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ABSTRACT

The main aim of internal dosimetry in the frame of operational radiation protection is the
evaluation of committed doses to verify the compliance of internal exposures with
regulatory dose limits. To better understand the biological effects of internal exposures
(cancer and non-cancer diseases), epidemiological studies can be conducted for estimating
radiation-induced risks associated with intakes of radionuclides. In case of high levels of
exposure when radiological events occur and for risk assessment, appropriate calculations
of absorbed doses in Grays (Gy) to organs and tissues of exposed persons are required, but
no reference methodology is currently available for internal dose assessments using data
collected for epidemiology studies. Epidemiological studies and radiological emergency
response in case of exposure to internal emitters may require different approaches, tools
and methods for dose assessment comparing with operational internal dosimetry. This
publication presents an overview of specific procedures associated with internal dosimetry

for emergency response and epidemiology studies.
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1. Introduction

Internal contamination follows an intake of radionuclides into the body either by
inhalation, ingestion, injection or wound. Whereas inhalation and wound are the most
likely intake routes for workers occupationally exposed to radionuclides, ingestion of
contaminated foodstuff can be an important source of exposure for public and injection is
specific to medical exposures ', Following the intake, a given radionuclide is distributed
inside the body according to its metabolism (for instance, iodine is preferably retained in

the thyroid ) and delivers doses in the different tissues.

The energy absorbed in a tissue by unit of mass is defined as the absorbed dose D in Grays
Bl Because of different effects induced in tissues by different radiation types and of
varying tissue radiosensitivity, ICRP developed, for the purpose of operational radiation
protection, the integrative concept of the quantity effective dose E in Sieverts (Sv),
defined as E = Y7 Yr wrwrDg r,Where wr is the weighting factor of tissue T based on the
tissue radiosensitivity (mostly derived from epidemiological studies in Japanese A-Bomb
survivors), wr the weighting factor of radiation R depending on the property of the
radiation to generate damage in the tissue (mostly derived from Relative Biological
Effectiveness (RBE) determined from experimental data) and Dg r the dose from radiation R
absorbed in tissue T Pl ICRP Publication 103 ! provides reference values for wg and wr
whereas the absorbed doses Drr are estimated from the number of disintegrations
occurring in a retention site determined from biokinetic models published by ICRP, the
energy and probability to emit radiation R at each disintegration, the mass of tissue T and,
in case of internal contamination, also from the fraction of energy absorbed in tissue T
from particles emitted following disintegrations in the retention site . This absorbed
fraction (AF) is calculated by applying Monte-Carlo codes for radiation transport and using

dosimetric models representing human anatomy.



In the specific context of internal exposures, the irradiation of the human tissues by
incorporated radionuclides lasts over time periods determined by their physical half-life
and their biological retention inside the body because the energy deposition lasts as long
as the radionuclide remains in the body. As a consequence, doses to body tissues may be
protracted for many months or years after the intake. The accumulation of radiation dose
over extended periods of time supports the definition of committed dose quantities:

committed absorbed doses and committed effective doses.

Individual monitoring of internal exposures is carried out by 1) in vitro analyses allowing
the identification and quantification (excretion rate e.g Bq.d') of alpha-, beta- and
gamma-emitters in urine and faeces; 2) in vivo measurements allowing the determination
of the retained activity (Bq) of x-ray and gamma-emitters in specific organs or in the whole

body.

The interpretation of monitoring data in term of intake (Bq) and of committed effective
dose is carried out by comparing measurement values with retained/excreted fractions
assuming an intake of 1 Bq and by multiplying the intake by the committed effective doses
corresponding to an intake of 1 Bq (dose coefficients). Retained and excreted fractions
after the intake of 1 Bq as well as dose coefficients are generated from biokinetic and

dosimetric models and published by ICRP for dose evaluation purposes.

To adequately use biokinetic models when interpreting monitoring data for the dose
assessment, the parameters related to the internal exposure must be well known or
realistically assumed: the incorporated radionuclide(s), the intake pattern (chronic or
acute), the time of intake (or period for chronic intakes), the chemical form and the
particle size of the aerosol in case of inhalation. For example, an activity rate of 1 Bq.d™
of 2*U in urine may correspond to a committed effective dose of 3.5 pSv if the intake took
place the day before, or to 960 puSv if the intake occurred 30 days before, or to 3.5 pSv for

a soluble compound and of 9690 uSv for an insoluble compound. Therefore, when



interpreting in vitro and in vivo measurement results to derive intakes and doses, the
consistency of exposure conditions is of great importance. When exposure conditions are
not precisely known, assumptions must be made in order to estimate doses. To help
dosimetrists in taking decisions in a step-by-step dose evaluation different reference
documents and guidelines have been published: ISO standard 27048 !, EURADOS IDEAS
guidelines ', European Technical recommendations for monitoring individuals for
occupational intakes of radionuclides "), French society for occupational medicine ...
Several computer programs are available to estimate doses from in vivo and in vitro
measurements: AIDE P!, IDEA System " IMBA , ['"' IMIE '3 MONDAL ! opscl M.
Although these tools and guidelines are of high practical value to estimate doses in routine
operational radiation protection (RP) from a chronic or acute exposure, their use for risk
assessment as part of epidemiological studies of occupational intakes or as part of
emergency response is not always best suited because of the different requirements in

these contexts, as discussed in the following sections.

2. Dose assessment for emergency response

2.1. Context and challenges

Radiation emergency exposures may occur during the operation of a planned situation,
from a malevolent act or from any other unexpected event, requiring urgent action to
prevent or reduce health effects of contaminated persons. Emergency workers are present
on the nuclear site during the release of radioactive material, being directly involved in
emergency actions to diminish the consequences of the accident. The number of
emergency workers could be very large because they can be radiation workers from the
nuclear facility, non-radiation workers or volunteers. Among them, first responders
intervene at the scene of an emergency during the first few hours of a radiological

[15; 16]

emergency Emergency workers may include ambulance drivers, medical staff,



policemen, fire fighters, civil protection and army personnel who may be exposed beyond
occupational dose limits with the purpose of saving lives or to prevent disastrous
consequences trying to mitigate the impact of the radioactive discharge on the health and

life conditions of the exposed population and of the environment ..

According to EC Council Directive 2013/59/EURATOM '] emergency occupational exposure
must remain if possible below the limit on the effective dose for occupational exposure (20
mSv.y"). For situations where this is not feasible, reference levels for emergency

occupational exposure must be set below an Effective Dose of 100 mSyv.

According to ICRP Publication 109 ['®1 when the emergency scenario may result in effective
doses above 100 mSv, or when the resulting exposures are very strongly dominated by the
irradiation of a single organ (e.g. radioiodine in thyroid), ICRP advices to provide reference

levels in terms of organ doses.

The emergency intake scenario in an early phase generally consists of acute intakes
through inhalation of volatile elements including iodine (**'I, ¥4I, I, *UI, and ™I), caesium
(P*Cs, "¢Cs, and "¥Cs), tellurium (**?Te), and inert gases (e.g. xenon '**Xe). Information on
weather conditions and magnitude of internal exposure should be reported. Regarding time
of intake for dose evaluation, the exposure to radioactive plume and highest concentration
of the activity in the air may be taken into consideration with a conservative approach for
example by assuming an acute intake at the time of the beginning of the radioactive
release 1. The first concern of residents and evacuees in contaminated areas is internal
exposure to radioiodine and associated thyroid cancer risk (especially for children). Major
contribution of intake corresponds to 'l (half-life of 8.02 days). Once incorporated into
the human body, radioiodine accumulates in the thyroid. Activity measurements of 'l in
the thyroid should be performed soon. Intakes of short-lived radionuclides such as "**Te/"|
or ™ also occur at an early phase and can be missed if individual monitoring is not
performed soon after the accident ', Radiocaesium intakes (incorporation mainly to '**Cs

and "¥Cs) are easily detected in total body by gamma spectrometry (using whole-body
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counters) and doses can be well determined at any time of this early phase due to their

longer half-life.

The emergency intake scenario in an intermediate phase may take account of continuous
or incidental ingestion which contribute to the intake through food chain (this is difficult
to evaluate). Rapid restriction on distribution and consumption of contaminated food and

drink is required to minimize doses.

In this context, the challenges are 1) to establish an efficient individual monitoring
program according to the intake scenario and the source term, with appropriate in vivo
and/or in vitro bioassay techniques for a large number of individuals, for a rapid
interpretation of monitoring data to estimate internal doses, 2) to quickly quantify the
doses received by the exposed people: nuclear site workers, emergency workers (including
first responders) and population (adults and children), 3) to identify people at highest risk
(triage). 4) to transfer the dosimetry data to decision makers to support actions (medical
treatment, evacuation and others) to reduce the risk of stochastic effects, based on the
results of committed effective dose, and to avoid or minimize deterministic effects, based
on absorbed dose estimates. In case of significant internal contamination, a decorporation
treatment (administration of stable iodine, diethylene triamine pentaacetic acid (DTPA) or
Prussian Blue) may be given as soon as possible, taking into account incorporated
radionuclides and medical conditions of the exposed subject. A more reliable dose
investigation for the identified individuals with highest exposure may be carried out in a
second phase. Finally, an epidemiological study and follow up should be carried out during

the post-accidental stage.

2.2. Individual monitoring in emergency situations

Workers and members of the public who could be potentially exposed to the incorporation

of radioactive material during the radiological accident must be identified to be included



in individual monitoring programs for the assessment of the intake and committed

effective dose.

First responders exposed to a contaminated environment during a major accident at a
nuclear site should be monitored for internal contamination following the same procedures
as in a planned exposure situation ! on the basis of individual monitoring by authorized or

approved dosimetry services that have implemented a quality management system "]

Screening for potential external contamination must be performed prior to in vivo
monitoring. Decontamination and rescreening will be carried out whenever external
contamination is confirmed, to prevent intakes of radionuclides via ingestion and/or the
skin and to avoid the transfer of the radioactive material to biological samples. Analysis of

nose-blow samples or facial swipes permits to identify potential intakes via inhalation.

In vivo monitoring of incorporated radionuclides: internal gamma emitters

The main issue in case of onsite individual measurements of exposed population after an
emergency event is the high level of environmental background. Field triage is possible for
internal gamma emitters using mobile units of body counters, portable detectors (e.g.
Nal(Tl), HPGe, LaBr3 detectors performing gamma spectrometry) and other equipment

(e.g. hand-held non-spectrometric devices such as dose rate monitors).

Whole-body counting facilities (WBC) outside the emergency area permit individual
measurements are performed with lower level of background. This is recommended for the
in-vivo monitoring of exposed people with highest internal exposure detected in the triage.
Counting geometries of body counters must be adapted for children and appropriate
calibration phantoms for adults and children are required and not always available. Age-
dependent efficiency calibration result in reliable retained activity calculations and

estimation of reliable doses.



As an alternative equipment to support individual monitoring of population at large scale,

gamma cameras of hospitals may be used for screening purposes.

In all the cases mentioned above a proper efficiency calibration must be performed in
advance prior to individual monitoring, taking into account the radionuclides to be

detected, present in the radioactive plume.

In vitro bioassay measurements

In vitro measurements of the excretion rate in biological samples (mainly in urine and
feces) of potentially internally exposed people are carried out when the radioactive
release consists of alpha- or beta-emitters with photon emissions of very low energy or
intensity, if the accident scenario involves uranium or actinide releases not measurable by
in vivo monitoring, to confirm internal contamination in case of persistent external
contamination and to improve the assessment of the internal dose when the exposure is

significant 171,

Few mobile units for onsite analysis of biological samples are available around the world.
On other hand, the main challenge for bioassay laboratories outside emergency area is how
to handle samples of a big group of exposed people. Radiochemistry processes and sample
turnaround in routine must be shortened, and this is not a trivial matter that needs further
developments and research. Several intercomparisons on Emergency Bioassay has been
organized recently by European Radiation Dosimetry Group (EURADOS), by REMPAN-WHO
(Radiation Emergency, Medical Preparedness and Assistance Network, also by GHSI (Global
Health Security Initiative Lab. Network) and PROCORAD Association on radiotoxicology **
221 The objective of all these actions is for laboratories to develop and to validate methods

with sensitivity enough to meet the requirements for emergency bioassay in typical nuclear

accident scenarios.



2.3. Dose Assessment and Dose Reconstruction

Individual dose assessment for workers and population are based on environmental and
individual monitoring data and should take into account histories of locations, food habits,
indoor/outdoor stay... of the exposed individuals. The committed doses due to internal
exposures have to be evaluated during emergency phase (the passage of the plume), the
transition phase to a post-accidental situation (counter measures not implemented yet)
and the long-term post-accidental phase (residual contamination in the locations affected

by the accident).

Initial assessment of the committed effective dose is performed to know how significant is
the intake and the need for medical assessment. Decisions will be taken on the need for
additional monitoring and more accurate dose assessments after a positive result. The ISO

standard 27048 ! approach for internal dose assessment may be used for this purpose.

If individual monitoring is not possible at an early stage of the emergency situation, the
isotopic composition of the contaminants should be known (e.g. from environmental
measurements) for dose reconstruction. This is especially important in case of intakes of
short-lived radionuclides. Higher uncertainty is involved on this kind of dose assessments
compared with dose estimates using individual monitoring data. Exposure conditions,
locations and working times should be taken into consideration for dose reconstruction.
Concerning the characteristics of the contaminant, when no other information is available,
an Activity Median Aerodynamic Diameter (AMAD) of 5 pm should be considered for the
emergency workers contaminated on the site and an AMAD of 1 pym should be considered

for those contaminated outside the nuclear facility .

Dose reconstruction of thyroid doses of exposed population was an important challenge
after the Fukushima Daiichi NPP accident %,

Regarding dose recording and reporting, a database associated to the radiation accident is
recommended for recording all the individual monitoring results and final dose evaluations,

together with the information about medical treatments and interventions. Reporting to
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individuals may require advice from experts for interpreting monitoring data, dose
assessments and to communicate associated health risks, especially for population and
workers who are not routinely exposed to radiation. Main concern of monitored people is
the potential health effects associated to the evaluated internal exposure. Communication
with exposed individuals and authorities has to be well established as an important part of
the emergency management plan. A medical and/or dosimetry follow-up could be

considered and programmed according with dosimetry results.

A quality management system should be implemented in the whole internal dosimetry

process to guarantee reliability in monitoring data and in dose assessments.

In case of high level of internal exposures, ICRP Publication 103 B! indicates that effective
dose is not an appropriate quantity for the evaluation of deterministic effects. In this case,
ICRP establishes that doses should be evaluated in terms of absorbed doses (in Gray, Gy) in
an organ/tissue, and if high-LET radiation is involved (e.g. alpha particles) and absorbed
dose weighted with an appropriate RBE should be used B!, The SI unit used to express the
RBE-weighted absorbed dose is J.kg™ and is given the name gray-equivalent (Gy-Eq). RBE-
weighted absorbed dose, calculated using a 30-day integration period for absorbed dose
may be compared to the generic reference levels for medical actions given in IAEA EPR-

Medical 1> 24,

RBE values are given in an IAEA EPR-Medical publication 4 which assumes, for example, a
RBE of 0.2 for "' irradiating internally the thyroid gland and a RBE of 2 for alpha particles
irradiating internally the red bone marrow !, Organs for which absorbed doses can be
calculated include lungs, red bone marrow colon and thyroid for radioactive isotopes of

tellurium, iodine, technetium, and rhenium 4.
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2.4. Recent developments and needs

The lessons learned from the Fukushima Daiichi NPP accident permitted to identify
important gaps in monitoring and dose assessments when intakes of radionuclides occur in
an emergency scenario. Procedures and tools need to be improved to guarantee reliable
internal dosimetry and rapid response. European Commission, ICRP, REMPAN/WHO, IAEA,
NERIS, EURADOS, RENEB and other organizations promoted workshops and research actions
that have contributed to improve the management, decision making and networking for
future emergency situations. Some relevant information about recent, current and future

developments in this field is presented as follows.

TMT Handbook ! for the management of the public in the event of a malevolent use of
ionising radiation provides information and recommendations for triage, monitoring,
medical treatment and follow-up of people exposed to ionising radiation following a
malevolent act. This guide considers emergency response not focused on nuclear power
plant accidents but in situations such as a terrorist attack or a dirty bomb where the

number of affected people can vary from few persons to mass casualties.

CATHYMARA Project *®! “Child and Adult Thyroid Monitoring After Reactor Accident”
project looked for optimal monitoring strategies for the assessment of absorbed doses
resulting from intakes of all relevant radionuclides, but focusing on the monitoring and
evaluation of thyroid doses resulting from intakes of *'l. Main outcomes of this research

action are:

- A survey presenting on emergency plans and means at national level, focusing on thyroid
measurements for adults and children. A study was elaborated comparing existing

European emergency plans with the expectations of the civil society.

- Two intercomparison exercises of in vivo measurements for radioiodine in the thyroid
were carried out: 1) Measurements were performed with mobile units and portable gamma

spectrometry detectors and 2) with non-spectroscopic devices. Age specific thyroid
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phantoms of unknown activity were distributed to European participants. Proper Efficiency
calibration of the equipment was required prior to the reception of the radioactive source.
Results were satisfactory in both cases, showing the appropriateness of using for example
dose-rate meters or gamma cameras from hospitals for individual monitoring for screening

purposes.

- A Monte Carlo study of parameters influencing in vivo thyroid counting was carried out
using realistic anthropomorphic voxel phantoms corresponding to 1, 5, 10, 15 years and
adult, and four previously validated detector models (3 Nal(Tl) detectors and 1 Germanium

detector).

- Regarding the assessment of doses from monitoring data, dose per unit of activity
content coefficients were developed for radioiodine isotopes, for various ages and for the
foetus. The cases of non-measured short-lived radionuclides and iodine prophylaxis were
also considered. A software to use for emergency monitoring and thyroid dose calculation
was developed and is freely accessed at least until May 30th, 2019. The software is
available from the web to be used (1) as a professional tool for direct dose calculation
from measured thyroid activity for the radioiodine isotopes released during a reactor
accident, for different age groups and (2) as a self-measurements reporting tool to report
measurement performed by non-professional population and it is currently available for
using dose-rate meters. These tools ! could be used as starting point for future

developments on official basis and can be downloaded at:
- Professional simple dose evaluator https://cathymara.fjfi.cvut.cz/cdata

- Professional complex dose calculator https://cathymara.fijfi.cvut.cz/cdata/profi

- Self-measurement calculator https://cathymara.fjfi.cvut.cz/cdata/self

SHAMISEN Project ?® dealt with nuclear emergency situations for the Improvement of
Medical Surveillance starting with the lessons learned from experiences of exposed

population due to the radiation accidents of Fukushima Daiichi and Chernobyl NPPs. The
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objective was to develop recommendations for early, intermediate and long-term
emergency response, focusing on health surveillance (medical checks and treatments,
surveys through questionnaires, follow-up) and communication with people (workers and
population) affected by radiation accidents. SHAMISEN project aims to minimize social and
psychological consequences, improving health and living conditions of exposed persons
taking into account ethical issues involved in the whole decision making process. Shamisen
recommendations also cover post-accidental epidemiology studies and dose reconstruction
to evaluate if the radiation accident has impacted disease risk and to improve the

knowledge on effects of radiation using analytical epidemiology approaches.

CONFIDENCE Project (H2020 CONCERT 2017-2020,
https://portal.iket.kit.edu/CONFIDENCE/index.php?action=confidencettitle=objectives)

“COping with uNcertainties For Improved modelling and DEcision making in Nuclear
emergenCiEs”. This research action starts with the identification of gaps on emergency
management, concentrating on early and transition phases. An international consortium
was created counting with the expertise from the European Platforms on Radiation
Protection with the objective of modelling and reducing uncertainties to improve
radioecological predictions and emergency management (NERIS and ALLIANCE), situation
awareness and monitoring strategies (EURADOS), risk estimation in the early phase
(MELODI), decision making and strategy development at local and national levels (NERIS)
including social and ethical aspects. Regarding dosimetry aspects, apart from the
uncertainty study the aim here is the development of procedures and tools integrating
monitoring data and dose assessments due to external and internal exposures to obtain a
rapid and comprehensive picture of the radiological situation, linking them with risk
assessment tools to support decision making (e.g. for medical treatments). Software tools
for cancer risk assessment of contaminated people will be developed and used as an input

in the overall decision making process.
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As a summary, research actions to improve emergency response to intakes may be focused
on the improvement of the calibration of in vivo techniques for children monitoring, the
use of Monte-Carlo methods and computational phantoms (Voxel phantoms, Mesh
phantoms) for the calibration of body counters and the assessment of internal doses in
case of radiation accidents, the studies on more rapid in vitro emergency bioassay
methods especially for alpha emitters (actinides), the modelling of biokinetics of chelating
agents for the interpretation of monitoring data in case of decorporation therapy (e.g.
DTPA therapy model), development of appropriate and validated software for the
calculation of committed effective doses to the public (using age dependent dose
coefficients) and for the assessment of absorbed doses, application of biodosimetry
methods to accidental internal exposures, to improve dose reconstruction for short-lived
radionuclides, the rapid transfer of dosimetric data to decision-makers and a more
effective communication of internal dosimetry experts with stakeholders and exposed

persons.

All these recent achievements and developments still to be made aim at the determination
of dose to estimate health risks from radionuclides incorporated following emergency
exposures in the early or post-accidental phases. Other populations are currently studied
to assess the risk potentially generated by radioactive intakes. For these populations, to
determine doses is also not straightforward and will be presented in the next section of

this article.
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3. Dose assessment for epidemiological studies of
occupational intakes

3.1. Evaluation of risk associated with occupational intakes of radionuclide
in epidemiological studies
As explained above, the estimates of risk associated with intakes of radionuclides, except

for radon and lung cancer !

, are up to now based on the epidemiological follow-up of
Hiroshima and Nagasaki A-Bomb survivors and on the ICRP approach including biokinetic
and dosimetric models along with weighting factors. Although this approach is of practical
value for radiation protection, it is important to verify if (and if so to which extent) the
underlying hypotheses (transpositions of risks between populations, extrapolation to low
doses and low dose rates, effects of different radiation types reflected by the wr) adopted
by the ICRP, mainly for the prevention of cancer incidence, are valid in case of internal
exposures involving intakes of various radionuclides. In addition, whether internal
contamination can induce non-cancer effects also needs to be investigated further. This is
why epidemiological studies are conducted in different populations of subjects exposed to
incorporated radionuclides, including workers which is one of the best suited groups to
conduct studies on the effects of internal emitters thanks to their regular surveillance by
the occupational medicine P% and dosimetry services. Of particular interest in these

studies is the assessment of the risk of disease associated with absorbed doses (in Gray) to

different organs.

Numerous studies have been conducted to investigate the health effects of occupationally

incorporated radionuclides in radium watch dial painters " 32

, workers exposed to
polonium 3! uranium miners B*3¢! and millers 3% Mayak plutonium workers 042
uranium enrichment workers ™ “ and European nuclear workers exposed to alpha

emitters > “l. Among this non-exhaustive list of studies, individual internal doses
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following occupational intakes were assessed from in vivo or in vitro measurements only

for Mayak 1, uranium enrichment ® polonium B3, and other nuclear workers 1“6 #,

Despite the publication of several guidelines on committed dose estimation for operational
radiation protection, no reference method is available to estimate internal doses from
data gathered in epidemiological studies although substantial differences exist in what
concerns purposes (type of radionuclide and population, i.e.: general population or

workers), requirements and available data.

3.2. Data available for dose assessments
For uranium miners, exposure to radon and its decay products has been reconstructed with

[34-36])

job-exposure matrices, ambient or personal monitoring (e.g. but no bioassay data

were available.

For some Mayak workers, ambient air monitoring and/or in vivo and in vitro measurements
and/or autopsy data are used by dosimetrists to reconstruct exposure P°!. For American
enrichment workers, urine measurements and information on chemical forms are available
Y. Urinary polonium analyses were also used to reconstruct exposure to polonium in

Mound workers 3!,

Bioassay data for the monitoring of uranium exposure have been collected in several

cohorts of the United Kingdom and Belgium, as summarized in Laurent et al. [

. Bioassay
analysis of plutonium and uranium in UK were used along with exposure information such
as chemical forms to estimate doses 1% **8 A cohort of uranium workers of the nuclear

B9 Information on

cycle in France, TRACY, has been set up and is still under development
exposure has already been collected for about one third this cohort: in vivo and in vitro
measurement results (when carried out) from a growing number of workers of the cohort,

incident registers providing information on abnormal events and job-exposure matrices

16



providing information on chronic exposure periods at workplaces, including the different

handled uranium compounds % 6% €1,

These data are highly valuable to estimate internal doses but their interpretation presents
additional challenge for estimating retrospective doses for epidemiology, by comparison

with similar data provided for operational radiological protection (RP) purposes.

3.3. Differences between dose evaluation for radiation protection (RP) and

for epidemiological risk assessments

In this section, the differences between dose evaluation for operational RP and for risk
assessments in occupational settings are reviewed in details and are summarized in Table

1.

Regarding operational RP in occupational settings, internal committed doses are evaluated
to verify the compliance (or to identify non-compliance) of exposure with regulatory dose
limits. In most situations, overestimation is not an issue contrarily to underestimation
which can be problematic. When estimating radiation-induced risks as part of
epidemiological studies, if for instance a linear increase in risk associated with the “true
dose” is assumed, dose overestimation would lead to an underestimation of the excess
relative risk per unit of dose whereas an underestimation of the dose would result in to an
overestimation of the excess relative risk per unit of dose. Therefore, for epidemiological
risk assessment, unbiased dose estimates are needed while overestimation is sometimes

accepted in operational RP.

Effective dose is the quantity specially developed for radiation protection because it
allows the addition of the contributions from internal and external exposures and is of
practical value for risk management. The ICRP approach for effective dose when is used

for intakes of radionuclides, is to refer to a commitment period of 50 years for workers and
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to reference dosimetric and biokinetic models. As a result, published dose coefficients
together with the calculated intake are used for the assessment of committed effective
dose in Sv, with no uncertainty associated. The epidemiology approach, instead of
committed effective doses, considers absorbed doses over specific periods of a lifetime
(usually, over each year of life following the first exposure) in relevant tissues such as
lungs, liver or others. However, annual absorbed doses are usually not routinely tabulated

and validation can be tricky.

The number of dose assessments differs greatly between operational RP and risk
assessment. For the first one, doses may be assessed only for workers with abnormal
monitoring data (e.g. above recording or reporting level established by national
regulations). The total number of calculations depends on the facilities: in France, in
nuclear industry facilities only two internal doses were registered in 2015 %, Intakes are
estimated depending the frequency of the individual monitoring program or following an
abnormal event from a limited number of in vivo and/or in vitro measurements. On the
other hand, for epidemiological studies doses must be determined for the entire study
population (e.g. a cohort). The total amount of dose estimates depends on the cohort but
for the 3,000 workers of TRACY cohort with available bioassay data %!, intakes must be
derived for each worker’s whole career from a database of more than 100,000 in vivo and
in vitro measurements. Such large amounts of data and of dose calculations require
automation, whereas this is not the usual scenario for operational internal dose
assessments in case of routine or special monitoring of exposed workers. Different
programs were developed to derive annual absorbed doses for epidemiological studies: the
Mayak Worker Dosimetry System-2013 for the Mayak cohort 1 PuMA and IMBA for
Sellafield workers 8 InDep ¥ for uranium enriched workers and DOSEPI for the TRACY

cohort M1,

Urine, faeces, lung, whole-body measurement data are available for both operational RP

and epidemiology in case of occupational exposure situations. The main difference is that
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in RP, if needed, further in vivo or in vitro analyses may be performed, more sensitive
techniques may be used and re-analysis may be possible in order to provide new data,
whereas for epidemiological studies, only the best estimate of dose from available data
has to be derived because no new data can be provided for past exposures (years to
decades ago). For measurements below limit of detection, in operational RP, the value of
the limit is known and there is a possibility of contacting the laboratory to try to improve
the result, or to obtain uncensored result with uncertainty leading to refined dose
estimates. For some data below limit of detection (DL) or reporting level (RL) in
epidemiological databases, the actual value of the limit is not given because the results
are literally registered as “<DL/RL”. These levels have therefore to be reconstructed from
historical records of laboratory practices and from similar bioassay results with recorded
DL/RL available for the same site and time period. Moreover, sometimes no specific
information is available on collection period for in vitro measurement, on measurement
techniques, on date of sampling, and on measurement uncertainty. In operational RP, all

this information is usually provided leading to a higher reliability of the data.

When reconstructing doses from in vitro and/or in vivo measurement gathered for
epidemiological studies, it is not always known if the measurement was part of a routine or
special monitoring and there is often scarce information of exposure period from incident
registry, medical files, ambient air monitoring or interviews. For routine exposure

[60; 611 |

however, valuable information can be provided by job-exposure matrices
operational RP, the purpose of the measurement is known along with knowledge on
exposure periods from normal working conditions, high risk activity dates or air sampler

alerts for acute intakes. Moreover, it is possible to ask workers or managers for more

detailed information if needed.

Physico-chemical parameters can be derived from identified individual workplace and
operations and sometimes precise chemical forms, particle size distribution and/or

isotopic composition are known in operational RP. If needed, more precise data can be
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obtained by contacting the worker and radiation protection services. In epidemiological
studies, if a job-exposure matrix is available, it can provide data on usual chemical forms
and isotopic composition encountered at a specific job and period. Particle sizes are rarely

known.

In operational RP, uncertainties associated to monitoring data are taken into account for the
calculation of the intake and for checking the goodness of fit of measurement results with the
prediction of the retention/excretion model for the intake scenario which occurred or is assumed.
However, according to ICRP, dose coefficients have no uncertainty associated. Therefore committed
effective doses are assessed without uncertainty associated. On the other hand, in epidemiological
studies, confidence interval on dose assessments should be provided and uncertainty integrated in

risk assessment.

In a nutshell, in operational RP, dose estimates can be refined by new data from new
measurements or from inquiries. Dose estimated in the context of epidemiological study
must make the best use of available data because no new data can be added. The

following question is how to achieve this goal.
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Table 1: Summary of the differences in dose assessments carried out for operational radiation protection or for risk assessment

Doses for operational radiation protection

Doses for epidemiological risk assessment

Purpose

To verify the compliance or not of exposure with dose limits.

Overestimation is sometimes preferred (Conservative approach).

To assess the risk of health effects associated to internal

exposures. Need for unbiased estimates.

Output

Committed effective dose E(50) Sv

Absorbed doses (Gy), typically over each year of life following

exposure, in relevant tissues

Number of dose

Doses assessed for workers with abnormal monitoring results

(e.g. above recording or reporting level) from a limited number

Doses assessed for the whole cohort. Automation calculation is

assessments of in vivo and/or in vitro measurements. Hand calculation is necessary.
possible.
Urine, feces, lung, whole-body monitoring data, sometimes
Type of Urine, feces, lung, whole-body monitoring data. Possibility of
environmental (e.g. ambient air) samples. Impossibility of
measurements additional data.

additional data

Measurements below

detection limit

Known detection limit and possibility of contacting the
laboratory to try to improve the result or to obtain uncensored

result with uncertainty

Actual value of the detection limit sometimes is not specified in
the individual records. If so it has to be reconstructed from

laboratory historical records

Measurement

reliability

Good reliability of the monitoring data

Lower reliability in some historical monitoring data due to
scarce knowledge on collection period for in vitro

measurement, on measurement techniques, on date of
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sampling, and on measurement uncertainty.

Exposure period

Information from normal conditions, or high risk activity dates
and air sampler alerts for acute intakes. Possibility of asking

worker or manager for more precise information.

Scarce information of exposure period from incident registry,
medical files, ambient air monitoring or interviews. Valuable
information for routine exposure provided by job-exposure

matrix if available.

Physico-chemical

parameters

Precise data available by contacting the worker and radiation

protection services

Information on chemical forms and isotopic composition if

incident registry and/or job-exposure matrix available

Uncertainties

Uncertainties associated to monitoring data are taken into
account for the calculation of the intake and for checking the
goodness of fit of measurement results with the prediction of
the retention/excretion model for the intake scenario occurred
or assumed. According to ICRP, dose coefficients have no
uncertainty associated therefore committed effective doses are

assessed without uncertainty associated.

Confidence interval on dose assessments should be provided and

uncertainty integrated in risk assessment.
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3.4. Discussion

Guidelines developed to assess doses due to internal exposures in the context of
operational radiation protection such as the 1SO standard 27048 P! or the EURADOS IDEAS
Guidelines ® recommend acquiring additional monitoring data to limit uncertainty in dose
assessment. As discussed previously, this is impossible when estimating doses from
historical data collected retrospectively for epidemiological studies of occupational

intakes.

Various protocols were developed to estimate doses for epidemiological studies: [*6 47 4% 5%
>4 %8 During the Concerted Uranium Research in Europe (CURE) project funded by
European Commission %, a dosimetric protocol was developed for future epidemiological
studies of occupational uranium intakes . Differences exist among these protocols
because some are based on data not collectable for other studies like autopsy data in the
Mayak cohort or because dosimetrists made different hypotheses for a same parameter.
That is why when comparing the different documents, a set of reasonable hypothesis can
be extracted for several parameters. One of the critical hypotheses is the estimation of
internal doses from in vitro and/or in vivo measurements below detection limit. In the
CURE protocol, when all data are below detection limit, it is recommended to estimate an
interval of doses by fixing all the in vitro and/or in vivo results equal to zero or by
modifying just the value the last bioassay from below the limit of detection in equal to the
limit of detection ®*l. Anderson et al. ' replaced monitoring data below detection limit
by a value equal to the multiplication of the detection limit by to the fraction of bioassay
higher than the detection limit in the individual’s bioassay data set except for workers
with only below detection results for which a dose equals to zero was assigned. In the
SOLO project % *8 Bayesian approaches were used to derive dose probability distributions
and the value used for the epidemiological analyses was the arithmetic mean of this

distribution. No differences were made between workers with or without measurement
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higher than detection limit in their data set. For European nuclear workers !, depending
on the site, workers with only data below detection limits were either excluded from the
study, or the last measurement result in the exposure period was set equal to the limit of
detection or the dose was estimated as the median of the dose probability distribution
provided by a Bayesian approach. All these modelings are methods to take the best
advantage of the available data even if they are below detection limit. However, in order
to compare exposure and risks between cohorts, a harmonized protocol would be essential.
The development of such a protocol would be a real challenge for internal dosimetrists
around the world and would lead to deep discussion on which modelling would be the best.
A first step towards this harmonized protocol would be to apply the different protocols to
the same group of workers in order to quantify the influence of the protocol on dose
estimates. Then, each modelling of each parameter could be tested to quantify the

sensitivity of doses to each modelling strategy.

Finally, as uncertainty analysis on internal dose assessments is an important issue ¢ to
provide confidence interval on dose would be an advantage for the determination of the
risk, at least to help identifying groups of subjects - or even studies - with the most precise
dose estimates and thereby to conduct specific analyses in these subjects or weight causal
judgements arising from several studies. Again, a standardized approach should be
developed to provide doses with uncertainty in epidemiological studies. Last, integrated
approaches to account for the uncertainty inherent in estimates of dose when evaluating
radiation-induced disease risk must be developed. Testing and comparing such approaches

will be necessary steps to achieve this goal P2,

4. Conclusions

This publication presents an overview of specific procedures associated with internal

dosimetry for emergency response and epidemiology studies.
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As a summary, research actions were identified that needed to be developed for improving
emergency response when dealing with internal exposures. Such actions may be focused on
the improvement of the calibration of in vivo techniques for children monitoring (including
the development and validation of reference calibration phantoms scaled by age), the use
of Monte-Carlo methods and computational phantoms (Voxel phantoms, Mesh phantoms)
for the calibration of body counters and the assessment of internal doses in case of
radiation accidents, the studies on more rapid in vitro emergency bioassay methods
especially for alpha emitters (actinides), the modelling of biokinetics of chelating agents
for the interpretation of monitoring data in case of decorporation therapy (e.g. DTPA
therapy model), development of appropriate and validated software for the calculation of
committed effective doses to the public (using age dependent dose coefficients) and for
the assessment of absorbed doses, application of biodosimetry methods to accidental
internal exposures, to improve dose reconstruction for short-lived radionuclides, the rapid
transfer of dosimetric data to decision-makers and a more effective communication of

internal dosimetry experts with stakeholders and exposed persons.

Regarding epidemiology studies and the assessment of the risk of health effects associated
with accidental internal exposures, the main goal for the future is developing protocols
and tools for improving the reliability of dose assessment in order to compare exposures
and risks between cohorts. This could start with the quantification of the sensitivity of
doses to each modelling strategy. Then, a standardized approach should be developed to
provide uncertainty and confidence interval on dose. Last, integrated approaches to
account for the uncertainty inherent in estimates of dose when evaluating radiation-

induced disease risk must be developed.
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