4 14
Urine - - 2 7 4 14
Cs137 \é\(’)':j‘;'e 1 . 2 30 4 60
Urine - - 2 30 4 60
U-235 Urine - - 2 30 3 60
Faeces 1 - 2 30 3 60
Lungs - - 2 30 4 60
Pu239 Urine - - 3 30 5 60
Faeces 1 - 3 30 5 60
Am-241 Urine - - 2 30 3 60
Faeces 1 - 2 30 3 60
Lungs - - 2 30 4 60
Skeleton? - - 1 - 2 60
a These measurements are desirable if facilities are available.
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6.6 Evaluation of in-growth of 2*!Am from 2*'Pu

Plutonium-241, with a radioactive halffe of 1433 y (5.23 18d), decays int*Am (Figure 6.1).
Americium-241 has a radioactive halife of 4.6 y (1.58 16d).

241p > 24180 m  EEEEE—
1 Pu 1Am
T.=14.33y T.= 4326y

Figure 6.1 Decay 6f'Pu to??Am

To interpret *!Am bioassay data following exposure to a mixture of plutonium and americium
nuclides, the ingrowth of 22!Am from?*'Pu should be considered. However, thegnowth of 2?Am
at early times following intake is negligible but more significant at late times.

Considering radioactive decay, the activity 8fAm due to ingrowth from ?*Pu is given by:

A —%(e"?ut - e"Amt) (6.2)

Where,
| puis the radioactive decay constant fét*Pu
| am is the radioactive decay constant fé6*Am, and
A, is the initial activiy of*/Pu.
To illustrate how equation (6.2) can be used to take account efjiowth of **!Am from 24Pu,

consider the case where a worker is exposed to an acute intake of a mixtur&'afm and
plutonium isotopes. The initial activity ratio 8f'Pu2*!Am at the time of intake i%y:am

If the predicted bioassay quantity per unit intake &fAm, ismam(?) neglecting in-growth, then the
total activity of>?Am (including ingrowth) for unit intake is:

M () = M (t) + € G, (1) O (63)
WhereA is given by equation (6.2) but with°€u = Ipu:Am

The value of e/t ®nAm(t) gives the calculated bioassay quantity sfable americium per unit
intake.
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The above equation (6.3) assumes that the biokineticPu is the same a¥’Am when taking
account of ingrowth. This assumption is made for simplificatioSubstituting equation 6.2 into
equation 6.3 gives:

A1) = g () ot - gl (6.4)
e A Pu u

The expression irsquared parenthesis, can be consider as the multiplying factor in which the
predicted bioassay quantity of*Am increases due to igrowth from 2*'Pu following acute intake

atf; ., IngRWwilpfacto® gqgqg nj mrrcb _q _ dsl ar igitalactimitd r gk c
ratio of 2'Pu?Am , fpuam) is 111 (Figure 6.1). This ratio is typical of spent commercial fuel at 5
years after chemical separation (Table 14.10 of Annex 1). As can be seen from Figure 4 the
growth factoris less than 1.1 aimes before 200 d but greater than 1.3 for times later than 650

days (1.8 years). The value of tlvegrowth factordepends on the value ofsy.amas well as the time,

t after intake.

'In-growth factor’
N T
N w B [$] (2] ~ [oe] (e} o

=
N

=
(=}

300 600 900 1200 1500 1800
Time after intake (d)

o

Figure 6.1. The multiplying factor in which the predicted bioagsguantity of >!Am
increases due to irgrowth from 2*'Pu following an acute exposure to a mixture of
2IAm and plutonium isotopes. In this example, an initial activity ratio®8Pu:?*?Am
=111 was assumed.

The intake ofthe initial amount of??Am can be then assessed from the measurédhm bioassay
tot

data by fitting the predicted bioassay quantitiesn, (t) to the data, as described in Sectionhe

intake of the Pu isotopes can be calculated from the initakivity ratiosof the Pu and Am mixture
and the intake of*Am.
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7. Structured approach

7.1 Introduction

In the following Sections a structured approach to the assessment (evaluation) of internal doses
dpmk kmlgrmpgle b_r_ gqg bcqgapg cb, Gr amlqgqgqgr g |
Levels of task given above. Each Stage consists of a ¢geriemd 8§Qrcngqg?d* 1 b g
diagrammatically in a flow chart, with a brief explanation of eastep in the text. Detailed

descriptions of some aspects of the evaluati process are given in Chapters 4 andCansideration

is also given to the quantityand quality of monitoring data needed for the assessment of doses

greater than 1 or 6 mSwv.

7.2 All exposures (stage 1)

In the first stage a check is made whether the measurement corresponds to Level 0, where it is
expected that the annual dose (committedffective dose from intakes of radionuclides that occur

in the accounting year) is likely to be below 0.1 mSyv, even if there were similar intakes in each and
every monitoring interval during the year, or to higher levels. At Level 0 there is no need to
evduate the intake or dose from the measured values explicitly. The effective dose can be reported
as zero, by analogy with the rounding of doses in external dosimetry. However, the measured value
should be recorded, because it may provide information usefat further assessments in the

future.

11
Identify monitoring value M

121
q Level O: q
No evaluation needed
yes

no

V
13
Above Level O:
Evaluation needed

A

Figure7.1: Stage 1. Check of need for evaluation.
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Step 1.1: Identify monitoring valuel)) and duration of monitoring interval J). Some treatment of

the data may be required before an evaluation can be made. In particular consideration should be
given to the presence of other radionuclides, as well as that measured (the indicator nuclide),
which may add significantly to the dose, or even exceed that from thadionuclide measured. In
case of mixtures the radioisotope which is supposed to provide the greatest contribution to dose
should be monitored.

Step 1.2: Compare measurement with critical monitoring quantity. If M < M then the annual
dose is probablyless than 0.1 mSv, even if there were similar intakes in each and every monitoring
interval during the year. The evaluation stops and the measured vallis recorded together with

all relevant information (radionuclide, activity, type of measurement, &/pf monitoring etc). Note
that measurements of actinides are typically above. &hd so there is no need to compare those
measurements explicitly with the corresponding critical monitoring quantity.

Step 1.3: Exposure above Level 0. Sike M the annual dose could be more than 0.1 mSv. Go to
Stage 2 to check on the statistical significance of the measurement.

7.3 All exposures above Level 0: Check on significance of nhew measurement and
consistency with previous evaluation ( stage 2)

Stage 2refers to cases where it is expected that the annual dose from the intake is likely to be
above 0.1 mSv. At this level the intake or dose from the measured values should be calculated
explicitly. Before starting the assessment of intake and dose, howeivés, recommended to plot

the data and to do some simple hand calculations in order to understand the case (Step 2.0). In
addition, the statistical significance of the measured value M should be estimated. This includes the
assessment of uncertainty on NiStep 2.1) as well as the calculation of the contributions from
previous intakes to M (Step 2.2) in order to decide whether M is:

9 due to a new intake, or
9 due to a previous intake, or
9 ifitis in contradiction to previous assessments (Steps@237).

Step 2.0: Understanding the case. Plot the data (including those from previous measurements if
available) and do some simple hand calculations. Evaluate the order of magnitude of the intake
and the committed effective dose.

Step 2.1: Assessment of the uncéartty on M. Realistic estimates of the overall uncertainty on each

b_r_ nmglr _pc pcosgpch, Fcpc rfcw _pc cvnpcqgoc
assess uncertainty on data considering measurement uncertainty and all other uncertainty
evaluated with Sk« see paragrapht.2).

Step 2.2: Calculation of the contributions P from previous intakes. The contributions (P) from all
previous intakes of the radionuclide considered are calculated, taking into account all pathways of
intake, and all inties of mixtures where the radionuclide was involved.

all previous

P= a 1 Onlt- t)

where | are the values of intakes evaluated at previous timesand t is the time of measurement
M.
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Step 2.3: New intake confirmed.Nf / SE> Pthen assume a new intake Isaoccurred. Calculate the

net value (N = M« P) of the radionuclide by subtracting P from the measured value M and go to
Stage 3, in order to perform the standard evaluation at Level 1. Using this criterion there is only a
2.5% probability of a false posite (i.e. assuming a new intake when actually an intake has not
occurred).

Step 2.4: New intake not confirmed. If M/SFP < M*SFthen the measured value M is consistent
with the intakes assessed previously, and there is no evidence of a new intakesvEtheation stops
and the measured value M is recorded together with all relevant information (radionuclide, activity,
type of measurement, type of monitoring etc).
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2.0
Understanding the case

!

2.1
Assessment of
uncertainty on measured value M
(application of default uncertainty

:

2.2
Calculation of contribution
from previous intakes (P)

2.3.1
Yes There is a new significant intake;
calculation of the net
measurement
N=M-P
No
Yes 241
There is no new significant
intake (confirmed of previous
assesssment)
No
25
There is a discrepancy with
previous evaluation
Yes 261

2.6
Value is
reliable?

Special evaluation of
previous intakes is needed Stjge

No

2.7
Correct measurement value
or repeat measurement

Figure7.2: Stage 2. Check on significance of new measurement and consistency with
previous evaluations.

Step 2.5: Discrepancy with the previous evaluations. If P > Kitt&#h there is a disrepancy with

the previous assessments. The reason for the discrepancy could be (i) the measured value M is not
reliable and/or (ii) the previous assessments are wrong. For example, an intake occurring near the
end of the previous monitoring interval iskely to have been overestimated based on an assumed
intake at the midpoint.
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Step 2.6: Check on the reliability of M. For whole body counting possibilities for errors include:

external contamination, mismatching of calibration and actual activity distrtn (i.e. lung activity

calculated with whole body efficiency, or lung activity calculated in the presence of residual Gl tract
activity etc.). For excretion measurements possibilities include contamination of the sample,

incomplete collection of the samfe, errors in sample processing, etc..

Step 2.6.1: Reassess previous intakes. If it cannot be demonstrated that M is unreliable, then
pc_qgqcqgq rfc npctgmsg glr _icé&q'* g,

Step 2.7: Check the measuremt M. If it can be demonstrated that M is wrong, make corrections or

repeat the measurement if possible and return to Step 2.0.

Figure 7.3 shows as an example a hypothetical value M measured att = 90 d (purple dot) together

c

em

rm

with the values of M/SFand M*SE (yellow diamond and blue triangle respectively). Also the
hypothetical curvesof Pcorresponding to different possible previous measurementsade at time
t=0 are shown. In the case of the green curve, it lies below the value of Mi®Rhe measuremnt

M can be attributed to a new intake and the standard evaluation procedure can be started. The red

curve is included between M/SFand M*SE, i.e. the measured value M is consistent with the
previous measurement at t=0, so that there has been no nevak& and no new dose evaluation is

required. The blue curve lies above M®Ske. the measurement M is lower than one should have
expected on the basis of the measurement at t=0. There is a discrepancy between M and the

previous measurement and a reassessm of M and/or of the previous intake is required.

1.E+00

1.E01

1.E02

\
N

\\ Stage 2.5 Discrepancy

Values evaluated by means of previous intake
P

1.E-03 - .
Stage 2.4 No new A M*SP
intaké () M
1.E04
Stage 2.3 New M/SF
intake
1.E-05 T T T T T
0 20 40 60 80 100
Days

120

Figure 7.3 Comparison of P value (at 90 d) with M, Mf8Rd M*SF for evaluation of

test related to presence of new intake, no new intake and discrepancy with previous

data.
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7.4 Standard evaluation procedure at Level 1 (stage 3)

Having determined the measured value (M) to be due to a new intake, the intake and dose are
evaluated from the net value (N=NP) using a priori parameters. This standard evaluation
procedure should be applied onljor routine monitoring.

Step 3.1: If the measured value is not due to routine monitoring, check for the number of
measurements available : go to step 3.1.1.

Step 3.1.1 If there are available more than one measurements go to special evaluation procedures
(Stage 4).1f there is only one measurement go to step 3.2.

Step 3.2: The pathway of intake is identified. In routine monitoring situations the pathway will
most likely be inhalation, but it could also be ingestion or a combination of inhalation and
ingegtion.

However, ngestion should be assumed only in those cases where there is clear evidence for this
pathway (well established and documented). Otherwise the inhalation pathway should be
assumed.

The situation of a single routine measurement after a waliaccident is rare, so if this pathway of
intake is confirmed, go directly to step 3.6 to check the availability of other data and follow, after
stage 4, the selection of the wound pathway.

Step 3.3 Assign values for following parameters:
1 Mode of intake
1 Time of intake
9 Particle size, absorption type andvalue (for inhalation)
1 favalue (for ingestion)

Case or site specific parameter values should be assigned as far as they are available. Such a priori
information needs to be well established and documerd. Examples might include the Activity
Median Aerodynamic Diameter (AMAR)Iif it has been determined by appropriate air sampling

(e.g. cascade impactoror the time of intake, if potential exposure was limited, or an incident was
known to occur. Othenise the following default parameter values should be used:

1 Mode of intake: Single intake

1 Time of intake: Migpoint of the monitoring interval, i.e. the migboint of the time range
between the date of the measurement being considered and the date of eithlibe
previous measurement or the beginning of monitoring

9 Inhalation:

1 Absorption Type and/ value: default values as reported in the fbcoming ICRP OIR
publication. In the meanwhile according to ICRP Publication 68, Annex F (ICRP 1994b). If
the compound is unknown, then for those elements where there is a choice of absorption
rwncg* rfc rwnc dmp 8slgncagdgcb amknmsl| bg?3
the absence of specific information, Type M is assumed, as reported in ICRP Fohli¢a
(ICRP 1995c).

1 Particle size: 5 um AMAD.
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1 Ingestion:

1 7 value: default values as reported in the tbcoming ICRP OIR publication. In the
meanwhile according to ICRP Publication @8)nexE (ICRP 1994b).

Step 3.4 Using the assigned a priori pareeter values, the intake is estimated by dividing the net
value (N) by the appropriate retention or excretion function. The committed effective dose is
calculated by multiplying the evaluated intake by the appropriate dose coefficient (dose per unit
intake). Care must be taken to ensure that the same assigned a priori parameter values were used
for calculating the excretion functions and the dose coefficients. Alternatively the dose per unit
content approach can be applied to calculate the dose directly. &dhdoing so, only the dose can

be recorded.

Step 3.5: If the effective dose estimated in step 3.4 is less than 1 mSy, there is no need for further
investigation (Step 3.5.1). Otherwise special procedures (Stage 4) are needed for more detailed
evaluation d the case.

Step 3.5.1 The results in terms of intake and committed effective dose from Sdpare recorded
together with the corresponding parameter values used in Step 3.4.

Step 3.6: If dose is greater than 1 mSv, then check for the number of avigldata. If the number

of available data is less than that reported in Talel for the column corresponding to the
assessed dose: get the required number of measurements (go to step 3.6.1); if the number of
available daa is sufficient go to Stage 4.

Sep 3.6.1: After having got the required number of data, go to Stage 4
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3.1
Routine
monitoring ?

No

Y

32
Identify pathway of intake

3.1.1
More than one measurement?

Yes l

33
Assign a priori parameters
(default or site-specific)

}

3.4
Estimate intake and dose

3.5.1
Record intake and dose 1

3.6.1
Get required number
of measurements

3.6
Sufficient data
Available ?

;angey:

Figure7.4: Stage 3. Standard evaluation procedwelLevel 1.

7.5 Identification of pathway of intake for special evaluation above Level 1 (stage 4)

Special procedures are needddr the evaluation when there is evidence for an internal committed
effective dose of more than 1 mSv or in all cases of special monitoring. In all these cases the
evaluation procedures depend to some extent on the pathway of intake. Thus, in Stage 4 the
pathway of intake has to be identified.

Step 4.1: In many cases there is evidence for pure inhalation, as for example if room air
contamination has been detected without detectable external contamination of the person under
investigation. In those cases éhspecial procedure for inhalation cases should be applied (Stage 5).

Step 4.2: In a few cases there might be evidence for pure ingestion, as for example if
contamination of the person or the working place has been detected, but not any contamination
of the room air. In those cases the special procedure for ingestion cases should be applied (Stage
6).

Step 4.3 In cases where both contamination of the person or the working place and contamination
of the room air is detected the pathway could be a combination of inhalation and ingestion. Such
cases may be analysed as a mixture of inhalation and ingestion (StggeHowever, a similar
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pattern of contamination can arise from exposure to a large aerosol (AMAD more than about 10
pm). Unless the aerosol in the workplace has been well characterised it will be difficult to know
which is more likely, or what fraction dhe intake is due to ingestion It is proposed here to
assume pure inhalation as default unless there is imf@tion to justify that apart of the intake is
ingestion.

Step 4.4: In any case of a contaminated wound a special procedure have been devdldpe
calculate the dosealue to the intake via the woundThis pathwayis considered by the guidelines at
the Stage 8 (Step 4.4.1).

Step 4.5: The revised guidelines do not consider the patterns of intake different from those
indicated above (i.e. for iegction or skin absorption). In case of injection, due to incident with

syringe needle, the evaluation could follow the default assumption of the wound model with

soluble weak category assumption, as this approach will be the most similar to the actuakénta

pattern.

4.1
Pure Inhalation?

Yes 4.1.1
Special evaluation Stage
for inhalation

4.2

Yes 42.1
Pure Ingestion? |

Special evaluation Stage
for ingestion

43
Inhalation and
ingestion?

Yes 43.1

Special evaluation I Stage
for inhalation and ingestion

44.1
Special evaluation f Stage
for wound

D@ W

4.5
Injection or skin absorption are not
considered by guidelines at present

Figure7.5 : Identification opathway of intake for special evaluation above Level 1.
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8.Inhalation (Stage 5)

8.1 Overview

The special procedure is grouped in three subse

5A (Steps 5.1 - 5.6)
Initial assessment with a priori
parameter values

5.6

guent stagesKspare8.1).

Yes
End

Dose <1 mSv

No

5B (Steps 5.7-5.14)
Special evaluation for intake by
inhalation selecting AMAD,
absorption Type and/or time of inta
by comparison of model prediction
with data (a posteriori)

5.15
Dose <6 mSv

ke

and good Fit
No

5C (Steps 5.15-5.21)
Stage 5C
Vary HRTM, Gl tract model and
systemic model parameter values
specified order (a posteriori)

in

L

5.20.1
Goodness of fit
is acceptable

No

Yes

o)

5.21
Consult other experts

Figure8.1: Stage 5. Special procedure for

inhalation cases above Lexd&Dderview.
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In the first stage (5A), a simple evaluation is carried out using parameter values chagsvori

"cdmpc rfc c¢ct _js_rgml gg a_ppgcb msr, Rf ¢ npmac
(Stage 3). The main difference is that in a special procedtirere should be more than one
measurement.

In the second stage (5B), procedures are applied for varying the two main factors related to the
inhaled material: the AMAD and absorption Type, and also the time of intake, if not known, using
the measurement @ta @ posterior).

In the third stage (5C), an advanced evaluation is carried out. It applies to cases where there are
comprehensive data available. The fundamental approach of this stage is that the model
parameter values are adjusted systematically, anspecific order, until the goodness of fit is
acceptable (i.e. the fits obtained to all the data are not rejected by the specified criteria).

8.2 Simple evaluation (stage 5A)

Step 5.1: Identification and preparation of measurement data. It is expethed there will be more

than one measurement available for a special assessmenfdM = 1 to n). It is therefore important

rf_r pc_jgqrga slacpr_glrgcqg _pc _qggelcb rm rf
more than one type of meagrement (urine, faeces, etc), and there may be measurements of more

than one radionuclide involved in the exposure. If a specific incident (and hence time of intake) was

not identified, the results of workplace monitoring, such as personal or room air samgp should

be checked to give guidance on the time course of intake.

Cvnjmpc rfc nmqqgg gjgrw rf_r acpr _gl kc_qgqspcq
paragraph6.1.

Step 5.2: (As Step 2.3 for a single measurement.) The contributignfsqid all previous intakes of
the radionuclide considered are calculated, taking into account all pathways of intake, and all
intakes of mixtures where the radionuclide was involved. The net values=(IMi « P) of the
radionuclide are calculated by subtcaing R from the measured value M

Step 5.3: (As Step 3.2 in the Standard Procedure, Stage 3, except for time of intake). Case or site
specific parameter values should be assigned as far as they are available aSurév7information

needs to be well stablished and documented. Examples might include the Activity Median
Aerodynamic Diameter, AMAD, (if it has been determined by appropriate air sampling, e.g.,
cascade impactor), specific absorption parameter values (if the inhaled material is sufficietly
characterised), or the time of intake (if potential exposure was limited, or an incident was known to
occur). Otherwise the following default parameter values should be used:

1 Mode of intake: Single intake

1 Absorption Type and/f value: default valuesas reported in the fathcoming ICRP OIR
publication. In the meanwhile according to ICRP Publication B&8nexF (ICRP 1994b) . If the
compound is unknown, then for those elements where there is a choice of absorption types,
rfc rwnc dmp 8bbqhcgfochgpb amkemsb* gd _t_gj_ |
of specific information, Type M is assumed, as reported in ICRP Publication 71 (ICRP 1995c).

9 Particle size: 5 um AMAD

74 EURADOS Report 2004



IDEAS Guidelines (Version 2) for the Estimation of Committed Doses from Incorporation Monitoring Data

Stage
5A

5.1
Identification of all measured data
representing the case

v

5.2

Assessment of contributions from

previous intakes and calculation @
net values of measured data

v

—

5.3
Assign a priori parameters
(default or site-specific)

55
Calculate the dose with a priori
parameters

5.6
Dose <1 mSv

Yes
56.1
"| Record dose with a priori parameters

Figure 8.2: Stage 5A. Special procedure for inhalation cases above LevePart 1:
simple evaluation using parameter values chosearprior:.

Step 5.4: Time of intake known/unknown. If the special procedure was initiated as a result of a
known incident (and hencehe time of intake is known) then a simple assessment (Step 5.5) should
be carried out which is consistent with the Standard evaluation (Stage 3). If the special procedure
was initiated as a result of a routine measurement being inconsistent with previosseasment
(Step 2.6) or a dose >1 mSv resulting from the Standard evaluation (Step 3.4) where the time of
intake is probably not known, then further special procedures (Stage 5B) are needed for more
detailed evaluation of the case.

Step 5.5: (As step 3.8 the Standard Procedure, Stage 3, but for more than one measurement).
Using the assigned prioriparameter values, an estimate of intakesl obtained by dividing the net
measured valueN, = M « B by the appropriate retention or excretion functionn(). The best
estimate of intake can be calculated according to Chapfewith the equation:
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2 (N, /m(t,))

a 2
|n(|) - i:1n [In(SlE)]

ia=1 [in(sk)J? 8.1)

where SFis the scattering factorelated tothe net measured valugV,. If the scattering factor is the
same for all measurementtje equation results in

— A Ni
=19

i.e. the best estimate of the intake is the geometric mean of the intakes

I = N,
= —
m(ti) (8.2)
calculated from the single measurementklsing the same assigned prioriparameter values the
commir rcb cddcargtc bmqgc gg a_jasj_rcb ~w ksjragn

appropriate dose coefficient (dose per unit intake).

In case of multiple data sets the calculation is performed according to the equat®mBb)(or b.6)
where each intak estimate ilor | is evaluated by means of e8.@) i.e using Nvalues instead of M
values (see paragraph.3).

Step 5.6: If the effective dose estimated in step 5.5 (taking into account all available monitoring

data) is less than 1 mSv, there ismeed for further investigation (Step 5.6.1). In this particular case,

rfc bmgc dpmk rfc glr_ic slbcp amlggbcp_rgml* p
criterion, because intakes requiring special assessment procedures should be unusuanfy

individual worker. Otherwise further special procedures (Stage 5B) are needed for more detailed
evaluation of the case.

Step 5.6.1: The results in terms of intake and committed effective dose from St&jare recorded
together with the correspondng parameter values from Step 5.3.

8.3 Exposure related parameters (stage 5B)

In this stage, procedures are described for varying the three main factors related to the inhaled
material: the AMAD and absorption Type, and also the time of intake, if kraiwn, using the
measurement data & posteriory. Note, however, that if material specific absorption parameter
values were assigned priori(Step 5.3), default absorption Types should not be used (Steps 5.11,
5.12, 5.13 and 5.14): if an acceptable fihdg obtained with the assigned parameter values, they
can be varieda posteriorj in Stage 5C.

Gl rfgqg Qr _ec* _ I b gl Qr _ec 3A rf _r dmjjmug* n_yg
the model predictions to the observations (datafriteria for rejecting the fit havebeen already

indicated in paragraph 63; this helps to decide whether to stop the evaluation, or to go on to

further steps

Qrcn 3,58 ?pc rfcpec gsddgagclr b_r_ = 2?qgbed mrchb ¢
(and types) of relevant data, duration of monitoring etc., are proposed according to the dose. In
this Step, the numbers for the range 1 mSv <Dose<6 mSv are appropriate, because a special
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procedure is generally initiated on the assumption that the doseuld exceed 1 mSv, and doses
greater than 6 mSv are considered in Steps 5.11.2 and 5.12.2 below.

Step 5.7.1: Get additional dose relevant data. This assumes that the evaluation is being carried out
in real time, so that the opportunity exists to obtain more measurements if those available are
insufficient. (For historical cases, where it is not po$sito obtain more measurements, it should

be recorded that the data are insufficient, and therefore the result should be treated with caution.)
When the additional data have been obtained, a simpleaealuation going back to Stage 5A is
made.

Step 5.8:4 the time of intake known? As noted in the introduction, there are two main alternative
routes through this stage of the process, according to whether or not the time of intake is known.
Generally, Special Procedures follow from an identified incidentvitrich the time is known: Steps

5.9 to 5.11, and if necessary 5.13 are followed. However, previously unidentified intakes are
sometimes found through e.g. routine monitoring, and so the time of intake is unknown, or known
only to be within a certain interal. Step 5.12 and, if necessary, 5.14 are followed, but provide less
opportunity for a posterioricharacterisation of the materiallf the early bioassay data are not
decreasing with time then, in practice, it is difficult to estimate the time of intakeslich cases it is
recommended to assume the time of intake as being the ndint of the monitoring interval.

Step 5.9: Are early lung and faeces data available? During the first few days after an accidental
inhalation intake of a relatively insoluble aterial (Type M or Type S) most of the activity will be in
the respiratory tract, or cleared through the Gl tract to the faeces. In the event of such an incident
with potential for a significant intake it would therefore be expected that if feasible, measuents

of lung and faeces would be made. If the cumulative faecal excretion over the first few days, and a
measurement on which the initial lung deposit can be estimated are available, then an estimate
can be made of the effective AMAD (Step 5.18)ternatively, if whole body data is available then

this can be used together with the early faecal data to estimate the effective AMAD (step 5.10) for
relatively insoluble materiad.

Step 5.10: Derive effective AMAD from early lung and faeces data. Althabghreviews of
reported measurements of AMAD in workplaces (e.g. Dorrian and Bailey 1995) support the ICRP
ns jga_r gml 44-46 bcd_sjr t_jsc md 3 [k dmp

ma ¢

range (about X0 . [ k' f_gq " ccl m~ gontpntination in tBedworkplace hasg p ~ mp |

been well characterised, it may be possible to use a more realistic value based on measurements of
the activity size distribution. Alternatively, if there are suitable early measurement data available,
| 8§ ¢ d d c a cag bednferredapdderiorifrom the measurements. The main effect of the
aerosol AMAD is to determine the relative amounts deposited (i) in the upper respiratory tract
(extrathoracic airways, ET, bronchi, BB, and bronchioles, bb, in the HRTM), wirioh gsorbed

into blood) is mainly cleared rapidly to the Gl tract and hence to faeces within a few days, and (ii) in
the lower respiratory tract (alveolanterstitial, Al, region in the HRTM), which is mainly cleared
slowly from the lungs. ICRP Supporg Guidance 3 (ICRP 2082showed that for a relatively
insoluble (Type M or S) material inhaled by a Reference Worker, the ratio of cumulative faecal
excretion over the first 3 dayfF.s) to lung activity on day 3(Ls) increased almost linearly with
AMADmt cp r f c p _ | encFigure 83 the clrves fgrk'Am&are plotted. Hence the

m - qcptcb p_rgm amsjb "¢ sgqcb rm gldcp rfc 8cddc.

rfc p_rgm ugjij "¢ becrcpkglcb Imr mljw ~w rfc
(especially if it involves moutiibreathing) and intersubject variation in deposition under any given
set of conditions.
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This approach is preferable for dose assessment tlgmviorimeasurements of the AMAD, because
it takes account of these particular aspects.

14 -

12 Type M

10 +
Type S

Cumulative activity in faeces from 1 to 3 days /
activity in lung on day 3

o
o

=
N
w
o
o A
o
~
o
© -
5

AMAD, pm

Figure 8.3: Variation with effective AMAD of the ratio 6fAm cumulative activity in
faeces from day 1 to day 3 to lung activity on day 3 after inhalation, predicted by the
HRTM for a Reference Worker. (ICRP BpP02

Such an evaluation has been performealso for>**U (CONRAD, 2008The behaviour of the ratio of
cumulative activity in faeces from day 1 to day 3 to the lung activity on day 3 was found to be
similar to that of**!Am.

To help inthe evaluationof the effective AMADa polynomial function was fitted to thecalculated

data of the ratio R.s/Ls as a function of the effective AMAD for different radionuclides (Table 8.1). A
third degree polynomial with the constraint that it passes through zefp=a@+b®*+c®®) was used
(CONRAD 2008)n thefitting y is the ratio ks/Ls and x is the effective AMAD valuéelhe parameter
values of the fitting as well as the overall correlation coefficientdf) given in Table 8.1

Table 8.1: Summary table of the fitting parameterales for the polynomial, y=a@+b&+c®®
where vy is the ratio Es/Ls and x is the effective AMAD valufCONRAD, 2008)The overall
correlation coefficient (Ris also given.

Radic  Apsorption

nucide Type 2 ° ¢ R

21Am M 0.0005 1.7665 -0.1567 0.0112 0.9995

21Am S 0.0005 1.6537 -0.1470 0.0105 0.9995
=Y M 0.02 1.7321 -0.1536 0.0110 0.9995
=Y S 0.002 1.6513 -0.1468 0.0105 0.9995
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Marsh et al2008 extended this work to deal witfPCo cases when there are no direct lung data but
whole body data (CONRAD, 2008)n suchcases he whole body measurement at day 1) is
used to infer the initialamount deposited in the lower respiratory trador relatively insoluble
materials By the later time of 10 days almost all the material in \&ll have been cleared by nose
blowing and most of the material in the alimentary tract will have been excrettd so most of
the material measured in the whole body will be in the lower respiratory tracherefore, the ratio

of F.s/Wio can be used to estimate the effective AMADX relatively insoluble materials Figure &
shows the variation offF.s/W;o with the effective AMAD for Type M and S material$%fo.

60Co - Ratio F(1-3)/W(10)
10
29
=
B 8 —Type M
° T S
Q7 = lype
% 6 4/
2 5 //
8 =
g4 //
g3 —
= L
> 2 /
o /
.% 1
x| /
0 2 4 6 8 10
Effective AMAD (mm)

Figure 8.4Ratio cumulative fece$F1-3) to whole body (WL0) measurements fof°Co
at 10 days absorption types Mand S

Step 5.11: Assessment of dose by fitting the absorption Type. Note, however, that if material
specific absorption parameter values were assignadorior; (Step 5.3) default absorption Types
should not be used here or in Step 5.13: if an acceptatitids not obtained with the assigned
parameter values, they can be variedposteriorfin Stage 5C.

At this step the AMAD has been determined according to the information available: default 5 pum
AMAD, a priori characterisation, ora posterioriderivation. The other main characteristic of the
inhaled material is the absorptiotype. Ana prioriassignment of the absorption Type has been
made in Step 5.3 above according to the ICRIR Documentor to the ICRPPublication 68
recommendations based on what isnown of the chemical form of the inhaled material. A check is
made on the Goodness of fiBgction 6.3 using this default absorptiortype. If it is acceptable, then
the dose is calculated with the same model parameter values that were assumed in thesesat

of intake and the process moves to Step 5.11.2 etc. If it is not, then other absorptjms are tried,

as follows.

The ICRP default absorptidypes for particulate materials: F (fast), M (moderate) and S (slow) each
represent very wide ranges absorption rates. There can be large differences between the actual
absorption behaviour of a material and that assumed for the default to which it is assigned, which
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can greatly affect lung retention and urinary excretion. Evaluations are therefore maskiming

each of the other defaultypes available for that element. In each case a check is made on the
Goodness of fit $ection 6.3. If the fit is acceptable, then the dose is calculated with the same

model parameter values that were assumed in the assment of intake and the process moves to

Step 5.11.2 etc. (If more than one absorptitype fits, the one giving the best fifi.e. that for which

the p-valueisgreatest f gj ¢ rfc qgcamlb 8 )wchose).® apgrcpgml ggq

Step 5.11.1: Is the ®dness of fit acceptable? If the goodness of fit is acceptable (i.e. the fit
obtained is not rejected by the specified criteria, s8ection 6.3 then the estimated intake is taken
as the best estimate. Otherwise further special procedures (Step 5.13 aisyaare needed for
more detailed evaluation of the case.

Step 5.11.2: Is the dose less than 6 mSv? If the effective dose estimated in Step 5.11 is less than 6
mSyv, there is no need for further investigation (Step 5.11.3). Otherwise further special praesdur
(Step 5.11.4 onwards) are needed for more detailed evaluation of the case.

Step 5.11.3: The results in terms of intake and committed effective dose from Step 5.11 are
recorded together with the corresponding parameter values from Step 5.11.

Step 5.11.4Check that there are sufficient data, and get more if necessary. This is similar to Steps
3,5 _Ib 3,5,1, Apgrcpg_ dmp rfec §gsddgagcl r3
monitoring etc., are proposed according to the dose lev8ettion6.5). In this Step, the numbers

for Dose > 6 mSv are appropriate.

To get additional dose relevant data assumes that the evaluation is being carried out in real time,
so that the opportunity exists to obtain more measurements if those available are insufftcig-or
historical cases, where it is not possible to obtain more measurements, it should be recorded that
the data are insufficient, and therefore the result should be treated with caution.) When the
additional data have been obtained, further specialqmedures (Step 5.13 onwards) are needed for
more detailed evaluation of the case.

Step 5.12: Assessment of dose by simultaneous fitting of the time of intake and the absorption
Type.

As can be seerthis Step is reached througltep 5.8 when the time ofntake is unknown. At this
step the AMAD has been determined according to the information available: default 5 um AMAD
or a prioricharacterisation. Note, however, that if material specific absorption parameter values
were assigneda priori (Step 5.3) default absorptiotypes should not be used here: if an acceptable
fit is not obtained with the assigned parameter values, they can be vaaegebsteriorj in Stage 5C.

The other main characteristic of the inhaled material is the absorptigpe. Ana prioriassignment

of the absorptiontype has been made in Step 5.3 above according to IBRPFOIR Documenbr to

the ICRP Publication 68 recommendations based on what is known of the chemical form of the
inhaled material. A check is made on the@ilness of fit Section 6.3 using this default absorption
type and the default time of intake. (As in Step 3.2: Mumint of the monitoring interval, i.e. the
mid-point of the time range between the date of the measurement being considered and the date
of either the previous measurement or the beginning of monitoring). If the fit is acceptable, then
the dose is calculated with the same model parameter values that were assumed in the assessment
of intake and the process moves to Step 5.12.2 etc. If it s theen other absorptiontypes and
times of intake are triedasdescribed in the following paragraphsHowever,if the early bioassay
data are not decreasing with time then, in practice, it is difficult to estimate the time of intake. In
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such cases it isecommended to assume the time of intake as being the napdint of the
monitoring interval.

The ICRP default absorptidygpes for particulate materials: F (fast), M (moderate) and S (slow) each
represent very wide ranges of absorption rates. There carlarge differences between the actual
absorption behaviour of a material and that assumed for the default to which it is assigned, which
can greatly affect lung retention and urinary excretion. Evaluations are therefore made assuming
each of the defaultypes available for that element, for several times of intake spanning the period
of possible intake. In each case a check is made on the Goodness $é(iti¢n 6.3.

If an acceptable fit is found, it is likely that acceptable fits will be found for a ean times of

intake, and therefore the combination of absorptiotype and time of intake giving the best fit is

chosen (that for whichthep-t _j sc gq epc_rcqr wufgjc rfc qcamlb
dose is calculated with the same model ganeter values that were assumed in the assessment of

intake and the process moves to Step 5.12.2 etc.

Step 5.12.1: Is the Goodness of fit acceptable? If the goodness of fit is acceptable (i.e. the fit
obtained is not rejected by the specified criteriection 6.3) then the estimated intake is taken as

the best estimate. Otherwise further special procedures (Step 5.14 onwards) are needed for more
detailed evaluation of the case.

Step 5.12.2: Is the dose less than 6 mSv? If the effective dose estimagdp’.12 is less than 6
mSyv, there is no need for further investigation (Step 5.12.3). Otherwise further special procedures
(Step 5.12.4 onwards) are needed for more detailed evaluation of the case.

Step 5.12.3: The results in terms of intake and comedtteffective dose from Step 5.12 are
recorded together with the corresponding parameter values from Step 5.12.

Step 5.12.4: Check that there are sufficient data, and get more if necessary. This is similar to Steps
3,5 _|Ib 3,5,/, Aprgdr cpgk amp&riflc r8wymsadg'gamd!| pcj «
monitoring etc., are proposed according to the dose levé@dction6.5). In this Step, the numbers

for Dose > 6 mSv are appropriate.

To get additional dose relevant data assumes that the evaluation imgecarried out in real time,

so that the opportunity exists to obtain more measurements if those available are insufficient. (For
historical cases, where it is not possible to obtain more measurements, it should be recorded that
the data are insufficientand therefore the result should be treated with caution.) When the
additional data have been obtained, further special procedures (Step 5.14 onwards) are needed for
more detailed evaluation of the case.

Step 5.13: Assessment of dose by fitting a mixtofeabsorption Types. This is an extension of Step
5.11, to give greater flexibility in fitting by considering a mixture of absorption Types.

Thisstep may have been reached through Step 5.11.1, because an acceptable fit was not obtained

with any single alsorption type. In that case combinations should be tried by inspection, trial and

error, etc. If more than one fits (Stage 56tep 5.15), the mixture of absorptiotypes giving the

best fit is chosen (i.e. that for which thevalue is greatest while theg c a mlwb c8'c3 apgrcpg
fulfilled).

Alternatively, thisstep may have been reached through Steps 5.11.1 and 5.11.2, because the
estimated dose is > 6 mSv, and more data may have been obtained. If so then as much of the
procedure as necessary should lbepeated: evaluate using in turn: tha prioridefault absorption
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type; another absorptiontype; and a combination of absorptioypes, until an adequate fit is
obtained.

Step 5.14: Assessment of dose by simultaneous fitting of the time of intake and a mixture of
absorptiontypes. This is an extension of Step 5.12, to give greater flexibility in fitting by consider a
mixture of absorptiontypes. Note, however, that if mated specific absorption parameter values
were assigneda prior (Step 5.3) default absorptiotypes should not be used here: if an acceptable
fit is not obtained with the assigned parameter values, they can be vagegebsteriorj in Stage 5C.

Thisstep may have been reached through Step 5.12.1, because an acceptable fit was not obtained
with any single absorptiorntype and time of intake. In that case combinations of absorption Type
should be tried. If more than one fits (Stage S&tep 5.15), the mixturef absorptiontypes giving

the best fit is chosen. If an acceptable fit is found, it is likely that acceptable fits will be found for a
range of times of intake, and therefore the combination of the mixture of absorptigpes and

time of intake giving the best fit is chosenife. that for which thep-value is greatest while the
gcamiwbcgc?® apgrcpgml gqg dsjdgjjcb",

Alternatively, thisstep may have been reached through Steps 5.12.1 and 5.12.2, because the
estimated dose is > 6 mSv, and more data may édeen obtained. If so then as much of the
procedure as necessary should be repeated: evaluate using in turn:alweroridefault absorption

type and default time of intake; all absorpticlypes and variable time of intake; and a combination

of absorptiontypes and variable time of intake, until an adequate fit (i.e. that for which phealue

gg epc_rcqr ufvgjcevcef apgcisoptgied. 8§ gg dsjdgjjchb’
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5.7

There are suffcient
relevant data

5.8

Time of intake

is known

5.9

Early lung and faeces
data available

571

Get additional dose relevant data

5.10

Derive effective AVAD from early
lung and faeces data

511

Assessment of dose by fitting of th
absorption type

5.12
Assessment of dose by simultaneol
fitting of both the time of intake an
the absorption type

Yes

Goodness of fit
is acceptable

5.11.4
Check the number of data required
evaluation at this level and get mo
data, if necessary
(Table 4.1)

ifor

511.1

us

5121
Goodness of fit
is acceptable

Yes

Check th

5.12.4

e number of data required for

evaluation at this level and get mofe

data, if necessary
(Table 4.1)

5113
Record dose with all parameters

5.13

Assessment of dose by fitting of th
mixture of default absorption types

(FMS)

5.14
Assessment of dose by simultaneo
fitting of both the time of intake an
the mixture of default absorption
types (F,M,S)

v

5.12.3

d Record dose with all parameters

Stage
p -«
5C

v

Figure 8.4: Stage 5B. Special gredure for inhalation cases above LevekdPart 2:
Variation of the AMAD and absorptiotype, and also the time of intake, if not known

8.3 Advanced evaluation (stage 5C)

In this stage, an advanced evaluation is carried out. It applies to cases where there are
comprehensive data available. The fundamental approach is that the model parameter values are
adjusted systematically, in a specific order, until the goodness ofiditacceptable (i.e. the fits
obtained to all the data are not rejected by both specified criteria, seection 6.3. If the fit is
acceptable then the estimated intake is taken as the best estimate and the committed equivalent
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