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HEALTH-MARC: the health effects module
in the methodology for assessing the
radiological cousequences of accidental releases

C R Hemming

ABSTRACT

A methodology for the assessment of the consequences of accidental releases
of radionuclides from nuclear ‘facilities has been developed. The wmechodology
consists of a suite of computer programs which predict the transfer of activicy
from the poiat of release to the atmosphere through to the population. The suite
of programs is entitled MARC -~ Methodology for Assessing Radiological
Consequences. This rveport describes che health effects models curreatly
incorporated into the module HEALTH-MARC. Models are included to estimate the
early and late somatic effects in an exposed population and hereditary effects in
their descendants.

The models in the MARC procedure for accident assessment are under
continuing review. m. memorandum records the models currencly included in
HEALTH-MARC; additional models and improved procedures will be i{ncorporated, as
appropriate, in the future
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As from 1 April 1978 NEPB adopted the Intemmational System of Tnits (SI).
The relationship between the new SI units which are used in this report and the

previcus units are shown in the table delow.
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1.  INTRODUCTION

An integral part of any assessment of the risk presented by nuclear
installations is the evaluation of the radiological consequences of potential
accidental releases of radicactivity identified by safety analyses. Studies of
the radiological consequences of accidental releases of radiocactivity also
provide an important input into the development of siting and design criteria and
pre~planning of emergency arrangements. In order to undertake assessments of the
radiological consequences of accidental releases of radiocactivity ¢to the
atmosphere, a series of interlinked models designated MARC ~ Methodology for
Assessing Radiological Consequences =~ has been developed. The overall
methodology and detailed descriptions of some of the various modules making up
the methodology have recently been pubulh““ 2 7). The methodology is shown
schematically in Figure 1. This report describes the health effects models that
have been incorporated into the module, HEALTH-MARC.

The health effects module, HEALTH-MARC, evaluates the incidence of each of
the major types of health effect from the distribution of dose in the exposed
population, after taking due account of the application of protective actions.
The msodule is intended to be flexible. Options have been provided to change the
values of parameters in the models from those used by default and, in some cases,
a4 choice of models is offered.

The pathways of exposure considered in MARC are as follows:

(a) external 8, vy dose from the cloud;

(b) external v dose from the deposited activity:

(¢) 4internal dose from activity inhaled during the passage of the cloud;

(d) internal dose from the iohalation of resuspended activity;

(a) internal dose from the consumption of foodstuffs contaminated by activity
deposited from the cloud.

The estimation of the distribution of doses in the exposed population via these

exposure pathways is described in nou-nuc“’. and m'r-nuc‘” describes the

protective actions that may be invoked to limit the exposure.

Of the many deleterious effects which may result from exposurs to ilonising
radiacion following an accidental release of radiocactivity, it is sufficient, for
the purposes of risk analysis, to limit consideration to three major categories
of biological effects. These are early and contiouing somacic damage and late
somatic damage 1in the exposed population, and hereditary effects in their
descendants. Each category is considered in turn.

2. EARLY AND CONTINUING SOMATIC EFFECTS

Early and continuing somatic effects i(nvolve mortality and morbidity. They
are usually associated with large acute doses of radiation and often occur within
days or weeks of exposurs, although sometimes a year or so may elapse. In
genaral, there is a threshold dose below which any significant clinical effect is
unlikely. For accidental releases from nuclear installacions, the irradiation of
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the bone marrow, GI tract and lung, would be the major causes of early death and
each is considered in HEALTH-MARC.

Non=lethal radiation effects may also occur soon after exposure. These may .
require medical attention and some may result in a significant reduction in the
quality of life and life shortening. They include lung fibrosis, prodromal
vomiting, fertility impairment and pre-natal damage, skin damage, cataracts and
hypothyroidism. The most serious effect for postulated releases of activity from
reactor accidents is respiratory impairment from irradiation of the lung. This
may have a much lower initial impact than early mortalicy, but may be of
considerable importance in the longer term, Decause of the continuing health care
that say be necessary and the existance of a large localised group of people
suffering from a similar affliction. The incidence of lung morbidicy is
evaluatud in HEALTH-MARC together with that of prodromal vomiting.

Dose-mortality and dose-morbidity relationships for the effects considered
are discussed in more detail in the following sectious. In using these relacion-
ships, it is essential that the doses to which the relationships are applied are
compatible with the doses for which the dose-effect relationships have been
derived. Account must also be taken of the relative biological effectiveness
(RBE) of the radiation. Appropriate values of RBE for the incidence of early
effects are discussed in more datail by Kelly et n“) "

and Saith « Values of |

and 10, respectively, are adopted for §/y and a cadiacion as default values in

HEALTRA-MARC, but octher values may be subscituted.

2.1 Dasch due to irradiscion of the bone ssrrow .

The human data on the incidence of death within 60 days of the exposure of
the whole or a substantial part of the body to penetrating radiation have
recently been uvtn«“'”. The human data are sparse and dose-mortality
relationships derived from animal experiments cannot be used directly to evaluate
such relactionships for man owing to marked species variation. The evaluation of
a dose-mortality relationship for man must therafore be associated with consider~
able uncertainty and reflect a significant measure of personal judgement.

The dose-mortality relationships used in the US Reactor Safecy Scudy
(Ul-l“)“o) and in & comparable German nuy(“) are shown in Figure 2. Two
curves are shown in the case of the Americsn study; the first assumes o
treatment following exposurs and the second assumes the provision of simple
supportive medical treatment (eg, antibiotics, blood and fluid transfusions).
The latter dose-mortality relationship was Jdopted in the US-RSS as the most
appropriate in the circumstances. The provision of simple supportive medical
treataent was also assumed (o the formulation of the dose-mortality relationship
in the German study. The evidence in favour of siaple supportive medical
treatmants enhancing the survival probabilicy 1s, howaver, limited; the
quancitacive data eserge from a fevw animal experiments but are supported by some
clinical experience gained Lo the treatment of leukaemia and other malignanciaes. .
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The extent to which simple supportive Ctreatment will iafluence the survival at
varying levels of dose (ia particular for the irradiation of a heterogeneous
population, including the old, young and sick whose sensitivity may be greater)
is a matter of continuing debare and awaits further resolution. The availability
of such treatment is an additional consideration in the choice of the most
appropriate dose-mortality relationship for large accidental releases where the
aumber of people potentially exposed to doses in the lethal range may be large.

The default value for the LDy, for bone~marrew {rradiation used ‘n HEALTH-
MARC i3 & Gy. This value may be changed oo loput. It Lies midway between the
Likely bounds of uncertaiaty in the LDg,, which reviews of che daca'®?) indicace
to be between about ) and 5 Gy; furthermore it 1is similar to the dose-effect
relationship, assuming 0o supportive medical treatment, as proposed in the Us-
l“( 10).

The slope of the dose-mortality curve is also uncertain and, again, the
value chosen reflects a significant msasurement of judgement; the similarity ia
the slope of the dose-mortality relationships observed in a wide range of animal
experisents is helpful in this respect " but, again, there are reservations as
to the applicability of such data to the exposure of a heterogeneous humac
population. The shape of the curve has been approximated in MARC by a mulci=step
inear function, which is illustrated in Figure 3, for am LDy, of & Gy.

One final point warranting further consideration 1is how protraction of
exposure influences the probability of early death. The data and dose-mortality
relationships shown in Figures 2 and ) are for brief exposura (up to a fow
hours). la genaral, vhere the exposurs is protracted (greater than a few hours
or days) a higher level of dose will be required to lead to the same probability
of desth. The mechanisms by which protraction of axposure iofluences survival
are well understood but Little effort has been directed towards the development
of a generally applicable quantitative framavork that can be used to determine
the iafluence of protraction for the wide variety of pattearns of exposure that
might be encountered in sccidents. A relacively simple, robust and conservative
procedure was formulated for use in the US Reactor Safety ltuy( 10) and has been
adopted without change in a sumber of similar own(“'u). The dose used in
conjunction with the dose-mortality relationship is as follows,

(Dou accumulated u} p 1 a {Dou accumulated !rn}
the firse 7 days '~ 1 day 8 to 30

This assumes conservatively that exposure accumulated io the firse 7 days is
equally effective as a single brief exposure, while that sccumulated from day 8
to 30 is half as effective; soreover, exposure sccumulated beyond 10 days is
regarded as ineffective in this context. Thers is no strong radioblological
justification for this relationship; it merely represants -_qtugu judgement .
The formulation was arrived at with knowledge of the likely variation of dose

with time following resctor accident releases and recognition cthat doses
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accumulated at dose rates of several tens of m=by d”' would not significantly
tafluence the survival probability. In general, the dose rates after 30 days to
those individuals exposed io the lethal range (and wno had not already accumu~
lated sufficient dose to cause death) would bde, at mosc, of this same order and
typically be very much less. In practice, it is more likely that the exposure of
such individuals, at least from external exposure, would be Cterminated bY
evacuation within a short time of the release. In such circumstances the
question of the precision of the above formulation for the effect of protraction
becomes somewhat academic. This formulation has been adopted in HEALTH-MARC,
while recognising its simplicity and potantial limitations.
2.2 Death due to irradiscion of the lung

There are no human data om which to base estimates of dose-mortalicy
relati nships for varying patterns of irradiation of the human lung. Appropriate
soimsl data sust therefore be used. The most relevant animal daca, obtained from
experiments with dogs, have been tovtc'od(.) and a series of dose-mortality
relationships derived for various temporal patterns of dose accumulatiosm. The
dose-mortality relationship is very dependent on the pattern of dose
sccumulation; the mors rapid the rate of accusulation, the smaller the dose
required to produce a4 given risk of death. The pattern of accumulation of dose
and the corresponding wmortality data are shown ia Figure 4. The data for
yeerium=90 and the combined, data for scrontium~90 and cerium~léé probably
encompass the upper and lower extremes of possible dose-effect relationships for
aceidental releases of radicactivity that might be encountered from nuclear
tanstallations. Dose-sffect relationships based on these data are also shown in
Figure 4. The form of these relacionships shown ia the figure is the model
adopted in HEALTH-MARC.

la any application of HEALTH-MARC, it {s important to ensure that the dose~
effect relationship adopted is compatible with the pactern of dose accumulation
for che release being considered. Iu the Ut-ISI(lO). a dose~effect relationship
betwaen those for yttrium=90 and yttrium~-9. was chosen as the most appropriate
for the releases considersd in that study. For those accidental releases of
radioactivity from resctors, where death due to irradiation of the lung is
{aportant compared with that due to irradiacion of the bone marrow, it is likely
that the pattern of dose accumulation would be more similar to that of yttrium~
91, Coasequently, the dose-effect relationship appropriate to this pattern of
dose sccumulation has been adopted as the default option Lo HEALTH-MARC, although
this can, and wmoreover should, be changed, depending on the relesse being
considered.

T™he above dose-sortality relationships wers derived using Cthe dose
sccumulated to 365 days. The dose used in conjunction with these dose-mortalicy
relationships in HEALTH-MARC is therefore taken to be that accumulated in the

first year.




2.3 Death due to irradiacion of che G1 cract

There are few human data on the incidence of death due to irradiation of the
Gl tract on which to base a dose-effect relacionship. l.vuu("’) of the
relevant animal data, again obtained from experiments with dogs, have proposed
the dose-effect relationship shown in Figure 5. It is a simple linear function
and has been adopted in this form in HEALTH-MARC. The slope and threshold of
this relationship have also been adopted as the default values in HEALTH-MARC,
although alternative values may be substituted.

Death from irradiation of the GI tract would only be of importance in
comparison with death from irradiation of the bone-marrow for releases of
radicactivity which result in a large ianternal dose to the GI ctract. [a chis
case, because of the normal clearance processes that take place in the gut, the
majority of the dose would be delivered within the first 7 days. The dose used
in the dose-mortality relationship for GI ctract irradiation is therefore cthat
sccumulated withia 7 days.

2.4 Morbidity due to irradiation of the lung

A further biological effect which needs to be considered following lung
{rradiation is the iocidence of lung damage, particularly fibrosis, which may not
be fatal but which may have serious consequences for the iadividual. Raviews of
the experimental data on the incidence of radiation~induced fibrosis have been
carried on't(."O) and dose-affect relationships proposed. The model used in
SEALTH-MARC is based on the sisple Linesr fusction of Kally et ai'®’, which 1
shown in Figure 6. The default values for the slope and threshold dose are also
those proponed in that nnu("; it is recognised, however, that this
relationship is based on Limited data, much of it from animal eaxperiments for
which there is a lack of quantitative iaformation on the degree of fibrosis and
hence the degree of health impairment.

Studies in animals exposed to low-LET radiation have indicated that
protraction of the dose reduces the degree of lung fibrosis. The effect of this
protraction can be accounted for by use of a dose equal to the dose accumulated
tlmmumunt7unpm~mtotdm:wt“hm
7 days and | yur(". This procedure is sdopted in HEALTH-MARC. For
a irrsdiation, the animal data suggest that protraction of the dose does not
reduce the degree of unnu(". and the dose accumulated in the lung in the
first 5 years is used vith the dose-morbidity relationship in HEALTH-MARC .

2.5 Prodromsl vomiting

Following sufficiently large whole~body exposure, prodromal vomiting would
sccur and would be the cause of temporary discomfort. It is uanlikely to recur or
be the source of permanent injury, but the number of people affected would, in
genaral, exceead the oumber that asay axparience other early effects, ilncluding
early death and lung fibrosis. The data on the incidence of vomiting following

exposure, 4among human ~atients undergoing Ctreatment for cancer, have been
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rovuvod(w) and a dose-response relationship, based on the incidence withina

48 hours, has been proposed. The model used in HEALTH-MARC approximates this
relationship by a two-step linear functiom, which is shown ian Figure 7. The
default parameter values of the function are those shown, but alternative values
may be specified. '

Since the above dose-response relactionship vas based on the effacts occur~
ring within 2 days, it was assumed conservatively ia the us-us“‘” that the dose
used in this relationship should be that accumulated within 2 days. This
procedure has also been adopted in HEALTH-MARC.
2.6 Total effects

1f each cause of early death was considered separately, the numbers of
deaths could be overestimated, since the total probability of early death canmnot
exceed unity. Assuming that there are no synergistic effects between sub~lethal
doses to several organs, the total probability of early death, 'lﬂ" is given by

’l‘t o +(l=0)0, 1= P21 = Pp,

wvhere 'L' Pz and ', are the independent probabilities of death caused by
trradiation of the bone marrow, lung and GI tract, respectively.

Similarly, the oumber of cases of lung morbidicy will be iafluenced by the
tacidence of death. If f 1is the independent probability of lung morbidicty, the
actual probabilicy (‘ is given by

NI PR

Prodromal vomiting, on the other hand, is Likely to occur before the death of
those sufficiently exposed; the number of cases of prodromal vomiting has
therefore been assumed to be unaffected by the incidence of mortality.

3. LATE SOMATIC EFFECTS

The most important late somatic effect to be considered following an
accidental release of radioactivity is the increased incidence of fatal and non~
fatal cancer, and both are included in HEALTH-MARC. Fatal cancer is used to
denote those cancers for which the cure rate is low, whereas non~fatal cancer is
used to indicate those cancers for which the cure rate is high, but for which
thers may be physical or peychological reasons for the qualicy of Life being
reduced.

Various reviews have been made of the Llacreased incidence of cancer in
irradiated nuuuou“o'”'u'“). Much of the human data derives from
exposures at organ doses of between about | = 10 Gy. It has often conservatively
besn assumed that the risk at lower doses may be estimated by extrapolatiag the
obsarved incidesce at high dosas Llinearly down to zaro. The results of
experiments with anismals would, however, indicate that a dose~rasponse
relationship with an additional dose-squared term say be more reallstic for low=

LET radiation. Both linear and linear-quadratic models are incorporated into



HEALTH-MARC, and examples of these models and of the pure quadratic model (an
extreme of the linear-quadratic) are shown in Figure 8. Values of the
coefficients used in the different models for the types of cancer considered are
discussed in more detail in the following sections.

As with early effects, the relative biological effectiveness of the radia~
tion must also be taken into account. The default values used in HEALTH-MARC are
| and 20 for 8/y and a radiation, respectively, as proposed by Clarke and
mu( u). although alternative values may be specified.

3.1 Ligear model
A review of estimates of the increased incidence of cancer in irradiated

populations has been made by Clarke and S-tr.h( 1) and risk coefficients proposed
for the risk of axcess cancers following irradiation of the whole body and
important body organs. These risk coefficients are shown in Tabhle |. The values
are those used by default in HEALTH-MARC, but alternative values may be
substituted. Following irradiation the consequent health effects will appear
over a prolonged period. The risk coefficients in Table | are applicable to a
cohort which will live long enough for the total risk to be expressed. For
calculating realistic expectations of health effects in irradiated pornlations,
Clarke and ld.:ll( 1) have proposed a log-normal distribution of the incidence of
cancer with time after irradiation, to allow for the observed dalay between dose
and effect. These distributions of the incidence of cancer with ctize after
trradiation are shown in Figure 9. For the incidence of leukiemia, the proposed
time distribution has a sedian time of appearance of 12.5 years and a staodard
deviation of 0.8; for the incidence of solid tumours it has & median tize of
appearance of 25 years and a standard deviation of 0.4, [In HEALTH-MARC there i3
the option to use the risk coefficient of Table | unmodified, or to take account
of this proposed time distribution as described below.

Because of the time distridbution of the incidence of cancer, the time late~
grated risk coefficients, LD for the incidence of cancer in an exposed
population with an age distribution typical of that of the UK, will be less than
those given in Table I, r, % a modifying factor, M, ie,

e, =M
[wa) [ ) =2 @A) A% 9 (o) dae
vhere M o & 128 ] vessll)
1 M)
A

wvhers N(A) 1is the number of individuals of age A Lo the populationm,
't(‘) is the probability of individuals of age A surviving to age L in the
Absence of the dose,




@(c) 4is the normalised time distribution of the incidence of cancer, as
shown in Figure 9.

This modifying factor will be applicable to the external y-dose from the passiug
cloud and the external y-dose from deposited activity, since in these cases it
can be assumed that the age distribution of the exposed population is that of the
population as a whole. In the case of external radiation from depoeited
activity, which may continue over extended periods, the modifyi~g factor is
strictly only correct if the age distribution of the exposed population group is
assumed to remain essentially comstant with time, although the individuals makiag
up the population group will be continually changing due to births, deaths and
movemsents. The number of cancers estimated in this way will include those
appearing in the initially exposed population as well as cthose subsequently
exposed.

In the case of intermal irradiation from inhaled and ingested activicy,
however, further modifying factors are required. Some nuclides taken into the
body may have an extremely long residence time; in such cases the dose to some
organs may be delivered over tems of years following intake, a period which is
comparable with the appearance of late effects and with life expectancy. A dose
delivered at spme time T years after intake will be delivered to a population
group that has aged by T years, and the appropriate modifying factor will be

1=A~T

fwa) [ (D) = 2 (0eT)) g ? (t)de
M(T) = A— ﬂﬂ
I Na)
A

A simplified procedure has been adopted in HEALTH-MARC for the evaluation of this
expression. The dose accumulated within the first year after intake has been
assumed to be delivered at the time of intake. The dose accumulated in
subsequent lO=year periods has been counservatively assumed to ba delivered at the
beginning of that period, and a modifying factor appropriate to the begioning of
the period applied. The periods considered and corresponding modifying factors
are given in Table 2. These are based ou the age distribution and Llife
eaxpectancy of the UK population in 1!77“”. The modifying factors are
particular to the model chosen to represent the time of appearance of cancers,
and different values are given for solid tumours and leukaemia. Their
sensitivity to the pattern of appearance is unlikely to be large, at least for
patterns that are consistent with the existing data on the incidence of
radiation~induced cancers in man.
3.2 Non-linear sodels

Both the linear-quadratic model and the pure quadratic model are incor=
porated into HEALTH-MARC. In the linear-quadratic model, the iacrease in the




risk of cancer, R, due to a dose, D, is given by
R = aD + 302

In the pure quadratic model, they are related by the expression

. R = qd?
The quadratic model may be thought of as one extrems of the linear—-quadratic
sodel with a = O, but has been included separately. Either model may be used
instead of the linear model to estimate the increase in the incidence of cancer
in an irvadiated population.

To use these models, appropriate values of the parameters 2 and 8, for the
linear-quadratic model, and q, for the pure quadratic model, need to be specified
for each of the organs listed in Table l. If the risk coefficients, r, of
Table | were based on observations of increased incidence of cancer at a unique
dose, Do’ for each organ, this process would be relatively straightforward, since
the risk given by the three models could be equated at this dose, ile,

“Do 0 ”oz . qDc»z - l'ﬂo

This equation would determine q and provide one constraint on the values of ¢ and
8. The remaining problem for the linear-quadratic model would then be of the
relarive magnitudes of a and 3. In reality, however, the risk coefficients are
based on an increased incidence of cancer, with large uncertainties, from
exposure over a wide range of doses. Although some estimaces of thiese paramecer
values have been -«( “). the above procedure involves a significant measure of
personal scientific judgement.

In addition, the use of non~linear dose-respcnse wmodels for late effects
introduces other difficnlties which remain unresolved. These include non=-uniform
irradiation of particular organs and protraction of exposure. Because of these
difficulties, simplifications have been incorporated into the non-linear dose~
response models currently included in HEALTH-MARC. No account is taken of the
time of appearance of cancer following irradiation; instead, it is assumed
conservatively that all the risk is expressed in the exposed population.

Any application of the non-linear models in HEALTH-MARC is, cherefore,
likely to involve many uncertainties, and the models are, as a result,
deliberately simplistic in nature at this stage. Sensitivicy analysis using
these simple udou(”) will be used as a first step in identifying the areas
where further refinement may be required.

3.3 Total aumbers of cancers

If the risk of death from cancer for each exposed organ wers considered
separately, the incidence of fatal cancer from large releases of activity could
be significantly overestimated, because the probabilicy of death from cancer
cannot exceed unity. The actual probability of death from a radiation~induced
cancer, c,. where the independent probability of death from cancer in the ath
organ is Cn. is given by
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This expression applies where no other factors contribute to death. For releases
of activity which give rise to early death, the actual probability of death from
cancer will be further reduced due to prior depletion of the population by
radiation-induced early deaths. In this case the probability of death from
cancer will be

(l-t’m)c.r
where Pm. is the probability of early death. Similarly the actual probability
of a particular non~fatal cancer has been assumed to be

(1-rm)c“
where '.'.,’ is the independent probability of a particular non-fatal cancer. This
expression neglects the possible effect of prior depletion of the population by
death from cancer.
4, HEREDITARY EFFECTS

The final important category of health effects considered in HEALTH-MARC is
that of hereditary effects. Unlike somatic effects, which appear ia the exposed
individuals, hereditary effects manifest themselves in the descendants of these
{ndividuals. The sericus hereditary disorders considered include those due to
both gene mutations and chromosome anomalies. These will appear in succeeding
generations with about half occurring in the first two generations. Ounly the
total numbers of hereditary effects that occur in all subsequent generations are,
however, evaluated in HEALTH-MARC.

There are no human dacta on the incidence of radiation-induced hereditary
effects; estimates of their increased incidence are based entirely on animal
studies. Although most estimates of the risk of hereditary effects have been
based on a linear ndol( 1.0,16). there is again evidence in favour of a linear~
quadratic model for low-LET radiatiom, and both types of model are included in
HEALTH-MARC.

As with other health effects, the relative biological effectiveness of the
radiation must be taken into account. The values used by default in HEALTH-MARC
are | and 20 for 3/y and a radiation respectively, as recommended by Clarke and
m:n(“). although alternative values may be.used.

4.1 Linesr sodel
Estimates of the incidence of hereditary effects following a dose of
radiation have been reviewed by Clarke and su:h“‘); a risk coefficient of

2 x 102 Gy~ (low-LET) for gomad irradiation is recommended for individuals who
are irradiated vefore the start of reproductive age and subsequently have the
average number of children. This figure includes the risk of hereditary effects
in all generations, with about half occurring in the first two generations. This
risk coefficient is that adopted by default ia the linear model of HEALTH-MARC.

The population averaged risk of hereditary effects, L can then be
expressed as

- 10 *



r = Mr

E)
where r is the risk coefficient for individuals who have the full opportunity to
produce children, and the modifying factor, M, is given by

I Na) [ ¢ P (A)

el 1 R S (2)

(] wa)) (] ¢p)
A A

where N(A) is the number of people in the standard population of age A,

rtu) is the probability of surviving to age i, given survival to age A,

<:1 is the probability of becoming a parent when age i.
The denominator in the above expression gives the total oumber of children that
would be born if everyone in that population had the average number of children.

As for the incidence of cancer, this modifying factor applies to the
external y dose from the passing cloud, and the external v dose from deposited
activity, where the age distribution of the exposed population can be assumed to
be typical of that in the UK. Ian the case of internal irradiarion from inhaled
and ingested activity, however, the dose to the gonads me Je delivered over an
extended period depending on the characteristics of the rad.onuclides inhaled. A
dose delivered at some later time after intake will have a reduced effect due %o
ageing of the population and an overall reduction ia child expectaccy. For 2
dose delivered T years after intake, the modifying factor becomes

[N [ ¢ P asT)
u(r) - L ﬂ"f
(Z N(A)) (E c,)

A similar procedure to that used to evaluate the modifying factor for the
{ncidence of cancer has been adopted in evaluating the above expressioo. The
__ose delivered within the first year has been assumed to be delivered at the time
of intake, and the dose delivered in subsequent ten~year periods has been assumed
to be deliversd at the beginning of that period. The modifying factors used and
corresponding periods are given in Table 3. The factors are based on the age
diotribution and child expectancy of the UK populacion’'®).

4.2 Non-linear models

As with the estimation of cancers, both linear-quadratic and pure quadratic
sodels are included in HEALTH-MARC to estimate the increased incidence of
hereditary effects. The problems described in the application of non-linear
sodels to the estimation of the increased incidence of cancer apply equally to
hereditary effects.

It has been assumed, for simplicity, in the use of thise models, that all of
the dose is delivered to a population with an age distributior and child
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expectancy typical of that of the UK. Thus, the risk estimated using these
models is modified by the factor M given in equation (2). For accidental
releases typical of those postulated for nuclear reactors, a large proportion of
the dose to the gonads is from external radiation, and this assumption is,
therefore, not unreasonable. Other simplifying aspects of these models will be
the subject of further analyses.
4,3 Total numbers of effects

I evaluazing the incidence of hereditary effects, account is taken of their
possible reduction by radiation~induced early deaths. No account has, however,
been taken of the possible influence of early morbidity or late effects on child
expectancy. For late effects, in particular, this is likely to be minimal.
5.  SUMMARY

The MARC suite of modules has been developed to provide a comprehensive
methodology for the evaluation of the radiological consequences of accidental
releases of radiocactivity. This report has described the models currently iacor-
porated into HEALTH-MARC, the health effects module in the methodylogy. Options
on the values of parameters in the models adopted and on the choice of models
have been provided throughout HEALTH-MARC to enable the user to select those most
appropriate for any intended application. A oumber of simplifications are cur-
rently included in some areas of HEALTH-MARC; these are the subject of continuing
analyses, and refinements will be made, where appropriate, in the future.
6. REFERENCES

l. Clarke, R H and Kelly, G N, MARC -~ the NRPB methodology for assessing
radiological consequences of accidental releases of activicy. Chilcon,
NRPB-R127 (1921). (London, HMSO).

2. Jones, J A and Charles, D, AD-MARC: the atmospheric dispersion module in the
methodology for assessing the radiological consequences of accidental
releases. Chilton, NRPB-M72 (1982).

3. Broomfield, M E and Hallam, J, MET-MARC: the meteorological sampling module
ia the methodology for assessing the radiological consequences of accidental
reieases. Chilton, NRPB-M73 (1982).

4, Charles, D, Crick, M J, Fell, T P and Greenhalgh, J R, DOSE-MARC: the
dosimetric wmodule in the met.odology for assessing the radiological
consequences of accidental releases. Chilton, NRP-M74 (1982).

. Broomfield, M E, Simmonds, 7 R and Chapman, T A, POP-MARC and AG-MARC:
population and agricultural distributions for use in the methodology for
assessing the radiclogical corsequences of accidental releases. Chiltenm,
NRPS-M75 (1982).

6. Linsley, G S, Simmonds, J R and Haywood, S M, FOOD-MARC: the food-chain
transfer wmodule in the wmethodology for assessing the radiological
consequences of accidental releases. Chilton, NRPB-M76 (1982).

7. Hsgllam, J, Hemming, C R, Simmonds, J R and Kelly, G N, PROT-MARC: the

countermeasures module in the methodology for assessing the radiological
cousequences of accidental releases. Chiltonm, NRPB-M77 (1982).

-12-




9.

10.

ll.

12.

lsl

14,

13.

16.

17.

Kelly, G N, Simmonds, J R, Samith, H and Stather, J W, The radiological
consequences of notional accidental releases of radioactivity from fast
breeder reactors: sensitivity to the dose-effect relationships adopted for
ecrly biological effects. Harwell, NRPB-R87 (1979). (Londonm, HMSO).

Smith, H, Radiation-induced damage in man. IN The Handbook of Occupatioral
Hygiene, Instalment 1, p 2.2.1-01. London, Kluwer Publishing (1980).

USNRC, Resctor Safety Study: An assessment of accidental risks in US
commercial auclear power plants. Washington DC, US Nuclear Regulatory
Commission, WASH-1400 (1975).

Bundesministeriums fiir Forschung und Techoologie, Deutsche Risikostudie
Kernkraftwerke: Eine Untersuchung zu dem durch Stdrfille in Kernkraftwerken
verursachten Risiko. Verlag TUV Rheinland (1980).

Kelly, G N, Jones, J A and Bunt, 8 W, An estimate of the radiological
consequences of notional accidental releases of radiocactivity from a fast
breeder reactor. Harwell, NRPB-RS3 (1977). (London, HMSO).

Smith, H and Stather, J W, Human exposure to radiation following the release
of radiocactivity from a reactor accident: a quantitative assessment of the
biological consequences. Harwell, NRPB-RS2 (1976). (Londom, HMSO).

Clarke, R 8 and Sedith, H, Calculation of the incidence of stochastic health
effects in irradiated populaticms. Harwell, NRPR-R102 (1980). (London,
HMSO0).

Central Statistical Office, Aonual abstracts of statistics 1979. London,
HMSO (1979).

NAS/NRC, BEIR III, Report of the advisory committee on the biclogical
effects of 4ionising radiations. Washington OC, National Academy of
Sciences/National Research Council (1980).

Hemming, C R, Kelly, G N and Charles, D, An assessment of the sensitivicy of
the consequences of notional accidental releases of radiocactivity to the use
of non-linear dose-response relationships for late effects. Chilton, NRPB
(to be published).

- 13 &



Table 1
Risk coefficients of the increased incidence of cancer for

mln:b.liaur-odcl

l Risk coefficient
Organ (6y~4)
low=LET
a) Fatal cancers'
Breast 2.5 x 107
Red booe marrow 2 x 107
Lung 2 x 1073
Thyroid s x 10
Bone surface S =10
Liver 1 x 1073
LLI 1 x 1073
Remainder tissues 3 x 1073
Skin 1 = 10™*
b) Nou—fatal cancers’
Thyroid 1 x 1072
Skin 1 x 1072
Breast 2.5 x 1073
¢) Bereditary effects?
Gonads 2 =x 1072

Notes:

1. The risk coefficients are applicable to a population which will live
long encugh for the total risk to be expressed.

2. The risk coefficient is applicable to individuals irradiated before
reproductive age and who subsequently have the average oumber of children.
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Table 2
ng factors to be applied to the risk coefficients for the

incidence of cancer for doses delivered in various periods .
following the intake of activity

Period, ¥y

0-1 1=10 | 11=20 | 21-30 | 31-40 | 41-50 | 51-60 | 61-70

Leukaemia 0.76 | 0.75 | 0.62 0.49 0.37 0.25 0.15 0.06

Solid tumours 0.63 | 0.61 | 0.49 0.36 | 0.24 0.13 0.05 0.01

Table 3

Modifying factors to be applied to the risk coefficients for the
dence of heredi effects in ture rati
for doses delivered in various periods
following the intake of activity ‘

Period, ¥y

-1 1-10 | 11-20 | 21-30 | 31-40 | 41-50 | 51-60 | 61-70

Modifying factor | 0.40 | 0.39 | 0.26 | 0.il | 0.02 22103 2x10™*| 0.0
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