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ABSTRACT

The scalgproposed in thiseport isintended tofacilitate communicationconcerning the
severityof incidentsand accident#volving the exposure ofhuman beings to ionising
radiations. Lke the INES, it comprises eight l@ls of severityandusesthe same terms
(accident, incident, anomalgeriousand major) forkeeping the public and thenedia

informed.

In a radiological protection context, the severity oeaant is consiered as beingictly
propational to the riskrun by an individual (the pbability of developing fatal onon-
fatal health effcs) following exposure to ionisingadiation in an incidenbr accident
stuaion. Howeverfor society,other factors have to betaken into account to determine
severity.

The severity scale proposed is therefore based on asses$thenindivdual radiological
risk. A severity level coesponding to exposure of a mgen of the public in an incident
or accident situabn is determined on thHeasis of risk assessmertuncepts and methods
derivedfrom internationalconsensus odose/effect relatnshipsfor both sbchastic and
deterministic effects.

The severity of all thepossible exposuresituations — worker exposureollective
exposue, potentiakexposure — is detmined using a syem of weighhg in relation to
situations involving members of the public.

In the case of this scale, tadicate the severity of avent, it isproposed tanakeuse of
the most penalising level of severity, comparing:

- the severityassociated ith the pobability of occurrence of deterministic effects
and the severity associated with the probability of occurrence of stookféestis,
when the event gives rise to both types of risk,

- the severity for members tife publicand theseverityfor exposed wrkers,when
both categories of individuals are involved,

1 The International Nuclear Event Scale (INES), User's Manual, 2001, IAEA, Vienna, 2001.
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- the severity on thproposed radiologicgrotection scale antthat obtained using
the INES, when radiological protection and nuclear sadspectsare associated
with the event in question.
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1. REASONS FOR HAVING A  SEVERITY SCALE FOR
RADIOLOGICAL INCIDENT AND ACCIDENT SITUATIONS

Given that thepublic is highly sensitive to radlogical protectionissues,radiological

incidents and accidents are given wide media coveragardless ofheir actualdegree of
severity. It is herefore essentidhat the radiologicgbrotection authoritiehave a simple
tool whereby theycan communicate it the public and putthe various radiological
incidents and accidents into perspective on the basis of their relative severity.

As regards the protection of human beings, the severity ef/@mt is consiered as being
directly proportional to the risk run by awividual (the probabty of developingfatal or

non fatal health effects) following exposure to ionising radiation in an incideadcatent
situation.

The aim therefore is to proposeoaltthat will alow the expertdo makeallowancefor the

various aspects of this risk and to quicéttribute to it a degree of saity that wil make

the quantitative assessment of dnenmeaningful tthe meda and the wdler public, using
known, commonly-used qualitative terms (accident, incident, serious, majér etc.)

The aim is not to tke a pedagogical approach to the radiological risk goutot into
perspective as regards other risks encountered in daily life (tobacco, AIDS etc.).

To be effective, atool such as this mustot only be understandable and easysde, it
must also beacceptable to allhbseinvolved. Whenever possible, thehould be no
vague, contradictory information.

If it is to be credible, theool mustbe based omternationalconsensus othe knowledge
and assimpionsassociated ith the health effects of ionisingadiation andn the dose-
effect relationships used to manage radiological risks.

2 These terms are used in the context of the INES
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To be reactive, the toohust be based on a systémat allows events to baassified in a
simple manner using availalkdéssessmenethniquegsoftware,charts) which resume the
state-of-the-art in dose-effect relationships.

To be understandable, it shduiot involre termsthat aretoo technical: the general public
hasgreat difficulty understandingniformationthat nakesuse ofthe official system of
dose units, which isomplicatedand unfantiar, and in graspinghe difference beteen
stochastic and deterministic effects or situating thergg\wof events on théasis of the

relationships between the various types of radiation, the exposure levels and the effects.

Furthermore, the toaghust also be&apable of covering very wide range of“possible”
events caesponding to differertypes of exposure (internal, exteredt.) resliing in a
wide range of dees (nore than tenorders of magnitude!)that could bereceived by
different types of individals (workersthe public,patients) in very diffeent sectors of
activity (non-nuclear industry, medical, nuclear industry).

A communicationtool, known as the INES is already beingused by anumber of

regulatory authoritiedor incidents and accidents itiv radiological aspects,but its

appropriateness in the field of radiologipabtection iopen todiscussion. Irthe light of

a bibliographical aidy of seerity scale$, it hasbecome apparent that theskould be
only onecommunication scalér each type ofevent (withthe appropriatenumber of

severity levelsand its own tems) and several classification criteria: nuclear safety,
radiological protection ofindividuals etc.). Each event is dhssified by the expes

according to theappropriate teria and the degree of senty that is communicated
corresponds to the most severe criterion.

3 The INES wasdevisedessentially to provide information on the severity of events from a
nuclear safety point of view; it includes individual exposure factors but ntbde of
classficaion it employs is not suitable for radiological protection issusse Section 3
below).

4 This study, entitled 4es échelles de gravitésyntheése bibliogmphique » (D. Rtore,
P. Crolail, C. Lefawe. CEPN note 99/17 dat&bcemberl999) showed thatvhen anevent
could be classified accordirig several dteria, it was often aticated theseverity of themost
severe dterion. Thus on th@tmospheric pollutiorscaleATMO, pollution is quantified for

several pollutants: sulphur dioxide, nitrogen dioxide, ozone, particles etc. The pollutant that is

deemed to be the worst detemes the ével of severity of the event that isohdcast to the
public. The same rule applies to the industaiedidentseverity scaleleveloped by the Ench
ministry for the environment in the context of the SEVESO Directive.
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If informaionis to be given on events thatnvolve severaltypes of risk(radiological and
non-radiological), it must bpossible to applyhe approach adopted in a genenanner,
not specifically toradiologicalrisks. Thus, in the case of avent involvingexposure to
toxic chemicalsand ionising radiatin, the probability ofdeveloping health effects can be
linked to eitherone of the twdypes of exposure. Wen exposure-risk relatiships are
avalable for toxic chemicals, alassification can benadeaccording to othecriteria and
the public can benformed ofdl the risks onthe basis, oncagain,of the most severe
criterion.

This report deals only with assessmaintadiological protection ofndividuals: protection
of the environment against radioactive, toxic substamcether pollutants foexample are
not covered.

Lastly, the tool has three further objectives:

- To make allowancéor the number of ndividualsexposed duringhe incident or
accident.

- To highlight events that reflecthortcomings irthe radiological protection system
and those that are due to non-compliance with the regulatory rules in force.

- To estimate the severity of a potential yis&. a risk corrgmnding tathe exposure
to which individuals could havgeen subjected they had beepresent or present
for longer at the scene of the event.

ev.03.03






2. EVENTS COVERED BY THE SCALE

The scalgproposedcanonly be used teharacterise radiologal incidents anéccidents,
hereinaftereferred to agvents. Aclear definition thereforehas to be given oihat is

meant by eventsccurringin incidentand accident situations. Aumber of exposure
situations can be eliminated from the scope of the scale from the outset.

2.1. Exposure situations not covered by the proposed scale

Most situations involvingexposure to natally-occurring radiationgre, by nature, of the
non-incident type (exposure to cosmic radiatioternally depsited natural radionuclides
etc.) anddo not fall into the catgory of exposureevents covered by thecale. It would

also appeathat other ypes of exposure tmaturally-occurringradiation should be

excluded in the light ofurrent practices and regulations: examplesaposure to radon
in dwellings orexposure toenhanced lesls of natirally-occurring radionuclides, but
future changes ithe regulions couldmean that somsituations could be assified as

incidents.

“Normal” occupational exposure, “normal” medical exposure (i.e. that whichtiepis
planned and optimised) andntrolledexposure (irthe case o§o called “interventions”
for example) are not covered by the scale.

Past eventg¢fallout from nuclear weapontesting, theChernobylaccident etc.should be
classified with the proposed severity scale. However, thesmondingong-term residual
exposuresare notsupposed to be assessed udimg proposedscale (as it does not
constitute a "new" event).

2.2. Exposure situations covered by the proposed scale

Contrary tothe examples givembove, alleventsleading toexposure inincident and
accidentsituationsthat is combined wh normal or controllecexposure or exposure to
backgroundadiation and whicloccurs in industryrnuclear energy andthers) or in the
medical field,could beassessed usinthe scaleproposed.Radiological incidents and
accidents leading to patieexposuresaresituationsthat wil be covered by thgroposed
scalebut, apreliminary workmust be done ith professionals othe medical field to
determine exactly which events can be considered as incidents or accidents.
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3. THE POSITION OF THE RADIOLOGICAL INCIDENT AND
ACCIDENT SEVERITY SCALE IN RELATION TO THE INES

3.1 Inability of the INES to make allowancefor radiological protection
incidents

The INES (International Nuclear Ever$cale) wagdevised as a syem for publishing
information aboutvents involvingnuclear safetyhat could be easilyunderstood by the
mediaand the general publi©riginally (March1990),the INES appliedonly to events
that occurred in or were caused by nuclear facilities and which involved nuclear safety.

When itwas revised in 1992, th@esigners othe scalentroduced dteria that albbwed

events to be classified according to the radiological protection agveat.morerecently,
in February 2001, aew version of theINES user's manual waspublished by the
International AtomicEnergy Agency (IAEA) and theNuclear EnergyAgency of the
OECD. According to the degners,the scaleshouldnow “apply to all eventsinvolving

radioactivematerials (inalding transport)”, thanks tothe 1992 review and,to an even
greater extent, th001 publication. The tableoverleaf summarisesthe quantified
radiological protection criteria used to classify events on the INES.

When examined imdepth, anumber of inconsistames andinterpretationproblems are
brought to light whichmake communication M the tool problematic whenever
radiological protection isnvolved. These lintations, which we éscribebelow, explain
why we areproposing a logithat differs somewat from the INES, wile remaining as
consistent as possible with it (see Section 3.3 below).
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Table 1.

10

Radiological protection criteria already included in the INES

Area of impact

Off-site
impact

On-site
impact

Impact on defence in
depth

7
Major accident

Major release -
Widespread health and
environmental effects

No values for doses to the publ|c
Significant release - likely

6 to require full implementation o
Serious accident planned countermeasures

No values for doses to the publfc

Limited release - likely to requirg Severe damage to
5 partial implementation of planng¢d reactor core/
Accident with off-site countermeasures radiological barriers
risk No values for doses to the publ|c

4
Accident without
significant off-site
risks

Minor release — public exposur
of the order of prescribed limits
Maximum dose received by the
public (critical group)a few
mSyv
or irradiation >5 Gy
(loss of source or transport)

Significant damage to
reactor core/radiological
barriers/fatal exposure
of a worker
Irradiation >5 Gy of one or more
workers

3
Serious incident

Very small release — public
exposure at afraction of the
prescribed limits
Maximum dose received by the
public (critical group)
a few tenths of 1 mSv
or irradiation of the order of
1 Gy

(loss of source or transport)

Severe spread of contamination/
Acute health effects
to a worker
General irradiation of one or more
workers of the order of Gy
Superficial irradiation to the bodies
one or more workers of the order o
10 Gy

Near accident no safety
layers remaining

Df

f

Significant spread of

Incidents with significan

2 contamination: failures in safety
Incident Dose rate > 50 mSv/h (at 1 m) provisions
Overexposure of a worker
(beyond the regulatory dose limits
(Effective dose > 20 mSv)
Anomaly beyond the

1 authorised operating
Anomaly regime

0
Deviation

Events not
on scale

No safety significance
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3.1.1. No clear distinction beteenoff-site and on-site outsidthe nuclear context and
in the radiological protection field in general

The INES makes a distinction between “off-site” events (which are the only ones with the
potential to produce accident levels higher than 4) and “on-eiterits.This is adifficult
distinction to make in many medical and non-nuclear industrial facilagres/hich there is

no exclusion zone fathe public. Merbers ofthe public likely to beexposed to ionising
radiation inincident and accidentconditions live and wrk close to oreven in these
facilities. The distinction betweenff-site and on-site is themfe not appropriate in these
cases, even though it is perfectlyited to nu@ar safety. Orthe basis ofthe radiological
protection system and the regulatidhat result fromit, it would appear far more helpful

to differentiate between thgdes of individals who areexposed (metvers ofthe public

or workers) rather than where an incident occurs.

3.1.2. Shortcomings and inconsistenciesha INES as regards radiologicptotection
for “off-site consequences”

For off-site consequares, thelNES gives sesrity lewels hgher than 3 (i.eevents are
qualified as being “serious incidents” at least). This is quite justified whezlear safety

Is involved since there is ads of containment ofi¢ nuclear materialsutsidethe facility.

But the desire to put radiological protectiofteria on the samecale meanshat the
severity of radiological incidents is over or underestimated and there is an amalgamation of
incidents which are quite different as regards radiological protection.

Thus:

e Serious incidents (Level 3ye taken abeingincidentsthatresult in adose to the
critical group of more than a few tenths of one millisievert (in the case of incidents
wherereleases occurgccidents(Level 4) are events thaesult in adose to the
critical group of morethan afew millisieverts (in the case of incidentsvhere
releases occur). Thesevents comspond to a pbability of occurrence of
exposure-inducedeath ofthe order of 10 and 1@ respectively, over an entire
lifetime,

» Seriousincidents (Level 3) are taken abeing incidentsthat result in general
irradiation (“whole body”) of moréhan 1 gray (irthe case oéxposure to a lost
source or aadioactive material ainsportaccident); accidda (Level 4) areevents
that result in general irradiation of more thagrays (inthe case oéxposure to a
lost source or aadioactive materiaransport accident)Theseeventscorrespond
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respectively to a high probability of occurrenceaafon-lethal determini effect
and to a semi-lethalose (in othewords,50% ofthe individwals irradiatedo this
extent die within thirty days).

From a radiological protection point of view, we can haristify the fact thasuch
disparate dosdevels,and therefore risklevels (with a difference of rabst four
orders of magnitude!) are placed thte sameseverity levels oa scaledesigned for
communication purposes. In this case, the INES provides inconsistent information.

» All eventsresulting in dses tothe public of €ssthan 1 Gy cannot be classified
(since no releases are involved) and are amalgamated below Level 3.

But eventsesulting in doses of less than 1 Gy are thibse are the most likely to
occur. Thereforghe INES cannot beised tocharacterise or appropriately indicate
the severity of the most common types of incident.

3.1.3. Shortcomings and inconsistencieshe INES as regards radiologicptotection
for “on-site consequences”

Events withon-site consequencean be classéid as Legls 2, 3, 4and 5 on thdNES.
However, using radiologicg@lrotection criteriagvents caronly be classified at Lels 2, 3
and 4. These criteria concern worker exposure only, such as:

- dosesthat are tgher than the aniail regulatory limit —Level 2 incident (in
France, 50 mSv/year was the limit in force in 1992),

- the wholebody rradiation“of one or more worérs” with doses of moreghan
1 Gy (non-lethal deterministic effects probable) or 10 Gy@ércase of superficial
irradiation of the body — Level 3 serious incident , and

- irradiation of one omore workergeceiving a semi-lethalose (nore than 5 Gy)
— Level 4 accident.

Most of the othercriteria are galitative @amage to radiological barrierspread of
contamination, severe effs on health etc.and may give rise tdifferent interpretations
and classificationsfor incidents and accidents which nonetheldssve sinlar
consequences for health.
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It is true that the amalgamations are lgsgous than in the casd exposureof the public
and it could begpossible toplace eventsesulting in dses dwer than the annual limit for
workers at severity levels of less thaar2the scale uhout callng into questionthe logic
of the INES. Conversely, it is illogicafrom a radiological risk point of view tplace all
doses between the annual exposure limit and 1 Gy at the same level of severity.

3.1.4. Inconsistencies ofhe INES as regards radiologicakotection between “off-
site” and “on-site” consequences

The possibility of members athe public beingexposed during on-sitevents isnot an
option wth the NES, nor is it envisaged that @rkers might be exposed off-site. But
many incidents involve both the public and workers.

Lastly, it should be emphasisétht theINES puts athe sameevd, i.e. Level 4 accident,

fatal exposure of a worker (@emi-lethalexposure okeveral vorkers) and alose of a

few millisieverts received by a méer of the criticapopulation group, after a release. By
definition, during eventsuch aghis, thedosereceived bythe rest ofthe populéion is

lower again by one order of magnitude, i.¢e\a tens of nillisieverts. Asregardsthe risk

for the health of individuals and considering what is socially acceptable, it is pecleatly

that these two events are on a completely different scale. In radiological protection terms, it
IS unacceptable to put them at the same level of severity.

3.1.5. Conclusion

Given the various points mentionetbove, it isclear that it is very difficult, oreven
impossible, to use the INES aaltfor communicatingvith the public and thenedia on
the subject of radiological protection incidemtsd accidents in anything other than the
nuclear energy field, and even there when nuclear safety is not involved.

3.2. Compatibility of the proposed scale with the INES
Despitethe problemsencountered when using a scaleh ashe INES, aglescribed in
Section 3.1, it must bedmitted that itis fairly successful in raeting anumber ofcriteria

that are regued to facilitate understanding byhe publicand themedia — whohave
adopted it — ofeventsoccurring in nuclear facilities. It therefore seemed important to
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keep the number of communicatitmols to a nrmimum and to complywhenevermossible
with the logic of the INES when prioritising events involving radiological protection.

To ensure a certain degree of compatibility between the two systems and theesbyhe
system proposedithi the same sbng power of commnication, it waslecidedto retain
some of the properties of the INES, particularly:

- Division into 8 levels of severity numbered from O to :7it appeared essential to
use a radiological protectiaventclassification sgtemthathad the sam number
of levelsasthe INES systemn ordernot to add tothe confusan, which vwould
have been quite contrary to what we have set out to do.

- Use of the same terminobgy to qualify events thus, as wh the INES,
incidents are taken as beirgents chssified atLevel 1 orhigher. Accidents are

those at Level 4 or above. Events at Level O are considered as deviations.
- Level 2 applicable to all istanceswhere regulatory limits for exposure to

ionising radiation are exceededthis criterion is positionedexplicitly on the
INES and must be at the same level on the radiological protection event scale.

Once these common propertieswetn the twosystemshave been established, it |s
recommended that the maximum value obtained using\tE8 classification sgtem (not
taking into account its radiological protection criteria) and the radiological protesciabes)
proposed in this report be used to indicate the severigyaits whicthaveconsequencegs
for the nuclear safety of installations and result in exposure of workers or members of the
public.
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4. THE RADIOLOGI CAL INCIDENT AND ACCIDENT SEVERITY
SCALE

The figure below shows trezale proposed fandicatingthe seerity of eventsassociated
with the radiological protection of workeasd the public. &tion 5describeghe method
used to position events on the scale.

Level Type of event
Major accident icvel 7
A
c
n | Serious accident icveis
D
E
5 | n | Accident icvers
T
s
4 Accident icveia
1
3 N Serious incident iever s
c
1
D
2 E Incident icvei2
N
T
1 s Anomaly ievei 1
Lol Deviation qevero

Figure 1. Radiological incident and accident severity scale

e Events chséfied as Level 0 areknown as“deviations”; they can beconsidered as being
without consequence as regards radiological protection.
* Events classified as Levels 1 to 3 arecidents”.
- events classified as Level 1 are known as “anomalies”.
- events classified as Level 2 are known as “incidents”.
- events classified as Level 3 are known as “serious incidents”.
* Events classified as Levels 4 to 7 aaecidents”.
- events classified as Level 4 are known as “Level 4 accidents”.
- events classified as Level 5 are known as “Level 5 accidents”.
- events classified as Level 6 are known as “serious accidents”.
- events classified as Level 7 are known as “major accidents”.

5 The words “Level 4” will beadded to ifferentiate heseaccidents from thé&lLevel 5” serious
accidents.
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5. METHOD USED TO DETERMINE THE SEVERITY OF AN EVENT
AS A FUNCTION OF THE INDIVIDUAL RADI OLOGICAL RISK FOR
A MEMBER OF THE PUBLIC

5.1. Introduction

The proposed systeroan beused toclassify events during which individualsave been
exposed to radiation in incident or accident situations.

This sectiondescribesthe methodused toclassify events involving metvers of the
public. All the classification riteria for other events,for example worker xposure, the
exposure of several individuals etc. will be based on the classifi¢éati@ammenber of the
public using specific sevity weighting factors (cf. Section 6)The case of paent
exposure will be covered later on (cf.Section 2.2).

Section 5.2 describes the classification metad criteria for eventssulting inexposure
to ionising radiation and which are likelylead in the radium or longterm tostochastic
effectsin the individuals exposed.

Section 5.3 describes the classification metadi criteria for eventsesulting inexposure
to ionising radiation andvhich are likely to €ad in theshort or nedium term to
deterministic effectsin the individuals exposed.

5.2. Classification criteria for stochastic effects

The individual risk of death, @fined as the probability ever anentire lifetime - of a
member of the public contractingatal cancer after beingexposed to ionising raation
in an incident or accident situation, Heeen adopted as timeain criterionfor establishing
aseverity leve$. By internationalconsensus, bnear no thresholdlose-riskrelationship
is used to determine this risk as a function of the exposure level.

6 Appendix 1describes the mievd and toolsavalable for calculating the risk of occurrence of
stochastic effects (in this case, fatahcers) as auhdion of effedive dose,dose rateorgans
exposed, age at the time of exposanel gender of the indiduial exposed. This method lssed
on existing international consensasd on the ecommendationsnade by the Internamal
Commission on Radiological Protection (ICRP).
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By definition, and to rerain consistent wh the NES, therisk associated ith the
regulatory individual annual dose limit corresponda severity level of 2. In France, and
the majority of countries, this linfi{the sum ofthe effective dsesreceived by a member
of the public) is1 mSv per year. Asur knowledge of thematter sands atpreserft, an
effective dose of 1 mSv (provided it has been receivelbsdrates of €ssthan 0.1 Gy/h)
corresponds (oaveragefor the general publ®, to a lifetime pobability of death from
cancer of 5x10.

It is commonly accepted (Richter scale, noiseesetd.) that when ask is increased by a
facor of 10, the levelon the caresponding searity scaleincreases by 1. The other
severity levels areherefore placed on eitheside ofthe severity level o according to a
logarithmic graduation (cf. Figure 2). Following thisitga severity levebf 5 is reached
when thelifetime probability of deathfrom cancer is 5%, i.dor an effectivedose of the
order of 1 Sv.

7 Decree na2002-460 of April 4, 2002 relating to tlgeneral protection of thpeople against
the dangers of the ionizing radiations.

8 International Commission for Radiological Protection (ICRP). Publication 60, 1990.

9 In some cases, gecularly when childrerand infants areexposed, it is ecommended that a

more detiled risk calculation be made, making albwance for the agend gender of the
individual exposed. Indeed, average risk coefficients are not suitable for use in albrsétuatfi
Appendix 1).
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Individual Esti
stimated dose level
risk SEVERITY
(Lifetime for stochastic effects
. (effective dose, in Sv) LEVEL
probability

(before weighting)

of death from
cancer)

100

mSv
(0,1 Sv)

mSv
(0.01 Sv)

1

mSv
(0,001 Sv)

5.10-5

regulatory
limit

5.10.6 100
HSVv
(0,0001 Sv|

Figure 2. Determining the severity levefor stochastic efects (in the case of
exposure of members of the public)

5.3. Classification criteria for lethal deterministic effects

As in the previousase,the individual risk of death (defined as the probability of a
member ofthe public developing alethal deterministic effect® following exposure
during the event inquestion) haseen adopted as thwain criterionfor determining
severity levels Deterministic effects are threshold effects, in otherds, below a certain
dose évd, there is no effectAbove the threshold, the probability of occurrence of the

10 Examples of lethal detemistic effects: bonemarow irradiation, Lng irradiation, gastro-
intestinal syndrome, foetal death.
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effect ncreases according tbe sensitivity of indivduals to radiationThere are well-
known dose-effect relationships for eagpe of organabovethe threshold, a probability
of developing the effeEtcan be associated with each level of exposure of the organ.

Lethaldose 5 (D) is the termused forthe equivalentose tothe organ (expressed in
grays) such that the number of deathsumiformly exposedopulaton exposed talose
D. is 592 In terms of seerity, a given pobability of death is always equalgevere,
regardless of the cause. Thus, severity lev@BSsociated with a 5%sk of deathfrom a
stochastic effect (effective dose in sieverts) and38oaisk of deathfrom adeterministic
effect (dose to the organ in grays).D

Likewise, an event to which an individual wasposed to |&al dose 50 or fyher (O, or

above) will be given a severity level of 6, since the level of severity increases by 1 when the
risk increasedy a factor of 10. Figure 3 showlse severityindices as dunction of the
probability of occurrence of a lethal effect.

The dose leels shown inthe chats in Appendk 2 arefor information only: mdeed,
whatever the estimated dose, a clingizdervation of the effeprevails ovethe probability
of occurrence of the edtt related tdhe doseand hencethe seerity index relies on
clinical observation. Térefore, arobserved lthal effect automatically gitionsthe event
at a severity level of 6.

11 Appendix 2describes the miedbd and toolsavalable for calculating the risk of occurrence of
deeministic effect (lethal andnorntlethd) asa fundion of absorbeddose,dose rateand the
organs or biological tissues that have been irradiated. The recommended method is based on one
of the most recent publications in the field (NRPB, 3)

12 The survival rate coasponding tahis dosewould therefore b&5%. Thisdose ével depends
essentially on the irradiated organ or tissue and on the dose rate (see Appendix 2).
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Individual Dose level Severity
risk for deterministic effects 1
i evel
b bed d G
of death (a sorbe oseimn Y) (before weighting)
D50
D5
Regulatory
limit*
* The regulatory dose limits guarantee that no deterministic effects
will occur (15 mSv to the lens of the eye, 50 mSv to the skin). It is
that the corr ding risk of occurrence of lethal effects is
null.
Figure 3. Determining the severity levelfor lethal deterministic effects (in

the case of exposure of members of the public)

5.4. Weighting for non-lethal deterministic effects

Events likely to result in non-lethdeterministic effects atess sever¢han hoselikely to
lead to lethal deterministic effects.

As in the case of lbal deterministic effects, th#ose-riskrelationshipsare well known.
Therefore, for each type of effect, dosgsabd [0, to organs, resulting in probability of
developing the effect of 5% and 50% respectively, are known.

The charts in Appendix 2 can easily bsed foreach type ofevent todetermine the
probability of occurrence of the effect on thasis of neasurement or estimation of the
absorbed dose and the dose rate.
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The severity level ishen obtained using Figure 3, after which a sub-weighting factor is
applied to make allowance for the observegrobable effect. It then h&s be determined
whether the effect idisabling or not. ndeed, just as lethal effects are coesed more
severe than non-lethal ones,disabling effectsare cosidered as morseverethanthose
which are not.

Non-lethal disabling effects® are irreversible effects that smusly affect bodily
functions. These consequences are disabling for the exposed individuelarelysaffect
his physical behaviour, his bodily functions and/or his relations with other individuals.

The severity level for non-lethal disabling effastequal to the severitievel obtained by
applying the system described in Section 5.3 for lethal deterministic effects, minus 1.

Non-lethal non-disabling effect* are effectghat are generalljound to bereversible.
However, these types of effts must be handled cautiously since in soaseghey can
precede the appearance of other, far more serious effects (prodromal syndrome).

The severity level for non-lehal non-disabling effects isequal to the severityevel
obtained byapplyingthe system described in Sien 53 for lethal deerminigdic effects,
minus 2.

13 Examples of non-lethal disabling effecez¢ording to the aksfi cation adopted): emporary or
definitive ovogenesis failurelemporary spermatogenesis failure, cataract, pulmonary fibrosis,
different types of necrosiggratogeni@ffects such aseverementalhandicap omicrocephalus
following irradiation of the foetus or embryo.

14 Examples of non-lethal non-disabling effectaccording to the eksficaion adopted):
vomiting, diarrhoea, hypothyroid, thyroiditis, burns and erythema.
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6. SEVERITY WEIGHTING AS A FUNCTION OF OTHER CRITERIA

All other exposure events are clagsifiusing a system sub or excesweighting of the
scale described in the previous sectimnexposure othe public inincidentandaccident
situations.

6.1. Worker exposure

To classify eventsresultingin exposure of wdeers® in an incident oraccidentsituation
(i.e. exposur¢hat was notplanned or foreseeabdd the dose leels received)the systen
proposed iequivalent to thatlescribedor classifyingevents involving metvers of the
public, except that all the levels are one lower.

Given the logarithmic nature of the scalegwsed, this igantamountto positioning
acceptability of the radiologicalisk at a levelten timeshigher for workers than for
membersof the public.This factorten is ofteninterpreted, in risk-peeption studies, as
the difference beteen a risk that ighosen (by workers) and suffered (the public).
This interpretation isot strictly appropriate in the context @fentsoccurring in incident
and accident situatins. Nonetheless, this logic generally determisesiety’s view of
industrial risks and ICRP relied on that rationaleet inits Recommendatio86, annual
dose limits of 5amSv for the workers and 5nSv for the public (hese recommendations
for regulatory limits have been modified since).

Figure 4, overleaf, summarises thethod used to estligh the sewrity indicesfor events
involving workers.

15 “Workers” are aken as beinghbse who, in the normalourse of their work, aresquired to
handle, transport or be exposed to tiogactive source to which they wexeposed during the
event in question.
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Individual Estimated SEVERITY
risk of dose levels
death ) o level
for stochastic for deter « iahting)

effects effects
(effective dose in Sv) (absorbed dose in Sv)

Dso
Ds
1 Sv
100
mSv
(0,1 Sv)
| Regulatory
0,05 limit*
% 10 Regulatory 2
mSv limit**
(0,01 Sv)
-5 1
5.10 1
mSv
(0,001 Sv)
o

* The regulatory dose limit -expressed as the effective dose- has been

set at 20 mSv/year (or 100 mSv/5 years) in many European countries
** Other regulatory dose limits guarantee that no deterministic effects

will occur (150 mSv to lens of the yee, 500 mSv to the skin). The
corresponding risk of occurrence of lethal deterministic effects is null.

Figure 4. Determining severity levels (in the case of worker exposure)

Special caseWhen the 1 to 10 mSv dose receivedmythe event ab causethe annua]
regulatory limit (20 n®v) to be exceedéd because of dsesreceived bythe exposeq
worker in the past, the severity level (initially 1dreases to 2. Thigeighting ensures
consistency between the scalesed for vorkers and mebers of thepublic and beteen
the proposed system and the INES.

6.2. Collective exposure

16 Draft decree relating to the protection of workegainst thedangers of ionising radiation
(approved at the interministerial meeting held on 2 August 2002).
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When several individuals are exposed.eanessnveighting factor is applied thakepends
on the number of persons exposed:

- anexcess weighting factor of 1 &pplied to thenitial severity level when more
than 10 individuals have received doses within the same risk range.

- anexcess weighting factor of 2 &pplied to thenitial severity level when more
than 100 individuals have received doses within the same risk range.

The excess weighting factor is ongppliedfor se\erity levelsgreater than or equal to|2
(i.e. higher tharthe regulatory annuatlose linits). Furthermore, the levelf severity can
never be higher thabevel 7 (major accident), whiotould limit application of thexcesg
weighting rule in some cases.

6.3. Combined exposure (members of the public + workers)

When merbers of thepublic and verkers are exposed simltaneously, theevent is
classified using the two systemascribed above. Amyeighting factors required to make
allowance for collective exposure of either of the two types of population shall be applied.

The maximum severitjevel obtained by the two classificatigystems(relating to the
public and workers) shall be used for communication purposes.

6.4. Internal exposure

Internalexposure (by ingstion, inhalatioror transcutaneously) is natedt with in any
specialway (for example there is nexcess weighting}owever, it isdifficult to assess
internal dsesquickly sincethe results of biabgical assaysare often equired. It vill no
doubt be necessary to usedslling software taassess thisype of exposure so that
events can be quickly classified on the scale proposed in this report.

6.5. Potential exposure

Some events not resulting in sigricant exposure could have done so had the
circumstances been slightly different ilwhremaining completely reali€. These are
known aspotentialexposure situatns. If anoperator, or the safety authoritypnsiders
that the probality of such asituation occurring is sufficientiyigh, it is recommended
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that the dees that could have beenreceived inthese circumstances lassessed (by
calculationand using appropriate adels). Once these seshavebeen asssgd, it is

possible tohavethem corespond to a level of sewty using thescales described in
Section 5. But sincthe exposure didhot really occur, sub-weightinfactorsare applied.

The severity level may be lowered by one ay tewels, at theliscretion ofthe radiological

protection authority.

When indicating the severity level, the potential nature of the exposure relatingeteiie
in question should be clearly specified.

6.6. Exceeding limits other than dose limits

As soon as aegulatory limit other than dose limit hasgeen exceeded during awent
(for example a suaice coramination limitfor packages, dose rate limit in alassified
area etc.), an excess weighting factor of 1 is applied to the initial severity level.

Excess weighting is possible for severity levels of less thari} (

6.7. Shortcomings in radiological protection culture
Whenever the radiological protection authority deems it appropriate, it can increase by one

the severity level of arventwhose seerity level is Essthan 2 € 1) if it considershere
are shortcomings in the radiological protection culture.
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7. EXAMPLES

This sectiondescribes titeen events thaactually occurred andior which use of the
radiological protection scale proposedhis report redts in classification legls covering
all eight severity communication levels.

7.1. Examples of Level 0 events (deviations)

Example 1. 2 September 2002, France. While three weldses replacing an air exction system on a
radioactivesample pneumatiegansfersystem, which alsprovidedcontainmentand biological shielding
of operators, with another more powerful device, their hands and feet were contamihatedheyopened
a filter housing and removed aHEPA filter. Theywere trying to repair a faulty weld using argon
scavenging. Medical examinations revealed nothing of any significance.

Category of persons exposed: workers
Severity level corresponding to the doses received: 0
No radiological protection culture shortcomings evident (no excess weighting)

O Level on radiological protection scale: 0

O Type of eventDeviation.

Example 2. 1997France. — In the cuetherapy unit of aarge hospital, when five irridiuni-92 wires

were being removed from a patieea¢h 7 cm dng with an activity of 3MBq per centimetre), one of

the wires was found to be missing. rAdiation meterwas used tosearch the entirdospitaland it was

finally found in a bag of dirty linen waiting to be sent to thendry. Anursing auxiliary wasgrobably
irradiated when changing the patient’s pillowcase, receiving a very low dose of less than 50 microsieverts.

Category of persons exposed: workelttog public (to be determed depending on thgualifications and
training of the person exposed to the risks run in the course of her work)

Severity level corresponding to the doses received: 0

No radiological protection culture shortcomings evident (no excess weighting)

O Level on radiological protection scale: 0

O Type of eventDeviation.
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7.2. Examples of Level 1 events (anomalies)

Example 3. 2QRugust 2002, France. — Detection of a hatpot on the outside of eontainer full of
slightly radioactive materialsent from oneuclear power plant toanother forre-use. Onarrival at the
power plant, surface contamination of 850 Bcf/evas measured. This had riméen detected at thmower
plant from which the material was sengspite the fact thatadiological checkshad been carried out.
Neither the personnel n@ny members of the publigere contaminated. For imfrmation, theFrench
regulations stipulate a limit of 4 Bg/érfor this type of package.

Category of persons exposed: workers and perhaps members of the public (during transport)
Severity level corresponding to the doses received: 0
Regulatory radiological protection limit exceeded (excess weighting of +1)

[J Level on radiological protection scale: 1

O Type of eventLevel 1 anomaly

Example 4. 2&ugust 2002, France. — Whilehandling al48 MBq solution of yttrium-9@ontaining

strontium-90 impurities, awperator,unable tocomplete theoperation using thequipmentavailable @

syringeprovided with &filtering membraneand biological shielding), decided texamine the tool and
removed it from its protective casing. Whenghasped thefiltering membrane, heeceived arequivalent

dose of 147 mSv to his left hand. For information, Rhench reguladry limit for this fpe ofexposure
is 500 mSv/year.

Category of persons exposed: worker
Severity level corresponding to the doses received: 0
Evident shortcoming in radiological protection culture (excess weighting +1)

[0 Level on radiological protection scale: 1

[0 Type of eventLevel 1 anomaly

7.3. Examples of Level 2 and 3 events (incidents and serious incidents)

Example 5. 2001, France. — During a crystallography experimenoparator activatd the safety devices
of the apparatus tomake a number of adjustments when the beam wagl@0 Gy/h at 40 kV and
20 mA). A second operator, who did not know thataygaratuswas energised, quickl passed hishand
through the beam to warn the other operator that the beam and the sample beingwardiedt properly
aligned. The maximum exposureduration was estimated at onsecond.The maximum dose (to the
extremities) was estimated at 360 mSv.

Category of persons exposed: member of the public (trainee)
Severity level corresponding to the doses received: 2 (regulatory limit for members of the public exceeded)
Number of persons exposed < 10 (no excess weighting)

[0 Level on radiological protection scale: 2

O Type of eventLevel 2 incident

Example 6. 1995France. - An operatoworking in adecontamination unit of plant was ckaning a
gauge used to measure the dengsftywashingsolutionsdue to be raased into thenvironmentDespite
the warning notces that the object waadioactiveand dangerous(it contained a 7.45Bqg caesium-137
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source), he disassembled the container and tookhewgdurce and held it indhhand and a&o removed the
cdlimabr tube which he took tanother fadity to be ckaned withcompressed airThe French Curie
Institute estimated that the dose received by the daridg theaccidentwas more than 2&y (resulting
in erythema followed by oedema and finally a lesion 5 cm in diameteewitihative epidermitis), with a
whole body effective dose of almost 200 mSwv.

Category of persons exposed: worker

Severity level coesponding to the dosesceived: 5 (deterministic effect observed) +@r{lethal non-
disabling effect considered by doctors to be reversible) = 3

Note. A severity level of 3 is also obtained if the whole body effective dose is considered.
Number of persons exposed < 10 (no excess weighting)

O Level on radiological protection scale: 3
O Type of eventLevel 3 Seriousincident.

Example 7. 198Zrance. —During a gammagraphynspection, thesource-holder cabléecame dethed
when thesourcewas being put back into th@ojector (asealed irridiumi92 source with an activity of
around 850 GBq). After some time, tluperators notied that the sourcevas stuck in the hose and
managed to release it by shaking the hose. The film badges dfrebexposedperators weredeveloped
without delay. The whole body dose received by one afb@torswas estimated &at55 mSyv; the two
others were exposed to a lesser extenes$ than 3nSy. Subsequent biological dosimetrgvealed
chromosomal aberrations and the operator developed lymphopenia.

Category of persons exposed: workers
Severity level corresponding to the doses received: 3
Number of persons exposed < 10 (no excess weighting)

0 Level on radiological protection scale: 3
O Type of eventLevel 3 Seriousncident.

Example 8. 11 March 199%rance. — A échnician in the industrial safetsnd radiological protection
department of a nuclear power plant entered a prohikéied without auhorisation (this is arareawhere

the equivalentdose rate is likely taexceed100 mSv/hand to whichaccess isgranted in exceptional
circumstances in line with speciptoceduresand auhorisations that severely limit the stay time). The
areawas bcatedunder thevessel of theeactor whichwas shutdown for maintenance. He ergd the

reactor pit to retrieve some maintenance tools and for three minutes, he was in the vicinity of a number of
thimbles, the highly radioactive measuring instruments ladtbeen installed to check foeactor vessel
leakage during fuel unhding. As he was leaving theactor @t, he realised (fom his eleebnic
dosimeter) that héaad just received adose ofmore than340 mSv. When his passiveosimeter was
developed, it was confirmed that he had received a dose of around 300 mSv.

Category of persons exposed: worker

Severity level corresponding to the doses received: 3 (*)
Number of persons exposed < 10 (no excess weighting)
0 Level on radiological protection scale: 3

0 Type of eventLevel 3 Seriousincident.

Reminder: the French safety authorities classified this event as Level 2 on the INES.
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Note(*): in this case, the fact that the dose rate was higher than 0.1 Gy/h did not affect the
risk range as it coulchave done in othercases. Wen the doserate is hiher than

0.1 Gy/h, the risk ofatal cancer iswice as high ashe riskresultingfrom the samedose
received at a lower dose rate.

7.4. Examples of Level 4 to 6 events (accidents and serious accidents)

Example 9. 7 January 2002, France. — Incident durirggttansfer of radioacte materialbetweenSweden
and the United States invahg a package witan abnormally highdose rate (4nSv/h at 25 megs). It

was dscovered that the enchps of two ubes containingadioactive pellets of irridiund92, with an
activity of 366 TBq, were loose. The handliraffstnderwent medical examiians and it wadound that
two of themhad receiveddoses of therder of 15mSv and that thepackagehad been faultywhen it

passed through Charles de Gaulle airport (it is thought the drisegived adose of 3.4nSy. Six weeks
later, the additional results requested by the dutrities showed thabne of thehandlers had, in fact,
received a dose of 100 mSv.

Category of person exposed: public (untrained workers not in the habit of being exposed)
Severity level corresponding to the doses received: 3
Number of persons exposed < 10 (no excess weighting)

[J Level on radiological protection scale: 3

[ Type of event (provisional)-evel 3 seriousncident.

The severity level was re-assessed one month after the event and set at almost 4 (thesjsindiog to
the value of 100 mSv is on the bordme betweerLevels 3and 4; todecide on the trueeVel, futher
details on exposure duration, measurement accuracy etc. will be required).

[0 Probable level on radiological protection scale (after requalification): 4
[0 Type of event (final)Level 4 accident

Reminder: the Swedish safety authorities classified this event as Level 3 on the INES.

Example 10. 3@eptemberl999 —Tokai-Mura,Japan. A citicality accidentoccurred in auranium
conversion plant, in a tank containingnéric acid solution of uraniunenriched to 18.8% with isotope
235. It was caused bysufficiently qualified workerscarrying out unplannednanual operations réinsfer

of solutions usindlO litre buckets). During the first powelpeak, the Hree operators dse to the tank
received doses that were initially estimated at 17, 10 and 3 Gy, then revised to 9, 5 and 1.2 @gegthe
were estimated after the event because the operators were not wearing dosimeters). Criticality continued for
around 20 hours before it wawoperly broughtundercontrol by draining the water that cooled the tank
from the outside and whicicied as a neutron reflector. A total of 24 persongrerequired to bring the
accident under control and all received doses of betweand148mSv. Estimateshowed thathere were
few consequences ftire envionmentand that hey were mainly limited to dkct irradiation by therays
from the tank. The most highxposedoperator (vho was holding the funnel into which the buckets
were poured) died on 2December, two months after tlaecident,despitereceiving highly advanced
medicalcare. The secondwho was originally thought thhave “areasonable chance curvival’ died in
April 2000.

Category of persons exposed: workers
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Severity level corresponding to the doses received: 5, index relating to the deterministiobffexstsd in
the three individuals exposed*; the index is less than 3 for the individuals who brought the sitndgion
control (in theircase, there is absdély no certainty that theloses were “controlled”, gén the wide
disparities in the doses received).

Number of persons exposed < 10 (no excess weighting)

O Level on radiological protection scale: 5
0 Type of eventLevel 5 accident

Reminder: the Japanese safety authorities classified this event as Level 4 on the INES.

Note(*): aneventoccurring under siffar circumstances buesultingin the semlethal
exposure of more than 10 workers would be qualifiedlassal 6 serious accident

Example 11. 27 February 2001 — Bralystock, Poland. Aftgower outagehad caused a linear
accelerator tosuddenly stop operating, rradiation treatment of five patients withreast
cancer (of which four had undergone the ablation of a breast)regasned whout recalibration
of the apparatus. The alert was raised when two patients complained of a burning sensation after
irradiation. The doctor hen dscovered thathte dose rates were ten tevénty times Igher than
intended. Over th@ext months, the five patientevelopeddebilitating deepnecrosis, two of
them exhibiting totatlestruction of the sisuedown to thepericardium. The lesionsobserved
were the most serious in these two patients, apparently indicating progressiverataariof the
beam. The dose wastiesaied at abovel50 Gy. Wihout thespecializedcare that hey received
at the Curie Institute, they would probably bbtve died. In lee 2002, no prognds of the life
expectancy in the medium or long term could be given for four of the five women.

Category of persons exposed: members of the public (patients)

Severity level coesponding to the dosesceived: 5 rfear-lethaldose for at éast two of the patients,
body surface less than 30%, with chance s of survival after treatment)

Number of persons exposed < 10 (no excess weighting)

O Level on radiological protection scale: 5
O Type of eventLevel 5 accident

Note: Themediumandlong term pognosis for two othe patients isincertain,and the
accident would be re-classified akevel 6seriousaccidentin the eventeither dying as
a direct result of the irradiation that they suffered.

7.5. Examples of Level 7 events (major accidents)

Example 12. September 1987, GoiaBeazil — Two rag-and-bonemen went into aabandoned building
that used to be a private radiotherapy clinibey bund an old piece odpparatus, ook it apart, removed
the lead cap and bok it home. From thapparatus hey removed a capsuleontaining 20 g oftaesium
chlorate in powder form. They opened it, thereby releasing the caesium-137 (with an activity Bxj)51
The kadcapsulecontaining caesium thdiad notbeen dipersedmmediately was sold to strap metal
dealer. The luminescent blupowder attacted the attention of familpnembersand neghboursand was
passed from one to the other, some even rubbiagainst their skin.Seventy fivedays after thesource
had been dicovered by theag-and-bonemen, and with at €ast four peoplelead fom the effects of
irradiation, the Brazilianhedth authorities beganexamining almost 112,00people: 249 had serious
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internal and/or extrnal contaminationand 49 had to bednittedto hospital, including 21 in intensive
care. Three other people died in the next few months. One person had to be amputhtedr&ipeople
are still having regular medical check-ups.

Category of persons exposed: public

Severity level corresponding to the doses received: 6

Number of persons exposed: > 100 including more than ten at doses that were at least semigeshal (
weighting +1)

[ Level on radiological protection scale: 7
[0 Type of eventMajor accident Level 7.

Reminder: the Brazilian safety authorities classified this event as Level 7 on the INES.

Example 13. 26 April 1986 — Chernobyl, Russia. In the days and months following the explosion of the
reactor, 32 of theemergency workers dieghd more than100 ohers were bund to be suffering from
lesions caused by irradiation. Among the general public, more than 2000 cases of thyroid canbeehave
diagnosed in children who were exposed at the time of the aceidgiift this tend continues, moreases

could come to light in the next fesecadesqource: United Natins Scientific Committee on the Effects

of Atomic Radiation 2000 report). Statistical calculations estimate that the accident could resaifeial
“liquidators” dying from cancer (source: French Ititute for Radiological Protectiorand Nuclear Safety).

Of the 600,000 liquidators (who have to be considered as members of the public in view gfidheice

of the risks involved), around 10% received doses of more2b@rmSv and 20% doses of beteen 100

and 165 mSv.

Category of persons exposed: workers and the public

Severity level corresponding to the doses received: 5

Number of persons exposed: > 10 (excess weighting +1)

Level on radiological protection scale: 6

Severity level corresponding to the doses received by members of the public: 6
Number of persons exposed: > 100 (excess weighting +1)

Level on radiological protection scale: 7

[0 Level on radiological protection scale: 7*

*maximum value between the level obtained for workers and that obfanawenbers of
the public

[0 Type of eventMajor Level 7 accident

Reminder: this event was classified as Level 7 on the INES.
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APPENDICES

Appendix 1: Methodnd tools available for calculating the risk of occurrenctaufhastic
effectsas a function of dose, dose rate, organs exposed, age at time of exposure
and gender.

Appendix 2: Method and tools available for calculating risk of occurrenct@rministic

effectsas a function of dose and dose rate (National Radiological Protection
Board 1996 model).
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CLASSIFICATION OF EVENTS AFFECTING MEMBERS OF THE PUBLIC*

Estimated dose levels

Weighting

Weightings

as a function of others

Individual . ... SEVERITY Weighting
Stochastic Lethal deterministic - .
risk efecte affecte LEVEL as a function of number of as a funf:t!or! of severlty.of nqn-lethal
(death) ctective  absorbed dose in =k individuals exposed deterministic effects (disabling and factors
: (before weighting) non-disabling)
dose in Sv Gy
+10 individuals (+1)
Non-lethal disabling
D50 ('1)
Non-lethal non-disabling Potential
1Sy Ds (-2) event
=1000 msv)
Assessment of exposure
+10 individuals (+1) seenario then
-1) or (-2
04 Sv (-1) or (-2)
(=100 mSv)
+100 individuals (+2)
0,01 Sv
(10 msv)
- 0,001 Sv Regulatory| 2 > Severity level 2 is reached
5.10 =’?5'f'ta" limit whenever the annual regulatory
“ I.::‘;v) dose limit is exceeded
“Shortcoming” in
1 RP culture
|0,0001 sv
5.10¢ ('=1oo uSv) or
Regulatory limit
exceed*
0 (+1)
(* other than annual dose limit)

(*) In most cases, the severity level for an event involving workers
can be deduced using this chart and reducing the severity level obtained by 1
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CLASSIFICATION OF EVENTS AFFECTING WORKERS

Estimated dose level

Individual Stochastic Lethal SEVERITY Weighting Weighting Weightings
risk :f“e‘:_‘s f?e“:rm:'is‘ibc ) as a function of number of as a function of severity of non-lethal as a function of other factors
(death) diszcir:v; ¢ e:O::insoGr © LEVEL individuals exposed deterministic effects (disabling and
y y (before weighting) non-disabling)
Non-lethal disabling
(1)
Potential
+10 individuals event
(+1) . ;
Non-lethal non disabling
D50 ( 2) A t of exp e
scenario then
e e -1) or (-2
+100 individuals (1) or (-2)
(+2)
Dg
1 Sv
=1000 mSv)
0,1 Sv
(=100mSv)
Regulatory
= T~ T s Jovel 2
ity level 2 is
0’05 % 0'01 sv 1 everi
=10 mSv) p— > therefore r
whenever a regulatory Regulatory
annual dose limit is annual d“:""““
exceeded ex(ij?
“Shortcoming”
in RP culture
0,001S: 1 * accumulation of dose ' o,-u “
5.10-5 5 v received during the Regulatory
(=1 mSv) event with that
committed in the annual dose
previous 12 months limit
exceeded**
(+1)
V]

** other than annual
dose limit

ev.03.03






39

Qualification

Major accident

Calculation of
severity level
for “workers”

Serious accident

+
weighting
Accident
Accident
Calculation of 3 Serious incident
severity level
for the
“public” _
* 2 Incident
weighting
Anomaly

ev.03.03






ev.03.03

REPORT N° 276

PROPOSED CLASSIFICATION SCALE
FOR RADIOLOGICAL
INCIDENTS AND ACCIDENTS

APPENDIX 1

Method and tools available for calculating
the risk of occurrence of stochastic effects
as a function of dose, dose rate, organs exposed,
age at time of exposure and gender

Pascal CROUAIL, David COLLIN, Christian LEFAURE






Ali

CONTENTS

ASSESSING THE RISK OF OCCURRENCE OF STOCHASTIC
EFFECTS

1.1 Origin and nature of stochastic effects
1.2. Assessing the risk of occurrence of stochastic effects

12.1. Epidemiology and its limitations

1.2.2. The dose-effect relationshipf the International Comission
on Radiological Protection (ICRP)

1.2.3. Other models and radiological risk variation factors

TOOLS FOR DETERMINING THE RISK OF OCCURRENCE
OF STOCHASTIC EFFECTS

2.1. Applying the ICRP model to simple exposure cases in
the absence of detailed information

22. Using ASQRADO to specify individual risk as a
function of age, genderjrradiated organ, dose and dose
rate

221. Description of the ASQRAD application

222. Calculating the lifetime risk of exposure-induceddeath
associated h exposure of an individual toadiation wth a
low linear energytransfer rate delered at low dsesand low
dose rates

2.2.3. Definition of lifetime risk indicators

2.24. Lifetime risk of exposure-induced death

BIBLIOGRAPHICAL REFERENCES

ev.03.03

11

11

14
14

15
18

27



Table 1.

Table 2.

Table 3(a)

Table 3(b)

Table 3(c)

Al

LIST OF TABLES

Lifetime probability of developing fatal cancer expressed
as a percentage per sievert (ICRP Publication 60) 5

Health effect modification factors as a function of the age
of the individual exposed (average for males and females
combined) 9

Specifications of mathematical models used to calculate
specific lifetime risks per type of cancer, developed by
BEIR [BEIR V, 1990] 21

Specifications of mathematical models used to calculate
specific lifetime risks per type of cancer, contained in
ICRP Publication 60 [ICRP, 1991], [ICRP, 1991(a)] 22

Specifications of models used to calculate specific lifetime
risks per type of cancer, developed by NRPB [NRPB,
1993] 23

Table 3(c) contd. Specifications of models used to calculate specific

Table 3(d)

ev.03.03

lifetime risks per type of cancer, developed by NRPB
[NRPB, 1993] 24

Specifications of mathematical models used to calculate
specific lifetime risks per type of cancer, developed by
UNSCEAR in 1994 [UNSCEAR, 1994] 25



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.1

Figure 5.2

Figure 6.1

Figure 6.2

Figure 7.

ev.03.03

Al.iii

LIST OF FIGURES

Variation in severity of stochastic effects as a function of
dose

Linear quadratic variation in frequency of occurrence of
effects versus dose

Cumulative bar charts per type of model used to calculate
lifetime risk per age to exposure to lifetime risks of death
by specific forms of radiation-induced cancer per type of
cancer (UNSCEAR 2000 model)Eor men

Cumulative bar charts per type of model used to calculate
lifetime risk per age to exposure to lifetime risks of death
by specific forms of radiation-induced cancer per type of
cancer (UNSCEAR 2000 model)Eor women

Probability of fatal cancer occurring as a function of dose
and dose rate for an exposed worker as per model in ICRP
Publication 60 and correspondence with severity levels on
scale

Probability of fatal cancer occurring as a function of dose
and dose rate for an exposed worker as per model in ICRP
Publication 60 and correspondence with severity levels on
scale. Doses of less than 10 mSv

Probability of fatal cancer occurring as a function of dose
and dose rate for an exposed member of the public as per
model in ICRP Publication 60 and correspondence with
severity levels on scale

Probability of fatal cancer occurring as a function of dose
and dose rate for an exposed member of the public as per
model in ICRP Publication 60 and correspondence with
severity levels on scale. Doses of less than 10 mSv

Screenshot of ASQRAID! application window for entering
parameters of model used to calculate risk of exposure-
induced death in the case of exposure of an individual

12

12

13

13

17






Al.l

APPENDIX 1

METHOD AND TOOLS AVAILABLE FOR CALCULATING THE RISK OF
OCCURRENCE OF STOCHASTIC EFFECTS AS A FUNCTION OF DOSE,
DOSE RATE, ORGANS EXPOSED, AGE AT TIME OF EXPOSURE AND
GENDER

STOCHASTIC: “phenomenon or process that is due in part to chance”

Theaim of this appendix is tautline the internationatonsensushat acts as basis for
estimating stochastic risks associatath \wxposure taadiation and to @scribethe tools
used to estimate them as simply as possible once doses are known or have been estimated.

1. ASSESSING THE RISK OF OCCURRENCE OF STOCHASTIC
EFFECTS

1.1. Origin and nature of stochastic effects

The carcinogenic effectre caused by reactions leden the iorsing radiationand the

DNA molecules in the cells. These reactioead to matations if theenzyme repair
systemsfail to repair theDNA danmage or repair it badly; these mutations may cause
cancer to develop. The process leading from the initial reaction to the occurrence of cancer
is extremelylong and comlicated. Laboratory andepidemiologicalstudieshave shown

that the first cases of radiation-induced cancer oseveralyears (oreven adecade) after
exposure and continue to occur in a very marked manner several decades after exposure.

Thesecarcinogenic effects are afprobabilistic nature (theerm sbchastic isalso used)
sincewithin auniformly exposedoopulation, it is inpossible to pedict whichindividuals
are likely to deelop a radiation-inducedorm of cancer. As waunderstand itaday, the
situation is as follows:

- During exposure to ionising radiatioenergy is deposited at random tive cell,
organ or body as a whole,
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- DNA strands are not automatically broken when energy is deposited,

- And lastly, the epair and mtation phenomea occur atrandom, asdoes
multiplication of mutated cells.

Furthermore, the effects produceddxposure toanising radiation arenot identifiable, in
other words our current level of knowledge doesatiotv us to differentiate betreen one
radiation-induced cancer and another cancer, except in extremely rare cases.

1.2. Assessing the risk of occurrence of stochastic effects

While laboratorystudies of cell lines andnimals are importarfor understanding the
mechanisms whereby stochastic effects occur, in no way, as the situatios at pesent,
can they be dasis forquantitativeassessment dhe risk of ahuman beingdeveloping
radiation-induced cancer. The scientific disciptima proved the existence of this type of
effect isknown as epidemiolody It hasrevealed statistically signdant excesses in the
number of deaths by cancer in exposed populations compared to non-exposed ones.

1.2.1. Epidemiology and its limitations

Epidemiology in itspresent formhas proved the existence of aghastic effects in
populations who have received what are known as #Flasloses of moré¢han 100 mSyv

to the wholebody (as regards thissue, see notably [\WgspreadConference, 1997],
[Arlie Conference, 1999], [€rce, Preston,2000]). Onthe otherhand, because of the
intrinsic limitations of the statistical tools on which epidemiology is based, it is not
possible to prove the existence of such effects at lower doses with any certainty.

1 The major epidemiological studies available concerning exposure to ionising radiation focus on
the survivors of Hiroshimaand Nagasaki, patients whdave eceived radidterapy and
curietherapy treatmeraind certairpopulations ofexposed workers (notably miners exposed to

radon).
2 i.e. received over a very short period.
3 In the sixties, the proof was only statistically significabbve 1 Sv; inhe seventies, it was

significant at500 mSv and nowadays it is sigficant above 100 mSv. In 5@ears, the
uncertainty threshold has been reduced by a factor of ten.
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Quantitative assessment of the probaboityan individual developing cancer lised on
the use of models. Predictive assessment of the risk for a population is based on:

- Study of the excess risk of deditbm cancer associatedth exposure irthe exposed
population,
- Fitting of the“exposure-risk” nodels tothe populathn observed. These models are

derived directly from epidemiological data in precise demographic contexts,

- Applicaion of the modelto otherexposuresituations (transfer anextrapolation of
risk).

Contrary towhat happens wh detrministic effects(see Appendix 2),the severity of
stochastic effestis independent of théosereceived (Ryure 1), butthe probability of
occurrence of the effects increases as the dose increases (Figure 2).

Severity
A
Dose
>
Figure 1. Variation in severity of stochastic effects as a function of dose

For stochastic effects, given the lack of statistically significant data on excess incidences of
cancer at low dees (seabove),the cautious asumption ismade that there is n@wer
dose limit below which no effects could occur.

For mosttypes of cancer,the most probabledose-risk relabnship is either alinear

relationship or a linear quadratic relationship (see tables 3(a), (b), (€)aatthe end of
this appendix). Figure 2 shows the case of linear quadratic relationships.
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A
Frequency

Theoretical linear
quadratic model

~"%_ ' | Change in trend as regards
\ frequency of occurrence of
stochastic effects due to

appearance of deterministic

Low doses effects at high doses

\

Figure 2. Linear quadratic variation in frequency of occurrence of effects
versus dose

Dose

At low dosesthe reldionship corresponds tthe linear part of the linear quadratigrve.
Below 100mSv, the curve corresponds teextrapolation of the statistically significant
adjustment made for higher doses.

1.2.2. The dose-effect relationghiof the InternationalCommission onRadiological
Protection (ICRP)

The modelused bythe ICRF to manage radiologicaisks had to be easy to use. It is
therefore a generatodelbringing together allpossible typesf radiation-induced cancer
for areferenceworldwide populatiors and doesnot differentiate beteen the twosexes.
The dose-risk relationship proposed corresponds to a whole body exposure.

4 The model is based to a large extent on the Ja88ications of theJnited Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR).

S In reality there are five refence populations: Japan, Puerto Rico, United States, United
Kingdom and China.
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Furthermore, the ICRP, againthiva view to rsk management, felt ihecessary talivide
exposed populations into two broeategories: wrkers aged beteen 20and 64 and the
population as a whole, i.e. the general pubhere all ages are reggented (@o 90 years).
For this reason, it proposes two risk coefficients to make allowance for the difference.

Lastly, the CRP nakesallowancefor the effect ofdoserate. Indeed, th&JNSCEAR
publications estimate that the risk at lonsdsreceived at lowdoserates is 2 to 10 times
lower than theisk at high deesreceived ahigh dose ras. For practicalreasonsand in
the interests ofconservatism, théCRP, like most national and international bodies,
recommends applying a reduction factor BPDREFS of 2 when calculating the
radiological risk associated witloses ofessthan0.2 Gy or a dose rate d.1 Gy/h At
low dosesand dose rates, this factor coects the linear coefficient dered from
observation of the reference population.

Thus the CRP obtaindour cecefficients depending on whetheowkers orthe public are
exposed and whether the doses and dose rates are low or not (see Table 1).

Table 1. Lifetime probability of developing fatal cancer expressed as a
percentage per sievert (ICRP Publication 60)
Exposed High dose Low dose
population (>200 mSv) (<200 mSv)
AND/OR AND
High dose rate Low dose rate
(> 100 mGy/h) (<100 mGy/h)
% per Sv % per Sv
Workers 8.0 4.0
General public 10.0 5.0

*  The ICRP also introduces the risk of occurrence of non-fatal fornsanaer and
the risk of genetic effects; these risks are proportional to the risk of fatal forms
of cancer since they also have a lineaithmeshold reldonship with dose. Only
the coefficients for the gk of exposed ndividuals developing fatal forms of
cancer have beamsed here ace they sfiiceto deemine the severity levels in
the classification system proposed.

6 Dose and Dose Rate Effectiveness Factor.
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1.2.3. Other models and radiological risk variation factors

Whenever more detailed informationagal able and the riskior oneor moreindividuals

has to be determined more accurately, the basic models described in the UNSCEAR, BEIR
or even NRPB publications should be used. These publications summattseeadisting
models. The modelarebased on diffieent epidemiological studiefor different types of
cancer.

One of the basic hypotheses worth mentioning is the fact that to estimate the excess risk of
exposure-induced death, the model can:

- Either estimate a relativexcess risk (the excess risk is expressed @r@ntage of
the “natural” morthty rate due tocancer in theountry in questiorior a given dose
level),

- Or estimate arabsoluteexcess risk (the excessk is the number of incidences of
cancer to beadded to thénatural” mortality ratedue tocancer in thecountry in
guestion for a given dose level).

The majority of the up to date existing models use the relative excess risk method.

We shall not describal the nodelshere,but thefour tables at the end of the appendix
summarise the major characteristics of the models published most recently.

However, it is worth indicatinghe impact of certainparameters on thelose-risk

relationship, namely:

- the ypes of organs exposefparticularly if exposure is notiniform throughout the
body) which result in different cancer areas,

- age at the time of exposure,

- and gender.

Taking themost recent UNSCEAR model, published in2000, the two charts below
(Figures 3 and 4) clearly show the impact of these three factors.

7 Radiation-induced cancers include solid tumours and leukaemiae$tis and observations of
epidemiological studies show that the shape ofitise-effect curve varies as un€tion of the
type of cancer. Furthermore, asgards solidumours, it hadeenshown that thedose-effect
relationship varies as a function of the cancer area (colon, lung, thyroid etc.).
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Figure 4. Cumulative bar charts of lifetime risks of death per age to
exposure to and per type of radiation-induced cancer
(UNSCEAR 2000 model) For women

Byway of comparisonthe valesadopted in CRP Publication 60 are
shown; demographic datdrance 1994; “equivalent dose toeach
organ” equal to 10 mSv and use of a DDREF of 2.

Analysis of Figures 3 and 4 showst certain organs have consideratvipact: the breast
in women and to a lesser extent the liver in men.

It can beseenthat age at the time axposure also has an effesthce the sameose
results in a risk that is seven times loweaiman of 70 than inmale infantand ten times
lower in a woman of 70 than in a falainfant. To illustrée thisaspect, Table 2 gives the
health effect modificabin factorsto be applied tdhe dose-risk relabnship as a function
of age. These factors are taken from a 1995 ICRP proposal that was never published.
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Table 2. Health effect modification factors as afunction of the age of the
individual exposed (average for males and females combined)

Age Health effect
(years) |correction factor
1 3
5 2.5
10 2
15 1.5
adult 1
50 0.5
70 0.3

It follows that the nominal sk coefficientsproposed bythe ICRP for adults should be
used with caution.
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2. TOOLS FOR DETERMINING THE RISK OF OCCURRENCE OF
STOCHASTIC EFFECTS

2.1. Applying the ICRP model to simple exposure cases in the absence of
detailed information

The aim of this seon is to propose a siple toolfor determining the severity lels that
will be used to classify events involving exposure to ionising radiation.

To this end, and on thieasis ofthe ICRP dose-effect relationships (see Section [.2.2
above),the following four figures vill be used to give a rougbstimate of the lifetime
probability of developing fatal cancer mesponding tahe wholebody dose(effective
dose) received by the individual exposed.

The first two figures (5.1 and 5.2) relate to occupational exposure. The other two (6.1 and
6.2) relate toexposure of mabers ofthe public. Inboth cases, thdirst figure indcates

the situatiorfor individuals whohavereceived dees of atdast 50 mSvand thesecond

gives a more detailed picture for lower doses.

Thus, whenever the whole body effective dose is known, it is simply a question of using:
- the pink curve for low doses (< 0.2 S\VAND low dose rates (< 0.1 Gy/h)
or

- the blue curvefor high doses (> 0.2 SYR high dose rates (> 0.1 Gy/h).

Two examples of how to use the curves are given on Page Al1.14.
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= High dose (>0,2 Sv) OR high dose rate (>0,1 Gy/h) Low dose (<0,2 Sv) AND low dose rate (<0,1 Gy/h)
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Probability of occurrence of fatal cancer
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- severity level = 3
See Figure 5.2. Effective dose (mSv)
severity level = 2
Figure 5.1 Probability of fatal cancer occurring as afunction of dose and

dose rate for an exposed worker as per model in ICRP
Publication 60 and correspondence with severity levels on scale

= High dose (>0,2 Sv) OR high dose rate (>0,1 Gy/h) Low dose (<0,2 Sv) AND low dose rate (<0,1 Gy/h)
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Figure 52 Probability of fatal cancer occurring as afunction of dose and
dose rate for an exposed worker as per model in ICRP
Publication 60 and correspondence with sevety levels on scale.
Doses of less than 10 mSv
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= High dose (>0,2 Sv) OR high dose rate (>0,1 Gy/h)

Low dose (<0,2 Sv) AND low dose rate (<0,1 Gy/h)
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Probability of occurrence of fatal cancer

- severity level = 5

- severity level = 4

See Figure 6.2. Effective dose (mSv)
- severity level = 3

Figure 6.1 Probability of fatal cancer occurring as afunction of dose and
doserate for an exposed merher of the public as per model in
ICRP Publication 60 and correspondence withseverity levels on
scale

= High dose (>0,2 Sv) OR high dose rate (>0,1 Gy/h)

Low dose (<0,2 Sv)AND low dose rate (<0,1 Gy/h)
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Figure 6.2 Probability of fatal cancer occurring as afunction of dose and
doserate for an exposed merher of the public as per model in
ICRP Publication 60 and correspondence withseverity levels on
scale. Doses of less than 10 mSv
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Examples of use:

1. A worker receives a whole body dose of 600 mSv within a few minutes.

The event has to be situatedtba blue curve ifrigure 51 (exposureook place at aigh
dose rate of more thalD0 mGy/h andhe dosereceivedwasgreater than 200 mSv): the
corresponding risk factor is 4.

2. In an incident situation, a mmer of the publicreceives a wholdody dose
estimated at 2 mSv over several days.

Since the dose rate is far below 100 mGy/h t#wediosereceived ¢ssthan 200 v, the

event should be situated on the pink curve in Figure 6.2: the corresponding risk factor is 2.

2.2. Using ASQRADO to specify individual risk as a function ofage, gender,
irradiated organ, dose and dose rate

There are more complex todlsr cakulating individualrisk associated ith exposure. In
sone special cases, there may beaterndive but to use them (exposure ofthe public
including a variety of age ranges for example). In the secti@dollow, the ASQRADLI
(Assessment System for u@ntification of Radiological Btriment) application is
described.

2.2.1. Description of the ASQRAD application

The ASQRADI apgication wasdevelopedointly by the CEPNand theNRPB with the
am of providing a generic structurdor the stdy of radiological dtriment
measurements One of its uses is toguantify the detrimentassociated ith stochastic
somatic effects in theases of dees to individals. It compises a database containing
demographic datdéor various coutries and aselection of mathematical radels for
calculating the lifetime risk of radiation-inded cancer establisheg variousnational and
international radiagical protectiorbodies. Theparticularity of this application is that it
has been designed to be flexible, giving tiserthe opportunity to modifythe parameters
of the models.

8 Degrangeet al, 1997.
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2.2.2. Calculating the lifetime rislof exposure-inducedeathassociated ith exposure
of an individual to radiation with a low linear energy transfer rateatelil at low
doses and low dose rates

As shown inFigure 7,calculating risk using thASQRAD applicationinvolves erering
the following parameters on a screen or selecting them (if default parameters are given):

1) parameters characterising the typeesfoosure (uniform tdhe wholebody or to
catan organs)the individual (age at time a#xposure and geler) andthe average
dose distribution tahe organscovered by the sk model(or the wholebody dose if
this type of exposure is involved),

2) alifetime risk model, i.e. association of specific dose-risk models for different types of
cancer with the calculation hypotheses concerning #thods used to project the risk
to the entire lifetime and transfer it between populations,

3) data characterising the desgraphic originof the exposedpopulation, i.e. the basic
mortality ratefor each type of cancerovered by thdifetime risk model and the
general mortality rates that are given by gender and age range (the application includes
data libraries),

4) hypotheseselating to latencyperiods and plaau (length of time during which the
risk is present) for each cancer area covered by the lifetime risk model selected, and

5) the dose and dose rate effectiveness factor (DDREF).

2.2.3. Definition of lifetime risk indicators

The definition of lifetime risk has been the foafsmuch attentiorsince the It eightie8

Inasmuch as risk models adjustedefmdemiological da and thecorresponding risk
coefficients areavailable, itseems wortthaving indicabrs that sum uplifetime detriment
due to exposure tonising radiation. Two quantitie$® have beenused by numerous
bodies:quantities expessingthe lifetimeexcess risk ofleath and quantitiesxpressing
the reduction irlife expectancy. Calculations of thH#etime risk of exposure-induced

9 Pierceet al, 1989.

10 Thomaset al, 1992.
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death carriedbut with ASQRADLI, which arebased on deographicanalysis methods

can beused to asseghese two types olfetime risk indicabrs. Only thefirst will be

described here sinceid the riskindicator adoptedior establishing searity lewels on the
scale.

11 Pressat, 1983
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2.2.4. Lifetime risk of exposure-induced death

The expression‘risk of exposure-inducedeath” can be abbreviated tREID. This
guantity corresponds to the lifetime risk for an individual of gender “s” and demographic
origin “country” of dying of cancerresultingfrom exposure ahge “g”. Given that
several organs “c” are exposed siraokously, each average doses tbe organ “D,”,

the total wholebody risk, REID,.,, is given by the sum ofthe specificrisks per type of
cancer, REID i.e. by the following relationship:

REID

total

= REID,

The specific risk per type of cancer is eqoahe sum accuuatated ovethe entirelifetime
of the exposed individual ofhe excess risk ofleathfrom cancer(i.e. the difference in
mortality rates,with and wthout exposure)determined by hissurvival atthe age in
guestion. The mathematicatpression of the speciflifetime risk per type ofcancer can
therefore be written as follows:

REIDmod country ao D J’A nf°d country( ?@’ Q) d,country ( ‘aoa @ da

(as the number of cases per 100,000)
where:

met (g, , Q) = m%"(a) x ARR(a,a ,D) if the risk model is a relative one

S mod, country(a % Q)
Sgountry( ao)

. O f o
Ssmod‘coumw( a’ % , Q) — eXpS_J. n-g mod,counm( u, % , [2) d
0

S mod, coumw( 4 a, Q)

0 % [l
Sgountry( 30) — expa_.]' r.rgountry( l) dl.?
0

m;mod,coumry(u’a) !Dc) - I(.riountry( l)+A rﬁjgd,country( p@ 9

in which the following notations have been adopted:

mod: is the dose-risk model used by the radiological protection body in question,

country: is the demographiorigin of the exposed individual (censugear for basic
mortality rates),
C is the type of cancer and corresponding organ/tissue,
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S is the gender of the exposed individual,
*: means “modified by exposure to ionising radiation”,

and in which the following notations have been adopted for variables:

a,,  age attime of exposure,
D.. equivalent dose to organ age reached,

c

u: age,

and where

REID]**"(g,,D,) is the lifetime risk ofexposure-inducedeath coresponding to
risk model “mod” inquestion and geific to the type of cancéic” consideredfor an
exposed individual of gendéis” and demographic origiricountry”; since here
parametersare fixed, REID depends orage at the time ofxposure “g’ and the
equivalent doe to the organ /D

Am:‘c’d’°°””"y(61% Dc)is the excess exposure-induced orality, given that the

individual was exposed at age,";acorresponding to risknodel ‘mod” in question and
which is specific to théype of cancefc” being consideredfor an individual ofgender

s” and demographic origiftountry”; in the case of nitiplicative (or additive) dose-
excess risk models, the relative excess WRR7"(a,3 ,Q) (or the absoluteexcess risk

AARTY(a,a, ,D) maydepend orage reacheda” or the age at the time axposure
“a,” and depends on the equivalent dos¢horgan “D.” for gender‘s” and type of
cancer “c” considered,

mZ%"™(a) is the basiaate of mortality? for the “country”, gender‘s” and type of

cancer “c” considered; since thesegmaeters aréixed, the rate of mortalitglepends on
age and is established for one census year or a group of census years,

S*Sm"d“’““"Y(a{q,' Q) is the conditional probability of survival at the age reached “a”,

given that the individual is alive at agg”;anodified by exposure of the individual from
the “country” in question, of gender “s” and who was exposed at gyt “tne
equivalent dose to the organ D

12 The specific rate of mortality for each type of canedine probability per unit of time that an
individual of a given age, gender and demogmphigin will diefrom the type ofcancer being
considered.
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S;"‘°"’°°“”"y(a,eg ,Q) is the probability ofsurvival atthe agereached‘a”, modified by

exposure othe individualfrom the “country” in question, ofgender‘s” and who was
exposed at age jato the equivalent dose to the organ.*D

S"™(g,) is the probability of survival at the age at the timexgfosure “g" for an
individual from the “country” in question of gender “s”,

m*sm""'”“”"Y(u,a0 DC) is the general rate of mortality at dge, modified by exposure of

the individualfrom the “country” in question, ofgender‘s” and whowas exposed at
age “g" to the equivalent dose to the organ.“D

m2*™(u) is the generabasic rate of mrtality at age‘'u” of an individualfrom the

S

“country” considered of gender “s”.

The REID indicator does not give any information about age at the time of death. It simply
representshe risk of dyingfrom cancercaused by agarticular type ofexposure as
opposed to the risk of dying from any other cause. Thighis more @tailedinformation
is given by theurve showingthe variation in the risk oéxposure-induced ontality as a
functlon of age “a” reached, which is given by
meete ™™ (dg, ) x §==( pg ,P: this is the “age at death probability
denS|ty”, normalised sdhat the sudcearea cicumscribed by theurve isequal to the
lifetime risk of exposure-induced death, REID.

Tables 3a, 3land 3c below show ahe characteristicavalabk for lifetime risk models
developed by international radiological protectimdies such athe ICRP[ICRP, 1991]
and UNSCEAR UNSCEAR, 19943 and bynationalbodies such as BEIR [BEIR YV,
19904 and the NRPB [NRPB, 1993]

13 The UNSCEAR 1994 model is available in the ASQRAD® software
14 The BEIR V mosel is available in the ASQRAD® software

15 The NRPB 1993 model is available in the ASQRAD® software
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BEIR [BEIR V, 1990]
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Specifications of mathematical models used to calculate specific lifetime risk®r type of cancer, developed by

Cancer area Basic epidemiological data |Dependency of relative] Shape of| Latency | Method used| Method used
. . DDREH
or excess risk,ARR dose- and plateau| to project to transfer
“group” of cancers | (i) Cohort of Japanese survivors of response risk to risk between
Hiroshima and Nagasaki (denoted as | (i) age at time of exposura, | relationship lifetime populations
(code No. 8 in LSS) or medical data (ii) gender,s
international (i) Incidence datd,, (iii) time elapsed since Linear,L or Multiplicative | Multiplicative
classification of | ormortality dataM exposuret linear quadrag O U
causes of death [ICD| (iii) Bibliographical reference (iv) weighted doseD (in Sv) LQ or or
1967] Additive [ Additive [
Leukaemia LSS 1956-85/ M ARR, (D) LQ 2and 27 year| None O None
(ICD 204-207) [Shimizuet al., 1987]
Breast cancer (women)| ¢ LSS 1950-85/ M ARR(D,a,t) L 10and 100 None O None
(ICD 174) [Shimizuet al, 1987] years
e Canadian Fluoroscopy Study
1950-80 / M
[Miller et al, 1989]
» 3incidence studies
[cf. Table 4-1 p.208: BEIR V, 1990]
Cancers of the digestivd LSS 1956-85/ M ARR(D, &) L 10 and 100 0 constant O None
system (ICD 150-159) [Shimizuet al, 1987] years
Cancers of the respiratorny LSS 1956-85/ M ARR(D,t) L 10and 100 None O prefaable None
system (ICD 160-163) [Shimizuet al, 1987] years
Other types of cancer LSS 1956-85/ M ARR(D,a) L 10 and 100 O constant O None
(ICD 140-209 other thar [Shimizuet al., 1987] years

those listed above)
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Table 3(b) Specifications of mathematical models used to calculate specific lifetime riskgr type of cancer, contained in
ICRP Publication 60 [ICRP, 1991], [ICRP, 1991(a)]
Cancer area Basic epidemiological datal Dependency of relative excess| Shape of |Latency Method used | Method used| DDREF
or (i) Cohort of Japanese survivors jof risk, ARR or absolute excess dose- and to project to transfer
“group” of Hiroshima and Nagasaki (denoted  risk, AAR (in 10* PY Sv)* response |plateau risk to risk between
cancers as LSS) or medical data (i) age at time of exposura, relationship lifetime populations
(i) Incidence data, (i) gender,s Linear,L or
or mortality dataM (iii) time elapsed since exposute, linear quadratid Multiplicatived | Multiplicativ
(iii) Bibliographical reference (iv) weighted doseD (in Sv) LQ or Additive J | or Additive [J
Leukaemia LSS 1950-85/ M ARR, D) andAAR, (D) L 2 and 40 O constant | O andd (NIH) 2
[Shimizuet al.,, 1988] years
Oesphagus LSS 1956-85/ M ARR(D) andAAR; (D) L 10 and 100 O constant | 00 andd (NIH) 2
[Shimizuet al., 1988] years
Stomach LSS 1956-85 / M ARR; D) andAAR (D) L 10 and 100] 0O constant | 0 andd (NIH) 2
[Shimizuet al., 1988] years
Colon LSS 1956-85/ M ARR; D) andAAR (D) L 10 and 100] 0O constant | 0 andd (NIH) 2
[Shimizuet al., 1988] years
Lung LSS1956-85/ M ARR D) andAAR, (D) L 10 and 100] O constant | [0 andO (NIH) 2
[Shimizuet al, 1988] years
Bladder LSS 1956-85/ M ARR(D) andAAR, (D) L 10 and 100] 0O constant | 0 andd (NIH) 2
[Shimizuet al.,, 1988] years
Breast (women) LSS 1956-85/ M ARR, D) andAAR, (D) L 10 and 100] 0O constant | OO andd (NIH) 2
[Shimizuet al.,, 1988] years
Ovary LSS 1956-85/ M ARR(D) andAAR; (D) L 10 and 100] O constant | 00 andd (NIH) 2
[Shimizuet al., 1988] years
Liver M estimated (high LET) L Lifetime risk of fatal cancer abw LET rateand low dose = constant = 0.15%18v*
[BEIR V, 1990]
Thyroid M [NCRP, 1985] Lifetime risk ofatal cancer at low LET rate and low dose = constant = 0.075%1D

Bone surface

Msimated (I and high LET)
[BEIR 1V, 1988]

Lifetime risk of fatal cancer at low LET rate and low dose = constant = 0.04 B«#0

Skin

Lifetime risk of fatal cancer at low LET rate and low dose = constant = 8.82%10

M estimated (I) [ICRP, 1991]
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Table 3(c) Specifications of models used to calculate specific lifetime rislger type of cancer,developed by NRPB[NRPB,
1993]
Cancer area Basic epidemiological | Dependency of relative exceg$s Shape of | Latency |Method used Method used
. . DDREF
or data risk, ARR dose- and to project to transfer
“group” of cancers or absolute excess risk, response | plateau risk to risk between
(i) Cohort of Japanese survivQrAAR (in 10* PY Sv)'(i) age afrelationship lifetime populations
(LSS) or medical data time of exposureg,
(i) Incidence datal,, (i) gender,s Linear,L or Multiplicative | Multiplicative
or mortality dataM (iii) time elapsed since exposute, linear quadrati u U
(iii) Bibliographical reference | (iv) weighted doseD (in Sv) LQ or or
Additive [J Additive [
Leukaemia (with the LSS 1956-85/ M ARR,, (D) LQ 2 and 40 None U None
exception of chronic [Shimizuet al, 1987] years
lymphatic leukaemia)
Breast (women) |+ Massachusetts Fluoroscdpy ARR(D,a) L 10 nd 100| O constant O 2
Study / M [Hrubecet al, [Statheret al, 1988] years
1989] [Gilbert, 1985]
¢« N.Y. Pocstpartum Mastitis
Study / |
[Shoreet al., 1986]
Lung LSS1956-85 / M ARR(D,t) L 10and 100 None O 2
[Shimizuet al., 1987] years
Thyroid RochestelThymus Study / | AAR(D,a) L 5and 100| 0O constant 0 2
[Shoreet al,, 1985] [NCRP, 1985] years
Bore German patients with intakes jof AAR(D) L 2 and 40 0 constant O 1
2Ra /M years
[BEIR 1V, 1988]
Liver European gtients given AAR(D) L 20and 100 [ constant 0 2
Thorotrast years
[BEIR IV, 1988]
Colon LSS 1956-85/ M ARR(D,a,) L 10and 1000 0O constant U 2
[Shimizuet al, 1987] years
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Specifications of models used tecalculate specific lifetime risksper type of cancer, developed by NRPB
[NRPB, 1993]

Cancer area Basic epidemiological Dependency of relative exce$s Shape of Latency Method Method used DDREE
or data risk, ARR dose- used to to transfer
“group” of cancers | (i) Cohort of Japanese survivqrer absolute excess risk, response and project risk| risk between
(LSS) or medical data AAR (in 10*PY Sv)! relationship to lifetime | populations
- ) plateau
(i) Incidence datal,
or mortality dataM . . Multiplicative] Multiplicative
(iii) Bibliographical reference (!.) age at time of exposure, Linear, L or U U
(!!.) gender,s . linear or or
E:i'/; Svn;%ﬁtlzgsfgs$?ﬁ eSx\E))osute, quadratid_Q Additive [ Additive O
Stomach LSS 1956-85/ M ARR(D,a) L 10 and 100] O constant 0 2
[Shimizuet al, 1987] years
Skin North American children AAR(D) L 10and 100| 0O constant O 2
irradiated for ringworm of the years
scalp / I: [BEIR 1lI, 1980] and
[Shoreet al., 1984]
Remainder LSS 1956-85/ M ARR(D,a) L 10 and 100] O constant 0 2
[Shimizuet al, 1987] years
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Specifications of mathematical models used to calculate specific lifetime risker type of cancer, developed by

UNSCEAR in 1994

[UNSCEAR, 1994]

Cancer area | Basic epidemiological| Dependency of relative egesg Shape of Latency Method used to project DDREF
or “group” of data risk, ARR dose- and plateau risk to lifetime
cancers or absolute excess risk, response
(i) Cohort of Japanese AAR (in 10*PY Sv)! relationship
survivors of Hiroshima and
Nagasaki (denoted as LSS)) . . ¢
(i) Incidence datal,, or (!.) age gt time of exposura, Linear,L or
mortality dataM (”) gender.s . linear quadratid
(il Bibliographical (iii) time elapsed since exposute, LO
o T (iv) weighted doseD (in Sv)
Leukaemia LSS 1950-87 /| AAR((D,1) LQ 2and 100 None None
[Prestonet al, 1994] years
Oesmhagus LSS 1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Stomach LSS 1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Colon LSS 1950-87 / M ARR((D,&) L 10 and 100 3 methods shown in 2 suggestiong
[Ronet al, 1994] years Figure A8.3
Liver LSS 1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestiong
[Ronet al, 1994] years Figure A8.3
Lung LSS1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Bladder LSS 1950-87 / M ARR(D,a) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Breast (women LSS 1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Ovary LSS 1950-87 / M ARR(D,&) L 10 and 100 3 methods shown in 2 suggestions
[Ronet al, 1994] years Figure A8.3
Other solid LSS 1950-87 / M ARR((D,&) L 10 and 100 3 methods shown in 2 suggestiong
tumours [Ronet al, 1994] years Figure A8.3
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Appendix 2

Method and tools available for calculating the risk of occurrence of
deterministic effects as a function of dose and dose rate
(1996 NRPB modél)

DETERMINISTIC: “determined in a causal manner by previous events”

1. RISK CALCULATION METHOD
1.1. Origin, nature and classification of deterministic effects

When ionising radiation reacts with the body, energy is deposited in a random manner.
However,at a certain dose levelthere may be a high cellular lethality rate, which
could lead to changes in tissues that can be detacthd short term (between a few
hours and one month after irradiation).

The way in which tissues react to radiation, be it general or partial, depends on the
survival rate of the cells of which they are comprised and therefore on their sensitivity
to radiation. The destruction of a large number of cells, which cannot be offset by
proliferation of the surviving ones, may result in severe anatomical and/or functional
modifications that can be detected by clinical examination. The pathological effect
detected is known as the deterministic effect.

Two types of deterministic effects are described in the literature:

- Non-lethal effects, i.e. those which are not life-threatening for the individual
exposed,

- Lethal effects, i.e. those which could result in the death of the individual exposed.

In this report, a further distinction is made to sub-divide non-lethal effects into two sub-

groups, depending on whether they are disabling or not.

! NRPB. Risk from Deterministic Effects of lonising Radiation, Document of the NRPB Volume
7 No. 3, 1996.
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Non-lethal disabling effects are those which are difficult or even impossible to reverse
and which have a serious impact on functionality. Their conseqieneadisabling for
the exposed individual and severely affect his physical behaviour, his bodily functions

and/or his relations with other individuals.

The list that follows divides the major deterministic effects into three groups according
to the classification adopted. It includes not only the effects on exposed individuals but
also teratogenic effects, i.e. the effects of irradiation on the embryo and the foetus

during pregnancy (in italics).

Non-lethal non-disabling effects

Vomiting®
Diarrhoed
Hypothyroidism
Thyroiditis

Skin burns

Non-lethal disabling effects

Interruption of ovogenesis
Interruption of spermatogenesis
Cataract

Pulmonary fibrosis

Severe mental retardation
Microcephaly

2 Lesion and/or functional symptom that persists after a patient has been cured or after injury
(Larousse dictionary 2000).

3 This non-disabling effect may, in some cases, be a precursor and therefore indicator of a more
serious deterministic effect.
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Lethal effects
Bone marrow irradiation syndrome
Pulmonary irradiation syndrome

Gastro-intestinal syndrome

Death of the embryo

1.2. Threshold and frequency of occurrence of deterministic effects

At present, there is a scientific consensus on the existence of threshold doses below
which deterministic effects never occur. Each deterministic effect has its own threshold

value.

Below this threshold, morphological and functional modifications in tissues are
reversible. Indeed, the stem cells, which are intact, gradually repopulate the damaged
tissue. Beyond this threshold, the frequency of the effect, the time it takes to become

apparent, and even its severity increase as the dose increases for a given population.

A
Severity

hreshold for clinical
observation of the effect

Threshold dose

Figure A. Variation of severity of effect as a function of dose

At the scale of an entire population, deterministic effects do not occur in a random

manner. Threshold doses are distributed within a population according to a sigmoidal
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relationship (linear coordinates), with the effect becoming more frequent as the dose

increases and frequency tending towards zero as the dose decreases.

The upper part of Figure B below shows how the frequency of a particular deterministic
effect, defined as a clinically recognisable pathological condition, increases as a
function of dose in a population of individuals with varying degrees of sensitivity to

radiation.

A
100 — Frequency of occurrence o
of effect (%) /V' Sigmoidale curve
50 _|
Dose
>
A
Severity
(a) Variation in sensitivity to radiation
(b) (c) among exposed individuals
________________ / ----. Threshold for detecting
pathological condition
e
/ Dose
>

Figure B. Plotting the dose-frequency curve
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The lower part of Figure B shows the dose-severity relationship for a population with,
to simplify matters, three levels of sensitivity to radiation. The pathological state
detection limit is reached at a lower dose in the group containing the most sensitive

individuals (Curve a) than in the two least sensitive groups (Curves b and c).

From the upper part of Figure B, we can therefore determine dose valuBg, Bnd
D,y such that 5%, 50% and 100% of the irradiated population develops the
deterministic effect in question.

Frequency (%)
A

100

50 —

10

Dose

D5 D10 D50 D100

Figure C.  Percentage of the population exhibiting the effect

The threshold value varies according to:
- The effect in question, which is directly associated with the sensitivity to radiation

of the irradiated organ and/or tissue.

- The distribution of the dose over time, i.e. the dose rate.
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1.3. Calculating the probability of occurrence of the effect using the NRPB
model

In 1996, the National Radiological Protection Board (NRPB) published a report on
deterministic effects in which it described a risk calculation model that made allowance

for all the information available to date.

In this report, the risk for a given population is expressed as follows:

R=1-¢" (1)

where the chance function H is estimated thus:
Ddt
H=In2. - (2)
I EBSO( D)%

D : dose rate in Sv/h
Dy, :dose at which 50% of the exposed population develops the effect
Y : adjustment factor

the equation can be reduced to:

H=1In ZBE E (3)
0D, O

when dose rate D is constant.

The relationship between Dy, and dose rate D in Gy/h is given by:

b

Dy (D) =8, +—D1— (4)
where
6, :value in Gy of R, for instantaneous exposure (infinite dose rate)
8,  :in Gy’/h which represents the increase i & the dose rate decreases

Important : The probabilities of occurrence of deterministic effects given in Part Il of
this appendix are only valid for low energy transfer rays such as photons. For some
effects and for high energy transfer rays (alpha particles and neuttbekjpuld be
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replaced byRBE* x D in Equation (3) and® by RBE x D in Equation (4). The RBE
(NRPB) values to be applied for the highest linear energy transfer rays (alpha particles

and neutrons) are given in Part Il of this appendix.

The parameter values used are those recommended by the NRPB. The tables and figures
in Part Il of this appendix correspond to these parameter values. If other more recent or
more consensual values were to be adopted, the corresponding risk calculations would
have to be repeated. This would not call into question the principles whereby the scales

mentioned previously were created.

1.4. Variation in risk threshold as a function of dose rate

As can be seen in the details of the risk calculations described above, the dose rate
affects the frequency of occurrence of a deterministic effect within an irradiated

population; it also affects the threshold level.

The absolute threshold for a precise deterministic effect is given in the tables (NRPB)
for an infinite dose rate ([) and a “flash” dose. A reduction in dose rate, for a constant

dose, leads to a reduction in:

- the absolute threshold,
- the frequency of occurrence of the effect in question,

- anincrease in the latency time between exposure and clinical signs of the effect.

This is why it is useful to have charts showing the frequency of occurrence of given

effects at precise doses and dose rates.

4 RBE: Relative Biological Effectiveness

ev.03.03



A2.8

Example: If the effecbf burns to the skin is considered,,B 13.7 Gy is obtained for
an infinite dose rate (light green curve) but for a dose rate of 1 Gy/h (purple curve), the

probability of occurrence of the effect in 10% of the population concerned corresponds

to a dose of around 17.2 Gy,(B 17.2 Gy).

Skin burns
] Dose rate
= ] (Gy/h)
0,9 / /—/
0,8 / —=— 1,00E-03
s 0.7 / 1,00E-02
0 1,00E-01
§_ 0,6 // / —%— 1,00E+00
205 —e—5,00E+00
° —+—1,00E+01
S 04
S / ———5,00E+01
g 03 ———1,00E+02
u 0.2 / 5,00E+02
, 1,00E+100
o //‘
/
0 4 n. - Y 5 v B e Al ry n—
0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01 3,00E+01 3,50E+01 4,00E+01 4,50E+01 5,00E+01
Dose (Gy)

This graph shows the variation in frequency of occurrence of skin burns in the

population according to dose and dose rate.
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2. CHARTS USED TO DETERMINE RISK FOR A GIVEN
DETERMINISTIC EFFECT, DOSE AND DOSE RATE

The curves and associated tables in this report can be used to determine risk (i.e. the
probability of occurrence of a given deterministic effect in a given organ) for an

individual as a function of the dose received and the dose rate to which he was exposed.

In order to make it easier to understand the information given concerning exposure to
the severity levels indicated on the scale, the areas corresponding to the probabilities of

occurrence of the effects used for the scale are shown in different colours.

The area in which the probability of occurrence of the effect is less than 1% has not

been shaded.

The area in which the probability of occurrence of the effect is between 1% and 5% is

shown in yellow.

The area in which the probability of occurrence of the effect is between 5% and 50% is

shown in light orange.

The area in which the probability of occurrence of the effect is at least 50% is shown in

dark orange.

Risk level b and O, are shown because they are used as boundaries in the system
proposed in this report for determining the severity level of an exposure event. A table
summarising the values of,PD., D, and D, for the various types of deterministic
effects can be found in Section 2.4.
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2.1. Non-lethal non-disabling effects

2.1.1. Vomiting and diarrhoea

These two effects are part of a group of associated symptoms knowrf@®tiiemal

phase” of acute radiation sickness. This phase includes symptoms of acute gastro-
intestinal effects (anorexia, nausea, vomiting, diarrhoea, intestinal pain and salivation),
which may be accompanied by nervous symptoms (fatigue, headache, apathy and
perspiration). This is a temporary phase and occurs about two hours after brief
irradiation of the abdomen (threshold of around 0.5 Gy).

Vomiting
Og 01 \% RBE D4
Gy Gy?/h (alpha) Gy
2 0.2 3 - 0.49

Dose (Gy) 2,00E-01 5,00E-01 6,00E-01 7,00E-01 8,00E-01 9,00E-01 1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 4,00E+00 5,00E+00
Dose rate
(Gy/h)

1,00E-03 6,73E-10 1,05E-08 1,82E-08 2,88E-08 4,31E-08 6,13E-08 8,41E-08 2,84E-07 6,73E-07 1,31E-06 2,27E-06

5,38E-06 1,05E-05

1,00E-02 5,21E-07 8,14E-06 1,41E-05 2,23E-05 3,33E-05 4,75E-05 6,51E-05 2,20E-04 5,21E-04 1,02E-03 1,76E-03 4,16E-03 8,10E-03
1,00E-01 8,66E-05 1,35E-03 2,34E-03 3,71E-03 7,86E-03 1,08E-02 3,59E-02

1,00E+00 5,21E-04 8,10E-03 1,40E-02 2,21E-02 ,28E-( 4,63E-02

5,00E+00 6,53E-04 1,02E-02 1,75E-02 2,76E-02

1,00E+01 6,73E-04 1,05E-02 1,80E-02 2,84E-02

5,00E+01 6,89E-04 1,07E-02 1,84E-02 2,91E-02

1,00E+02 6,91E-04 1,07E-02 1,85E-02 2,92E-02

5,00E+02 6,92E-04 1,08E-02 1,85E-02 2,93E-02

1,00E+100 6,93E-04 1,08E-02 1,85E-02 2,93E-02

>D1

>D5
>D50

Vomiting
1
Dose rate
09 (Gyh)
08 = 1,00E-03
0.7 1,00E-02
5 e 1,00E-01
5 06 -+ 1,00E+00
805 " 5,00E+00
s L 1,00E+01
o 0,4 - 5,00E+01
203 - 1,00E+02
@ 5,00E+02
o 0.2 1,00E+100
0,1
0+ et e 2
0,00E+00  2,00E+00  4,00E+00  6,00E+0 8,00E+00  1,00E+01
Dose (By)
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01

Gy?/h

0.2
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Diarrhoea

RBE
(alpha)

D4
Gy

0.55

DDose (Gy) 2,00E-01 5,50E-01 1,00E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00 4,50E+00 5,00E+00 6,00E+00 7,00E+00 8,00E+00
ose rate
(Gy/h)
1,00E-03 2,11E-08 2,65E-07 1,18E-06 6,68E-06 1,17E-05 1,84E-05 2,71E-05 3,78E-05 5,07E-05 6,60E-05 1,04E-04 1,53E-04 2,14E-04
1,00E-02 4,89E-06 6,13E-05 2,73E-04 1,54E-03 2,70E-03 4,25E-03 6,24E-03 8,70E-03 1,17E-02 1,52E-02 2,38E-02 3,48E-02 4,83E-02
1,00E-01 2,22E-04 2,78E-03 1,23E-02 6,77E-02
1,00E+00 6,77E-04 8,45E-03 3,71E-02
5,00E+00 7,69E-04 9,60E-03 4,21E-02
1,00E+01 7,82E-04 9,76E-03 4,28E-02
5,00E+01 7,92E-04 9,89E-03 4,33E-02
1,00E+02 7,94E-04 9,91E-03 4,34E-02
5,00E+02 7,95E-04 9,92E-03 4,35E-02
1,00E+100 7,95E-04 9,93E-03 4,35E-02
>D1

>D5
>D50

Diarrhoea
; Dose rate
(Gy/h)
0,9
0,8 &+ 1,00E-03
507 1,00E-02
E -
S 0,6 -+ 1,00E-01
& + 1,00E+00
e 05
% -0 5,00E+00
0,4
s I~ 1,00E+01
5 03 —  [5,00E+01
£ 0,2 -— 1,00E+02
0,1 5,00E+02
0+ =P e 1,00E+100
0,00E+00 2,00E+00 4,00E+00 6,00E+00 8,00E+00 1,00E+01
Dose (Gy)
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2.1.2. Hypothyroidism

Hypothyroidism is the result of inadequate amounts of thyroid hormone. The thyroid

can no longer perform its function, i.e. maintain metabolic processes at their correct rate
by producing thyroid hormones. The symptoms are fatigue, reduced resistance to cold,
mental apathy, body fluid retention, muscular cramps and a general reduction in body
functions. The threshold at which effects occur would appear to be 2.3 Gy to the

thyroid. Hormone treatment is given orally.

Bs 04 \% RBE D
Gy Gy?/h (alpha) Gy

60 30 1.3 - 2.3

Dose (Gy) 1,00E+00 2,30E+00 5,00E+00 1,00E+01 2,00E+01 6,00E+01 1,00E+02 1,50E+02 2,00E+02 2,50E+02 3,00E+02 4,00E+02 5,00E+02
Dose rate
(Gy/h)
1,00E-03 1,05E-06 3,09E-06 8,47E-06 2,09E-05 5,14E-05 2,14E-04 4,16E-04 7,05E-04 1,02E-03 1,37E-03 1,74E-03 2,52E-03 3,37E-03
1,00E-02 2,04E-05 6,02E-05 1,65E-04 4,07E-04 1,00E-03 4,17E-03 8,08E-03 1,37E-02 1,98E-02 2,64E-02 3,33E-02 4,80E-02 6,37E-02
1,00E-01 3,29E-04 9,72E-04 2,67E-03 6,55E-03 1,60E-02 6,53E-02 1,23E-01 1,99E-01 2,76E-01 3,50E-01 4,21E-01 5,48E-01 6,54E-01
1,00E+00 1,99E-03 5,88E-03 1,60E-02 3,91E-02 9,34E-02 3,36E-01 5,48E-01 7,40E-01 8,59E-01 9,27E-01 9,64E-01 9,92E-01 9,98E-01
5,00E+00 2,98E-03 8,79E-03 2,39E-02 5,79E-02 1,37E-01 4,58E-01 6,96E-01 8,67E-01 9,47E-01 9,80E-01 9,93E-01 9,99E-01 1,00E+00
1,00E+01 3,17E-03 9,33E-03 2,54E-02 6,14E-02 1,44E-01 4,78E-01 7,17E-01 8,82E-01 9,55E-01 9,84E-01 9,95E-01 1,00E+00 1,00E+00
5,00E+01 3,33E-03 9,81E-03 2,67E-02 6,45E-02 1,51E-01 4,96E-01 7,35E-01 8,95E-01 9,62E-01 9,87E-01 9,96E-01 1,00E+00 1,00E+00
1,00E+02 3,35E-03 9,87E-03 2,69E-02 6,49E-02 1,52E-01 4,98E-01 7,38E-01 8,96E-01 9,63E-01 9,88E-01 9,96E-01 1,00E+00 1,00E+00
5,00E+02 3,37E-03 9,93E-03 2,70E-02 6,52E-02 1,53E-01 5,00E-01 7,39E-01 8,98E-01 9,64E-01 9,88E-01 9,96E-01 1,00E+00 1,00E+00
1,00E+100 3,38E-03 9,94E-03 2,70E-02 6,53E-02 1,53E-01 5,00E-01 7,40E-01 8,98E-01 9,64E-01 9,88E-01 9,96E-01 1,00E+00 1,00E+00
>D1
>D5
>D50
Hypothyroidism
1 /P—/ i - Eé)s/?l)rate
0,8 —=—1,00E-03
V4 )/ 1,00E-02
c 07
5 / 1,00E-01
% 06 —x%—1,00E+00
205 // —e—5,00E+00
g f / —+—1,00E+01
‘s 04 5,00E+01
e // ———1,00E+02
,
/ / 5,00E+02
0,2 +—/ 1,00E+100
0,1 _[/
X
0 _»¢v —1v—1n A = - & —0 —
0,00E+00 1,00E+02 2,00E+02 3,00E+02 4,00E+02 5,00E+02 6,00E+02
Dose (Gy)
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2.1.3. Thyroiditis

Thyroiditis is inflammation of the thyroid gland due to necrosis of a number of thyroid
cells (or all the cells, as the case may be). The first symptoms of radiation-induced
thyroiditis appear within two weeks of irradiation and include pain and stiffness in the
neck. This inflammation sometimes results in the release of thyroid hormones into the
bloodstream, causing thyrotoxicity. The threshold adopted for this effect is a committed
dose of 140 Gy to the thyroid. This dose level can only be reached in the case of
external exposure, with no irradiation of the bone marrow. In this case, the prognosis as

to survival would be called into question (see Section 2.3.1 above). Thyroiditis can only

A2.13

occur in isolation in the case of internal exposure.

B
Gy

1200

01
Gy?/h

0

\Y

RBE
(alpha)

D1
Gy

140

Dose (Gy) 1,00E+02 1,40E+02 2,00E+02 4,00E+02 6,00E+02 8,00E+02 1,20E+03 1,50E+03 2,00E+03 2,50E+03 3,00E+03 3,50E+03 4,00E+03
Dose rate
(Gyrh)
1,00E-03 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E-02 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E-01 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E+00 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
5,00E+00 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E+01 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
5,00E+01 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E+02 4,80E-03 9,39E-03 1,91E-02 741E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
5,00E+02 4,80E-03 9,39E-03 1,91E-02 7,41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
1,00E+100 4,80E-03 9,39E-03 1,91E-02 7.41E-02 1,59E-01 2,65E-01 5,00E-01 6,61E-01 8,54E-01 9,51E-01 9,87E-01 9,97E-01 1,00E+00
>D1
>D5
>D50
Thyroiditis
Dose rate
1 I ] (Gy/h)
0,9
0,8 —=—1,00E-03
c
o 1,00E-02
= 0,7
o 1,00E-01
=]
a 0,6 —*—1,00E+00
_g— 0,5 —e—5,00E+00
£ 04 —+—1,00E+01
o Y,
2 ——5,00E+01
3]
® 0,3 —=—1,00E+02
[T
0,2 5,00E+02
,
1,00E+100
0,1
0+ .~ T T T . . . . .
0,00E+00 5,00E+02 1,00E+03 1,50E+03 2,00E+03 2,50E+03 3,00E+03 3,50E+03 4,00E+03 4,50E+03
Dose (Gy)
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2.1.4. Superficial skin burns (erythema, oedema)

These skin conditions appear within a few hours of exposure, are temporary and result
in dilation of the blood capillaries. The threshold dose resulting from the NRPB
calculations is 8.6 Gy. These conditions may disappear or, in some cases, be followed,
three to five days later, by secondary erythema, blisters and, more seriously, skin
desquamation similar to that which would occur with second degree burns. Should the
exposure become chronic, other effects may appear on the skin such as the
disappearance of fingerprints, dryness, atrophy and hyperkeratosis. Age is one factor
that affects the frequency of occurrence of skin effects. Young people are less sensitive
than the elderly.

Bs 04 \% RBE D1
Gy Gy?/h (alpha) Gy

20 5 5 - 8.6

Dose (Gy) 5,00E+00 8,60E+00 1,00E+01 1,20E+01 1,40E+01 1,60E+01 1,80E+01 2,00E+01 2,50E+01 3,00E+01 3,50E+01 4,00E+01 4,50E+01

Dose rate
(Gy/h)
1,00E-03 6,66E-16 1,02E-14 2,18E-14 5,41E-14 1,17E-13 2,28E-13 4,11E-13 6,96E-13 2,12E-12 5,28E-12 1,14E-11 2,23E-11 4,01E-11
1,00E-02 5,70E-11 8,58E-10 1,82E-09 4,54E-09 9,81E-09 1,91E-08 3,44E-08 5,83E-08 1,78E-07 4,43E-07 9,58E-07 1,87E-06 3,36E-06
1,00E-01 1,29E-06 1,94E-05 4,12E-05 1,03E-04 2,22E-04 4,32E-04 7,79E-04 1,32E-03 4,02E-03 9,97E-03 2,14E-02 4,14E-02 7,33E-02
1,00E+00 2,22E-04 3,33E-03 7,07E-03 1,75E-02 3,75E-02 717E-02 1,26E-01 2,03E-01 5,00E-01 8,22E-01 9,76E-01 9,99E-01 1,00E+00
5,00E+00 5,30E-04 7,95E-03 1,68E-02 4,14E-02 8,72E-02 1,63E-01 2,74E-01 4,19E-01 8,09E-01 9,84E-01 1,00E+00 1,00E+00 1,00E+00
1,00E+01 5,98E-04 8,97E-03 1,90E-02 4,65E-02 9,78E-02 1,82E-01 3,04E-01 4,58E-01 8,46E-01 9,90E-01 1,00E+00 1,00E+00 1,00E+00
5,00E+01 6,60E-04 9,89E-03 2,09E-02 5,12E-02 1,07E-01 1,99E-01 3,29E-01 4,91E-01 8,73E-01 9,94E-01 1,00E+00 1,00E+00 1,00E+00
1,00E+02 6,68E-04 1,00E-02 2,12E-02 5,18E-02 1,09E-01 2,01E-01 3,33E-01 4,96E-01 8,76E-01 9,94E-01 1,00E+00 1,00E+00 1,00E+00
5,00E+02 6,75E-04 1,01E-02 2,14E-02 5,23E-02 1,10E-01 2,03E-01 3,35E-01 4,99E-01 8,79E-01 9,95E-01 1,00E+00 1,00E+00 1,00E+00
1,00E+100 6,77E-04 1,01E-02 2,14E-02 5,25E-02 1,10E-01 2,03E-01 3,36E-01 5,00E-01 8,79E-01 9,95E-01 1,00E+00 1,00E+00 1,00E+00

>D1

>D5

>D50

Skin burns

Dose rate

1 . pr— Gy/h
0 / /—/ ( y )

0,8 / —=— 1,00E-03
_§ 07 / 1,00E-02
5 // / 1,00E-01
§. 0,6 —%—1,00E+00
205 —e—5,00E+00
S 04 —+—1,00E+01
e / ——5,00E+01
g 03 ———1,00E+02
“ 02 / 5,00E+02

/’ / 1,00E+100

0,1

0 4 . - L 1 (X e Al A —
0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01 3,00E+01 3,50E+01 4,00E+01 4,50E+01 5,00E+01
Dose (Gy)
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2.2. Non-lethal disabling effects

2.2.1. Interruption of spermatogenesis

The testis are one of the organs that are the most sensitive to radiation. Male gametes
are produced throughout adult life, starting in adolescence. The cells that are the most
sensitive to radiation are those that are dividing just before they reach their maturity.
Spermatogonia, which are produced earlier, are more resistant.

As our scientific knowledge stands at present, it is agreed that doses of 0.1 to 0.3 Gy
result in temporary oligospermia (a reduction of the number of sperm cells in the

ejaculate). Higher doses result in temporary aspermia (absence of ejaculated semen),
which lasts no more than two years (if the source of exposure is removed). Doses of

more than 2 Gy result in permanent aspermia.
The NRPB model describes the onset of temporary interruption of spermatogenesis. The

threshold value is 0.46 Gy, given that chronic exposure is more harmful than acute

exposure. No models exist for oligospermia or permanent aspermia.
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Dose (Gy) 3,00E-01

Dose rate
(Gy/h)
1,00E-03
1,00E-02
1,00E-01
1,00E+00
5,00E+00
1,00E+01
5,00E+01
1,00E+02
5,00E+02
1,00E+100

>D1

1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04
1,45E-04

>D5
>D50

Os
Gy

0.7

01

A2.16

v RBE D1

Gy?/h (alpha) Gy

0

10 - 0.46*

| CRP Publication 60 gives 0.15 (temporary sterility) and 3.5 - 6 (permanent sterility,
according to UNSCEAR'’s 1998 report)

4,00E-01

2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03
2,57E-03

4,50E-01

8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03
8,32E-03

5,00E-01

2,37E-02
2,37E-02
2,37E-02
2,37E-02
2,37E-02

2,37E-02
2,37E-02
2,37E-02
2,37E-02
2,37E-02

5,50E-01 6,00E-01 6,50E-01 7,00E-01 7,50E-01 8,00E-01 8,50E-01 9,00E-01 9,50E-01

0,9
0,8
0,7
a 06
w 05
S 04
0,3
0,2
0,1

0

ion

of populati

10

Fract

0

Absence of spermatogenesis

0,00E+0 1,00E-01 2,00E-01 3,00E-01 4,00E-01 5,00E-01 6,00E-01 7,00E-01 8,00E-01 9,00E-01 1,00E+0

0
Dose (Gy)

Dose rate
(Gy/h)

—=—1,00E-03
1,00E-02
—¢—1,00E-01
—»— 1,00E+00
—e— 5,00E+00
—+—1,00E+01
——5,00E+01
——1,00E+02
5,00E+02
1,00E+100
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2.2.2. Interruption of ovogenesis

The ovaries are one of the organs that are the most sensitive to radiation. Unlike the
male gamete production process, female gametes are produced discontinuously and the
stock of stem cells is limited. Furthermore, the most mature cells are the most sensitive

to radioactivity.

Doses of less than 0.6 Gy have no adverse effects on reproduction. Doses of between
1.5 and 5 Gy result in the temporary interruption of ovulation. A dose of 6 Gy (brief
irradiation) or 10 Gy (dose spread over one week) is considered to result in the

permanent interruption of ovulation in 100% of cases.
The only model available corresponds to the interruption of ovogenesis. The NRPB has

opted for a value of between 0.8 and 0.9 Gy as the threshold value. The threshold value

decreases with age, due to the lower number of stem cells available.
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Os 01 \% RBE D4
Gy Gy?/h (alpha) Gy

3.5 0.3 3 - 0.85*

*ICRP Publication 60 gives 2.6 - 6 (sterility)

Dose (Gy) 5,00E-01 8,30E-01 1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00 5,00E+00 6,00E+00 7,00E+00 8,00E+00
Dose rate

(Gyrh)

1,00E-03 3,0E-09  1,42E-08  248E-08  837E-08  198E-07  3,87E-07  6,69E-07  106E-06  159E-06  3,10E-06  536E-06  850E-06  127E-05
1,00E-02 2,30E-06  1,05E-05 B4E-( 620E-05  147E-04  2,88E-04  4,98E-04  7,90E-04  1,18E-03  2,30E-03  397E-03  630E-03  9,40E-03
1,00E-01 3,15E-04  1,44E-03 52E- 848E-03  2,00E-02  3,87E-02

1,00E+00 1,58E-03  7,20E-03 | 26E- 4,17E-02

5,00E+00 1,926-03  8,75E-03

1,00E+01 1,97E-03  8,97E-03

5,00E+01 201E-03  9,15E-03

1,00E+02 201E-03  9,18E-03

5,00E+02 2,02E-03  9,20E-03

1,00E+100 2,02E-03  9,20E-03

>D1

>D5
>D50

Absence of ovogenesis
1 ‘ Dose rate
(Gyrh)
0,9
0,8 —=— 1,00E-03
<
207 1,00E-02
] —3—1,00E-01
306
g —%— 1,00E+00
,g' 0,5 —e—5,00E+00
5 04 —— 1,00E+01
2" ——5,00E+01
s 0,3 ——— 1,00E+02
0,2 5,00E+02
0.1 1,00E+100
0 3 _n8 : : =S eeeede A A
0,00E+00 1,00E+00 2,00E+00 3,00E+00 4,00E+00 5,00E+00 6,00E+00 7,00E+00 8,00E+00 9,00E+00
Dose (Gy)
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2.2.3. Clouding and cataract

The lens of the eye is one of the tissues that are the most sensitive to radiation. After
they have been exposed, the cells in the lens are damaged but continue to grow at a
slower rate. Dead and damaged cells form a cloudy patch in the centre of the eye that, to
begin with, has no effect on sight. Depending on the dose, this process continues until
sight is impaired and may develop into the most recognisable and severe form, i.e.
cataract.

The latency time can vary from a few months in the case of high doses to several years
for lower doses. Once again, the dose rate and the chronicity of exposure are
aggravating factors. In any case, at doses of more than 15 Gy, cataracts develop

systematically, regardless of the breakdown of the dose over time.

In view of our current knowledge, the threshold has been estimated at 1.3 Gy.
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Dose (Gy) 5,
Dose rate
(Gy/h)
1,00E-03
1,00E-02
1,00E-01
1,00E+00
5,00E+00
1,00E+01
5,00E+01
1,00E+02
5,00E+02
1,00E+100

>D1

*

00E-01

5,83E-08
2,12E-05
7,57E-05
8,77E-05
8,88E-05
8,90E-05
8,91E-05
8,91E-05
8,91E-05
8,91E-05

>D5
>D50

Os
Gy

3

1,30E+00

6,93E-06
2,51E-03
8,95E-03
1,04E-02
1,05E-02

1,05E-02
1,05E-02
1,05E-02
1,05E-02
1,05E-02

2,00E+00

5,97E-05
2,14E-02

01

A2.20

Gy?/h
0.01

| CRP Publication 60 gives 0.5 - 2 (opacity, according to Otake and Schull, 1990) and 2 - 10 (cataract,
according to the NCRP’s 1998 report)

2,50E+00

1,82E-04

2,75E+00

2,94E-04

3,00E+00

4,54E-04

5

3,25E+00

6,77E-04

3,50E+00

RBE
(alpha)

3,75E+00

9,80E-04

1,38E-03

D4

Gy
1.3*

4,00E+00

1,91E-03

4,25E+00

2,59E-03

4,50E+00 5,00E+00

3,44E-03 5,82E-03

1
0,9
0,8
0,7
3206
« 05
s 04
03
0,2

of population

10

Fract

0,1
0

0,00E+00

e

1,00E+00

2,00E+00

Cataract

3,00E+00
Dose (Gy)

4,00E+00

5,00E+00

6,00E+00

Dose

rata

—=— 1,00E-03
1,00E-02
—»—1,00E-01
—*— 1,00E+00
—e— 5,00E+00
—+—1,00E+01
——5,00E+01
—— 1,00E+02
5,00E+02
1,00E+100
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2.2.4. Pulmonary fibrosis

Irradiation of the lungs may cause fibrosis which results in a decrease in lung capacity,
stiffness and a loss of elasticity of the pulmonary parenchymus, the direct consequences
of which are the non-uniform distribution of gases and less effective gaseous exchanges
in the pulmonary alveoli. Complications may be of a pulmonary or cardiovascular
nature. The symptoms are hemoptysis (coughing up of blood) and acute respiratory
insufficiency. The threshold recommended by the NRPB is 2.7 Gy.

In the case of internal contamination by an alpha emitter, the frequency of occurrence of
pulmonary effects within a population increases. The relative biological effectiveness
(RBE) is estimated at 7 for alpha radiation and the lungs, in relation to gamma radiation

and X-rays.
Bs 04 \% RBE D
2
Gy Gy‘/h (alpha) Gy
o Dose (Gy) 1,00E+00 2,00E+00 2,70E+00 4,00E+00 6,00E+00 8,00E+00 1,00E+01 1,20E+01 1,50E+01 1,70E+01 2,00E+01 2,50E+01 3,00E+01
ose rate
(Gy/h)
W.OYOE—OS 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,11E-16 2,22E-16 6,66E-16 1,33E-15 2,89E-15 8,88E-15 2,21E-14
1,00E-02 1,11E-16 2,89E-15 1,29E-14 9,19E-14 6,98E-13 2,94E-12 8,98E-12 2,23E-11 6,82E-11 1,27E-10 2,87E-10 8,77E-10 2,18E-09
1,00E-01 7,75E-12 2,48E-10 1,11E-09 7,93E-09 6,02E-08 2,54E-07 7,75E-07 1,93E-06 5,88E-06 1,10E-05 2,48E-05 7,57E-05 1,88E-04
1,00E+00 2,17E-07 6,93E-06 3,11E-05 2,22E-04 1,68E-03 7,07E-03 2,14E-02 5,25E-02 1,52E-01 2,65E-01 5,00E-01 8,79E-01 9,95E-01
5,00E+00 2,12E-05 6,77E-04 3,03E-03 2,14E-02 1,52E-01 5,00E-01 8,79E-01 9,95E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
1,00E+01 5,97E-05 1,91E-03 8,54E-03 5,93E-02 3,72E-01 8,59E-01 9,97E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
5,00E+01 1,66E-04 5,29E-03 2,35E-02 1,56E-01 7,24E-01 9,96E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
1,00E+02 1,91E-04 6,10E-03 2,71E-02 1,78E-01 7,74E-01 9,98E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
5,00E+02 2,15E-04 6,86E-03 3,04E-02 1,98E-01 8,12E-01 9,99E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
1,00E+100 2,22E-04 7,07E-03 3,13E-02 2,03E-01 8,22E-01 9,99E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
>D1
>D5
>D50
Pulmonary fibrosis Dose rate
1,00E+00 o - (Gy/h)
9,00E-01 /7/ f /r —&— 1,00E-03
c
6 8,00E-01 1] 7 / 1,00E-02
)
Q -
g o ]/ / —%— 1,00E+00
2 5,00E-01 I / /' /
b —&— 5,00E+00
S 4,00E-01 177/ / !
c
& 3,00E-01 /] A —+— 1,00E+01
Lo
G 2,00E-01 3 7 e —— 5.00E+01
S
TR 1,00E-01 / —_— 1,00E+02
0,00E+00+=-~- R i i e B
,
+
0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01 3,00E+01 5,00E+02
1,00E+100
Dose (Gy :
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2.2.5. Severe skin burns (ulceration and necrosis)

This section deals with the effects that appear as a result of irradiation that is more
severe than that mentioned in Section 2.1.4 or during chronic exposure of the skin to

ionising radiation.

Ulceration and necrosis are the most severe effects of irradiation of the skin. Necrosis is
the final stage and lesions can only be repaired by plastic surgery. There are several
types of necrosis. The least serious form is the result of cutaneous desquamation leading
to a decrease in the number of stem cells in the basal membrane. At this stage, lesions
can heal and a new thinner and more fragile skin can form which is usually
depigmented. At higher doses (40 Gy), acute necrosis develops within two weeks. Cases
of necrosis developing more than six months after exposure are described in the

literature.

Generally speaking, the most severe cases of necrosis develop at doses such that it is
hard to imagine them occurring without there being a fatal dose to the bone marrow.
However, high doses in localised areas of the body may cause the same kind of damage.
Furthermore, it is generally recognised that the surface area of the lesions is an
important aspect of the final prognosis. We can therefore say that the dose to the skin
can be considered as potentially lethal whenever lesions cover more than 30% of the
total body area. Thus non-lethal disabling effects could appear in the case of severe
irradiation of the skin over a surface area covering less than 30% of the total body area.
High doses to the skin over a large surface area can be caused by extensive skin
contamination by beta and alpha emitters.

The NRPB has no models for this type of effect. However, it can be observed clinically

and therefore the maximum risk level for deterministic effects is attributed to it.
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2.2.6. Severe mental retardation in the foetus

For the brain, the critical period is between the eighth week and the beginning of the
sixteenth week, since the death of the neurones, or their failure to migrate, could result
in mental retardation. During this period, the threshold is estimated at 0.12 Gy. The
literature shows that during this period, there is a linear correlation between mental
retardation and dose, with a loss of 30 IQ points per gray (ICRP Publication 60). The
risk subsists, to a lesser extent, up to th& ®Bek. Despite the fact that very little
information is available on this type of effect during this period, the threshold can be
estimated at 0.24 Gy.

Severely mentally retarded children grow up incapable of carrying out simple arithmetic
and cannot be self-sufficient. The large majority of these children are incapable of
integrating the normal education system and have IQs of less than 70, compared to the

national average of 100.

Before the eighth week and after the 25th week, the effects on mental development are

negligible.
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Dose (Gy) 5,00E-02
Dose rate
(Gy/h)
1,00E-03 1,73E-03
1,00E-02 1,73E-03
1,00E-01 1,73E-03
1,00E+00 1,73E-03
5,00E+00 1,73E-03
1,00E+01 1,73E-03
5,00E+01 1,73E-03
1,00E+02 1,73E-03
5,00E+02 1,73E-03
1,00E+100 1,73E-03
>D1

>D5
>D50

A2.24

Severe mental retardation in the foetus (8 to 15 weeks)

Os
Gy
1

1,20E-01

9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03

2,00E-01

2,73E-02
2,73E-02
2,73E-02
2,73E-02
2,73E-02

2,73E-02
2,73E-02
2,73E-02
2,73E-02
2,73E-02

01

Gy?/h

0

4,00E-01

6,00E-01 8,00E-01

1,00E+00

RBE
(alpha)

1,25E+00

1,50E+00

1,75E+00

D+
Gy
0.12

2,00E+00 2,50E+00 3,00E+00

Severe mental retardation (foetus aged 8 to 15 weeks)
Dose rate
1 (Gy/h)

0,9

08 —=— 1,00E-03
s 0.7 1,00E-02
5 —¢—1,00E-01
§ 0,6 —%— 1,00E+00
a —e—5,00E+00
e 05
° —+—1,00E+01
§ 04 -
2 5,00E+01
8 03 —=—1,00E+02
'S

0,2 5,00E+02

1,00E+100
0,1
0+=
0,00E+00 5,00E-01 1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00
Dose (Gy)
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Dose (Gy) 1,
Dose rate
(Gy/h)
1,00E-03
1,00E-02
1,00E-01
1,00E+00
5,00E+00
1,00E+01
5,00E+01
1,00E+02
5,00E+02
1,00E+100

>D1

00E-01

1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03

>D5
>D50

A2.25

Severe mental retardation in the foetus (16 to 25 weeks)

Os

2,40E-01

9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03
9,93E-03

4,00E-01

2,73E-02
2,73E-02
2,73E-02
2,73E-02
2,73E-02
2,73E-02

2,73E-02
2,73E-02
2,73E-02
2,73E-02

01
Gy?/h

0

6,00E-01 8,00E-01 1,00E+00

RBE D4
(alpha) Gy

- 0.24

1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00 5,00E+00

1
0,9
0,8
0,7
a 06
o« 05
5 04
0,3
0,2
0,1

0

ulation

of po|

Fractio

Severe mental retardation (foetus aged 16 to 25 weeks)

0,00E+00  1,00E+00 2,00E+00  3,00E+00 4,00E+00 5,00E+00 6,00E+00

Dose (Gy)

Dose rate
(Gyrh)

—#— 1,00E-03
1,00E-02
—¢—1,00E-01
—¥— 1,00E+00
—e— 5,00E+00
—+—1,00E+01
——5,00E+01
———1,00E+02
5,00E+02
1,00E+100
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2.2.7. Microcephaly

Cases of microcephalus have been observed in exposed pregnant women, notably in
survivors of the atomic blasts at Hiroshima and Nagasake risk is highest between

the first and fifteenth weeks. Even if the risk persists, it decreases rapidly after the
fifteenth week. The NRPB recommends a threshold dose of 0.05 Gy in line with
previous studi€’s

Bs 04 \% RBE D
Gy Gy?/h (alpha) Gy

0.8 0 1 - 0.05

Dose (Gy) 2,50E-03 5,00E-03 1,00E-02 2,00E-02 4,00E-02 6,00E-02 8,00E-02 1,00E+00 2,00E+00 3,00E+00 4,00E+00 5,00E+00 6,00E+00
Dose rate
(Gy/h)

1,00E-03 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E-02 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E-01 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E+00 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
5,00E+00 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E+01 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
5,00E+01 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E+02 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
5,00E+02 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
1,00E+100 2,16E-03 4,32E-03 8,63E-03 1,72E-02 3,41E-02 5,07E-02 6,70E-02 5,80E-01 8,23E-01 9,26E-01 9,69E-01 9,87E-01 9,94E-01
>D1
>D5
>D50
Microcephaly (foetus aged 0 to 15 weeks only)
Dose rate
1 = ; : (Gy/h)
0,9 B
0,8 o —=— 1,00E-03
5 1,00E-02
= 0,7
s 1,00E-01
§. 0,6 » —%— 1,00E+00
=05 —e—5,00E+00
S ’
5 ) —+—1,00E+01
g0 ——— 5,00E+01
803 1,00E+02
TS
02 +— 5,00E+02
1,00E+100
0,11
0.4 : : : : : :
0,00E+00 1,00E+00 2,00E+00 3,00E+00 4,00E+00 5,00E+00 6,00E+00 7,00E+00
Dose (Gy)

5 Ishimaru J., Nakashima E., Kawamoto S., Relationship of height, body weight, head
circumference at age 18 to gamma and neutron doses amaig o exposed children in
Hiroshima and Nagasaki. Hiroshima, Radiation Effects Research Foundation, TR19-84 (1984).

6

Scott, BR and Hahn, F F. Early occurring and continuing effects. In Health effects models for
nuclear power plant accident consequence analysis. Low LET radiation. Washington DC,
Nuclear Regulatory Commission. NUREG/CR-4214 (SAND85-7185), Rev. 1, Part 11 (1989).
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2.3. Lethal effects

2.3.1. Haematopoietic syndrome

Blood cells are produced in the haematopoietic tissue located in the bone marrow. A
dose of more than 2 Gy to the bone marrow results in a high risk of death. Many blood
stem cells are destroyed at this dose. Death occurs between 20 and 60 days after
irradiation due to haemorrhaging caused by the drop in the number of platelets,
resulting in poor coagulation, but also due to infection since the defence system is
weakened.

Lymphocytes give a good indication of the state of the bone marrow. Neutrophils and

platelets also give an indication of damage to the haematopoietic tissue.
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The preceding graphs show the changes occurring in the various cell lines of the
haematopoietic tissue after irradiation of the bone marrow at doses of between 0 and
more than 5 Gy.

Risk of haematopoietic syndrome

(with medical follow-up after exposure)

Os 01 Y RBE RBE D+
2
Gy Gy“/h (neutrons)  (alpha) Gy
o Dose 5Gy) 1,00E+00 2,20E+00 3,00E+00 4,00E+00 5,00E+00 6,00E+00 7,00E+00 8,00E+00 9,00E+00 1,00E+01 1,10E+01 1,20E+01 1,30E+01
ose rate
(Gy/h)
1 ,0y0E-03 5,32E-13 6,03E-11 3,88E-10 2,18E-09 8,32E-09 2,48E-08 6,26E-08 1,40E-07 2,83E-07 5,32E-07 9,43E-07 1,59E-06 2,57E-06
1,00E-02 7,46E-08 8,46E-06 5,44E-05 3,05E-04 1,16E-03 3,47E-03 8,74E-03 1,94E-02 3,89E-02
1,00E-01 2,50E-05 2,84E-03 1,81E-02
1,00E+00 7,32E-05
5,00E+00 8,13E-05
1,00E+01 8,24E-05
5,00E+01 8,32E-05
1,00E+02 8,34E-05
5,00E+02 8,34E-05
1,00E+100 8,35E-05
>D5
>D1
Haematopoietic syndrome with medical follow-up
Dose rate
1 (Gyrh)
0,9
0,8 —&— 1,00E-03
s 0.7 1,00E-02
50 —3¢—1,00E-01
g 06 —%—1,00E+00
o 05 —e—5,00E+00
° —+—1,00E+01
S 04
K ——5,00E+01
g 03 ———1,00E+02
('
0,2 5,00E+02
1,00E+100
0,1
0 ‘ A A
0,00E+00 1,00E+00 2,00E+00 3,00E+00 4,00E+00 5,00E+00 6,00E+00 7,00E+00 8,00E+00 9,00E+00 1,00E+01
Dose (Gy)
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Risk of haematopoietic syndrome
(with no medical follow-up after exposure)

05 01 v RBE RBE D1
Gy Gy?/h (neutrons)  (alpha) Gy

3 0.07 6 1.5 2 1.5

Dose (Gy) 1,00E+00 1,50E+00 1,75E+00 2,00E+00 2,25E+00 2,50E+00 2,75E+00 3,00E+00 3,25E+00 3,50E+00 3,75E+00 4,00E+00 4,50E+00
Dose rate

(Gy/h]
1 ,OYOE)-OS 4,58E-12 5,22E-11 1,32E-10 2,93E-10 5,94E-10 1,12E-09 1,98E-09 3,34E-09 5,40E-09 8,42E-09 1,27E-08 1,88E-08 3,80E-08
1,00E-02 6,93E-07 7,90E-06 1,99E-05 4,44E-05 8,99E-05 1,69E-04 3,00E-04 5,05E-04 8,16E-04 1,27E-03 1,93E-03 2,84E-03 5,74E-03
1,00E-01 2,70E-04 3,07E-03 7,73E-03 1,71E-02 3,44E-02
1,00E+00 8,28E-04 9,39E-03 2,35E-02
5,00E+00 9,24E-04 1,05E-02 2,62E-02
1,00E+01 9,37E-04 1,06E-02 2,66E-02
5,00E+01 9,48E-04 1,07E-02 2,69E-02
1,00E+02 9,49E-04 1,08E-02 2,69E-02
5,00E+02 9,50E-04 1,08E-02 2,69E-02
1,00E+100 9,50E-04 1,08E-02 2,69E-02
>D5
>D1
Haematopoietic syndrome with no medical follow-up
Dose rate
! (Gy/h)
0,9
—=— 1,00E-03
0,8
c 1,00E-02
g 07 —3—1,00E-01
= —%— 1,00E+00
3 06
g —e—5,00E+00
205 —+—1,00E+01
° 04 ——5,00E+01
.% ; —=—1,00E+02
® 03 5,00E+02
* 1,00E+100
0,2
0,1
0 ! A
0,00E+00 1,00E+00 2,00E+00 3,00E+00 4,00E+00 Bé)ser(&%s,ooaoo 7,00E+00 8,00E+00 9,00E+00 1,00E+01
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2.3.2. Gastro-intestinal syndrome

This effect occurs after the prodromal phase, the symptoms of which are described

above (see Section 2.1.1). In addition to the symptoms encountered during the

prodromal phase, gastro-intestinal syndrome also results in weight loss, a decrease in
intestinal absorption, sometimes accompanied by digestive haemorrhage, and bacterial
proliferation that can cause death. Generally speaking, the dose required for gastro-
intestinal syndrome to occur is higher than that required for haematopoietic syndrome

(see Section 2.3.1). When whole-body irradiation occurs at this dose, the person will die

from the damage to the bone marrow.

Risk of gastro-intestinal syndrome in the case of external irradiation
Irradiated organ: small intestine

Bs 0, 6 RBE Dy
Gy Gy?/h (alpha) Gy

15 0 10 - 9.8

Dose (Gy) 5,00E+00 9,80E+00 1,10E+01 1,20E+01 1,30E+01 1,40E+01 1,50E+01 1,60E+01 1,70E+01 1,80E+01 1,90E+01 2,00E+01 2,10E+01

Dose rate
(Gy/h)
1,00E-03 1,17E-05 9,77E-03 3,07E-02 717E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E-02 1,17E-05 9,77E-03 3,07E-02 717E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E-01 1,17E-05 9,77E-03 3,07E-02 717E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E+00 1,17E-05 9,77E-03 3,07E-02 7.17E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
5,00E+00 1,17E-05 9,77E-03 3,07E-02 717E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E+01 1,17E-05 9,77E-03 3,07E-02 7.17E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
5,00E+01 1,17E-05 9,77E-03 3,07E-02 7.17E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E+02 1,17E-05 9,77E-03 3,07E-02 7.17E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
5,00E+02 1,17E-05 9,77E-03 3,07E-02 7.17E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00
1,00E+100 1,17E-05 9,77E-03 3,07E-02 717E-02 1,53E-01 2,94E-01 5,00E-01 7,33E-01 9,11E-01 9,86E-01 9,99E-01 1,00E+00 1,00E+00

>D50

>D5

>D1

Gastro-intestinal syndrome (external)
: Dose rate
== (Gy/h)

0,9

0,8 —=— 1,00E-03
c |
S 07 1,00E-02
s 1,00E-01
g 06 —%—1,00E+00
205 { —e—5,00E+00
° —+— 1,00E+01
S 04
2 ——5,00E+01
g 03 : 1,00E+02
TS

0,2 5,00E+02

1,00E+100
0,1 ‘
O “ 'Y‘ T T
0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01
Dose (Gy)
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Risk of gastro-intestinal syndrome in the case of internal irradiation

Irradiated organ: colon

Os 0 4 \% RBE D4
Gy Gy?/h (alpha) Gy

15 0 10 - 9.8

DDose gGy) 5,00E+00 9,80E+00 1,10E+01 1,20E+01 1,30E+01 1,40E+01 1,50E+01 1,60E+01 1,70E+01 1,80E+01 1,90E+01 2,00E+01 2,10E+01
Gy
1,00E-03 1,17E-05 9,77E-03 3,07E-02
1,00E-02 1,17E-05 9,77E-03 3,07E-02
1,00E-01 1,17E-05 9,77E-03 3,07E-02
1,00E+00 1,17E-05 9,77E-03 3,07E-02
5,00E+00 1,17E-05 9,77E-03 3,07E-02
1,00E+01 1,17E-05 9,77E-03 3,07E-02
5,00E+01 1,17E-05 9,77E-03 3,07E-02
1,00E+02 1,17E-05 9,77E-03 3,07E-02
5,00E+02 1,17E-05 9,77E-03 3,07E-02
1,00E+100 1,17E-05 9,77E-03 3,07E-02
>D50
>D1
Gastro-intestinal syndrome (internal)
1 Dose rate
(Gy/h)
0,9
0,8 —=—1,00E-03
S 07 1,00E-02
w U,
s ——1,00E-01
g 06 —%— 1,00E+00
=05 —e—5,00E+00
N il
e 0,4 —+—1,00E+01
2 ———5,00E+01
803 ———1,00E+02
* 02 5,00E+02
’ 1,00E+100
0,1
0 I
0,00E+00 5,00E+00 1,00E+01 1,50E+01 2,00E+01 2,50E+01
Dose (Gy)
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2.3.3. Pulmonary syndrome

The lungs are relatively sensitive and the damage caused by irradiation develops in two
stages. During the first stage (a few weeks after exposure), pneumonia and oedema are
observed. In the long term, pulmonary fibrosis develops and alveoli are lost and
replaced by collagen. This phenomenon makes the pulmonary parenchyma less elastic.
The symptoms are respiratory distress, fever and a dry cough. At high doses, these
functional and structural modifications can cause death. Lung response is highly
dependent on dose and dose rate.

The lungs can be irradiated by external exposure or internal contamination by the
inhalation of one or more radioactive isotopes. The risk is greater when alpha and beta
emitters are inhaled. The dose/frequency curve is modified by applying a biological
effectiveness factor of 7.

Bs 04 \% RBE D
Gy Gy?/h (alpha) Gy

10 30 7 7 5.5

Dose (Gy)  2,00E+00 5,50E+00 6,00E+00 9,07E+00 1,00E+01 1,20E+01 1,40E+01 1,60E+01 1,80E+01 2,00E+01 2,20E+01 2,40E+01 2,60E+01

Dose rate
(Gy/h)
1,00E-03 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00
1,00E-02 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 0,00E+00 1,11E-16 2,22E-16 4,44E-16 7,77E-16 1,44E-15 2,44E-15
1,00E-01 3,33E-16 3,84E-13 7,05E-13 1,27E-11 2,52E-11 9,03E-11 2,66E-10 6,76E-10 1,54E-09 3,22E-09 6,28E-09 1,16E-08 2,02E-08
1,00E+00 5,42E-10 6,44E-07 1,18E-06 2,14E-05 4,23E-05 1,52E-04 4,46E-04 1,14E-03 2,59E-03 5,40E-03 1,05E-02 1,92E-02 3,34E-02
5,00E+00 3,31E-07 3,93E-04 7,23E-04 1,30E-02 2,55E-02 8,84E-02 2,38E-01 5,00E-01 7,94E-01 9,63E-01 9,98E-01 1,00E+00 1,00E+00
1,00E+01 1,41E-06 1,68E-03 3,09E-03 5,43E-02 1,05E-01 3,27E-01 6,88E-01 9,48E-01 9,99E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00
5,00E+01 5,90E-06 6,99E-03 1,28E-02 2,08E-01 3,69E-01 8,08E-01 9,92E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
1,00E+02 7,21E-06 8,54E-03 1,57E-02 2,48E-01 4,31E-01 8,67E-01 9,97E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
5,00E+02 8,51E-06 1,01E-02 1,84E-02 2,85E-01 4,86E-01 9,08E-01 9,99E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
1,00E+100 8,87E-06 1,05E-02 1,92E-02 2,95E-01 5,00E-01 9,17E-01 9,99E-01 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00

>D50

>D5

>D1

Pulmonary syndrome

1,00E+00 Dose rate

9,00E-01 / —-7/ // Gyl
8,00E-01 7y / / —=— 1,00E-03
7,00E-01 // / / 1,00E-02

// f / 1,00E-01
6.008-01 // / / —%— 1,00E+00
5,00E-01

—e— 5,00E+00
4,00E-01 —+—1,00E+01

) aar a B
2,00E-01 ,

© 00E-o1 7 [/ / +00E+100
0,00E+00 - ——md%—m—y—ﬂ—ﬂ—*—m

0,00E+00 5,00E+00 1,00E+01 1,60E+01  2,00E+01 2,50E+01  3,00E+01
Dose (Gy)

Fraction of population
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2.3.4. Embryonic and foetal mortality

In the very early stages of pregnancy (up to the 18th day after conception), the effects of
ionising radiation may, depending on the dose, result in the death of the egg, which goes
unnoticed most of the time, or have no effect on the development of the embryo. At this
stage, the cells have no specific functions. Those that are destroyed are replaced by
others with the same potential.

At the later stages of differentiation (19 to 150 days), the surviving cells can no longer
change their functions and the number of cells destined to form each of the organs is

limited. The risk decreases after the 150th day.
Studies suggest a threshold of 0.12 Gy for the period stretching from the 1st to the

18th day after conception, 0.37 Gy if irradiation occurs between thariB156 days
and finally, 1.5 Gy for the remainder of the pregnancy.
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Dose (Gy) 5,00E-02

Dose rate
(Gy/h)
1,00E-03
1,00E-02
1,00E-01
1,00E+00
5,00E+00
1,00E+01
5,00E+01
1,00E+02
5,00E+02
1,00E+100

3,93E-06
1,93E-04
1,20E-03
1,66E-03
1,72E-03
1,72E-03
1,73E-03
1,73E-03
1,73E-03
1,73E-03

>D50
>D5

>D1

Os
Gy

1,20E-01

2,26E-05
1,11E-03
6,91E-03
9,55E-03
9,85E-03
9,89E-03
9,92E-03
9,93E-03
9,93E-03
9,93E-03

2,00E-01

6,29E-05

A2.34

Death of the embryo (1 to 18 days)

B

0 RBE D+

Gy?/h (alpha) Gy
0.02 2 2 0.12

4,00E-01

2,51E-04
1,22E-02

6,00E-01 7,00E-01 8,00E-01 9,00E-01 1,00E+00 1,50E+00 2,00E+00 3,00E+00 4,00E+00

5,66E-04 7,70E-04 1,01E-03 1,27E-03 1,57E-03 3,53E-03 6,27E-03 1,40E-02 2,48E-02
2,73E-02 3,70E-02 4,81E-02

Fraction of population
S 9 9 90 9 9o o o 9o
- N w A~ 00 O N o © =

0

0,00E+00 5,00E-01

1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00 4,50E+00

Embryonic death 1-18 days

Dose rate
(Gy/h)

—=— 1,00E-03
1,00E-02
—>—1,00E-01
—%— 1,00E+00
—e—5,00E+00
—+—1,00E+01
——5,00E+01
—=—1,00E+02
5,00E+02
1,00E+100

Dose (Gy)
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Death of the foetus (19 to 150 days)

Os 01 \% RBE D4
Gy Gy?/h (alpha) Gy

1.5 0.03 3 2 0.37

Dose (Gy) 5,00E-02 3,70E-01 6,00E-01 7,00E-01 8,00E-01 9,00E-01 1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00
Dose rate
(Gy/h)

1,00E-03 2,77E-09 1,12E-06 4,79E-06 7,61E-06 1,14E-05 1,62E-05 2,22E-05 7,48E-05 1,77E-04 3,46E-04 5,99E-04 9,50E-04 1,42E-03
1,00E-02 9,51E-07 3,85E-04 K - 2,61E-03 3,89E-03 5,53E-03 7,58E-03 2,53E-02
1,00E-01 1,49E-05 6,00E-03 X - 3,99E-02
1,00E+00 2,42E-05 9,76E-03
5,00E+00 2,54E-05 1,02E-02
1,00E+01 2,55E-05 1,03E-02
5,00E+01 2,56E-05 1,03E-02
1,00E+02 2,57E-05 1,03E-02
5,00E+02 2,57E-05 1,03E-02
1,00E+100 2,57E-05 1,03E-02
>D5
>D1
Foetal death (19 to 150 days)
Dose rate
! (Gy/h)
0,9
0,8 —=— 1,00E-03
S 07 1,00E-02
5" —5¢—1,00E-01
§. 0.6 —%— 1,00E+00
2 —e—5,00E+00
- 0,5
5 —+—1,00E+01
S 0.4 ———5,00E+01
g 03 ———1,00E+02
[’
0,2 5,00E+02
1,00E+100
0,1
o R AZA
0,00E+00 5,00E-01 1,00E+00 1,50E+00 2,00E+00 2,50E+00 3,00E+00 3,50E+00 4,00E+00 4,50E+00
Dose (Gy)
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2.4, Values of D, D;, Dy, and D,y for the various lethal and non-lethal
deterministic effects

The table below shows the orders of magnitude of the valueg &, and D,for

the lethal and non-lethal (disabling and non-disabling) deterministic effects that occur
most frequently in the case of low energy transfer radiation at dose rates of 1 Gy/h and
infinity.

D,, Ds, Dy, and O, are absorbed dose values corresponding to a risk of occurrence of
the effect in a uniformly exposed population with probabilities of 1%, 5%, 50% and
100% respectively.

Table A2.1. Values of D, D,, D;, and D, for lethal and non-lethal deterministic
effects

1 Gy/h dose rate “Infinite” dose rate

LETHAL EFFECTS Organ

Death of embryo at age 1 to 18 days
Embryo

Death of foetus at age 19 to 150 days |Embryo/
foetus

Death of foetus at age 150 to 270 days |Feetus

Bone marrow irradiation syndrome (no |Bone

medical follow-up) marrow
Bone marrow irradiation syndrome Bone
(with medical follow-up) marrow
Pulmonary irradiation syndrome Lungs

Gastro-intestinal syndrome (ext. irrad.) |Small
intestine

Gastro-intestinal syndrome (int. irrad.) |Colon

NON-LETHAL DISABLING EFFECTS |Organ

Severe mental retardation (irrad. of
embryo or foetus aged 8 to 15 weeks) |Feetus

Severe mental retardation (irrad. of Foetus

foetus aged 16 to 25 weeks)

Microcephaly (0 - 15 weeks) Embryo /
Foetus

Temporary or permanent interruption of |Ovaries
ovogenesis’

Temporary interruption of Testis
spermatogenesis®
Cataract Lens of the
eye
Fibrosis Lungs
NON-LETHAL NON-DISABLING Organ
EFFECTS
Vomiting Abdomen
Diarrhoea Abdomen
Hypothyroidism Thyroid
Thyroiditis Thyroid
Burns Skin

The model does not differentiate between the two cases (temporary and permanent). Doses of
more than 6 Gy result in the complete interruption of ovulation in 100% of cases.

8 There is no NRPB model for aspermia or oligospermia.
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