Ll

Models for Pulmonary Lethality
and Morbidity After

[rradiation From

Internal and External Sources







NUREG/CR-5351
LMF-122
RH

Models for Pulmonary Lethality
and Morbidity After
[rradiation From

Internal and External Sources

I'H{n"u’l for

Division of Regulatory Applications
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555

NRC FiINs A1203 and B2268













2l

2.2

3.1

8.2

3.3

3.5

3.6

LIST OF FIGURES

Scheme for selection of samples of dissected lung material from a victim of the Chernobyl
nuclear acc dent (USSR, 1986). See Figure 2.2 for distribution of activity of specific
radionuclides among these sections.

Distribution of specific radionuclides over the lungs of a victim of the Chernobyl nuclear
accident (see Fig. 2.1 for scheme for selection of lung samples) (USSR, 1986). Size of
vertical displacement based on approximate relative (average) value.

Dose-response relationship for incidence of acute lethality (160-210 day) from pulmonary
injury after single, thoracic (photon) irradiation of mice and rats (Cardozo et al., 1985;
Mill, 1983; Travis and De Luca, 1985; Miller et al., 1986; Collis and Steel, 1982; Kurohara
and Casarett, 1972; Siemann et al., 1982; Ward et al., 1982; Dunjic et al., 1960; Phillips
and Margolis, 1972; Travis and Down, 1981). Use of the normalized dose X in units of Dsp
eliminated much of the variability associated with units of dose, strain, species, and dose
rate. Figure taken from previous publication (Scott and Hahn, 1989). The shape parameter
in the Weibull model (see Section 4.3) was 12.

Dose-response relationship for incidence of radiation pneumonitis in man after single,
thoracic photon irradiation or after fractionated irradiation with calculation of the
equivalent dose administered in a single exposure. Results are expressed as a function of
the normalized dose X in dimensionless units of the median lethal dose. Use of the
normalized dose eliminates variability in the Jose-response data due to different dose units
(e.g., ret, cGy, ED, etc.). The smooth curve is the same as in Figure 3.1 and is based
solely on anima) data. For high dose rate exposure, X = 1 corresponds to about 1000 rad (10
Gy) to the lung (Scott and Hahn, 1988). Sources of the data (Van Dyk et al., 1981; Prato et
al., 1977; Mah et al., 1987; Phillips and Margolis, 1972).

Normalized patterns of retention of radioactivity in the 1lungs of dogs after single
inhalation exposure to the beta emitters 90y, 91y, 184ce  or 90sr (in equilibrium with
daughter 90y) inhaled in an insoluble form (McClelian et al., 1962).

Normalized patterns of radiation dose accumulation in the 1lungs of dogs after inhalation
exposure to beta emitters based on the retention curves shown in Figure 3.3 (McClellan et

al., 1982).

Dose-response curves for death from radiation pneumonitis and/or pulmonary fibrosis after
inhalation exposure of dogs to 90y, 91y, or 144ce inhaled in an insoluble form (Scott and
Hahn, 1989; Scott and Seiler, 1984). Also shown are dose-response curves for the incidence
of death from early effects after brief upper-body X irradiation of rats (Dunjic et al.,
1960), and for radiation pneumonitis in man after brief thoracic photon irradiation (Van Dyk

et al., 1981).

Percent mortality after inhalaticn exposure of male and female rats to 239Pu0p only or in
combinatic: with a conditioning dose (850-915 rad, 8.5-9.15 Gy) of external 60co gamma
rays. No adjustments for 30 day lethality from injury to the bone marrow were made (Filipy

et al., 1988).
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CHAPTER 3
EARLY AND CONTINUING EFFECTS IN ANIMALS

3.1 NATURE OF EFFECTS

Studies in experimental animals have focused both on the early and continuing effects of
brief thoracic photon irradiation and of protracted internal alpha or beta irradiation of the
lungs of mammals., Although the histologic descriptions of radiation pneumonitis have been based
primarily on observations in laboratory animals after external thoracic irradiation, similar
changes have also been observed with inhaled radionuclides (Slauson et al., 1976, 1977).

3.2 BRIEF THORACIC EXPOSURE

Studies involving laboratory animals have helped to clarify the shape of the dose-response
relationship for death from RPPF after brief thoracic irradiation (Cardozo et al., 1985; Hill,
1983; Travis and De Luca, 1985; Miller et al., 1986; Collis and Steel, 1982; Kurohara and
Casarett, 1972; Seimann et al., 1982; Ward et al., 1982; Dunjic et a)., 1960; Phillips and
Margolis, 1972; Travis and Down, 1981). Results are shown in Figure 3.1 in which the incidence of
deaths from RPPF is plotted as a function of the normalized dose X (a theoretical dose that
functions in a similar way as rem and Sv doses), where X is obtained by dividing the absorbed
radiation dose D by the LDsg (Scott and Hahn, 1989, Scott et al., 1987, 1988a).

The dose X 1is dimensionless and X = 1 corresponds to a median lethal dose; X = 0.5
corresponds to 1/2 of the median lethal dose. The data in Figure 3.1 were fitted with the
two -parameter Weibull model (smooth curve) discussed in Chapter 4. Use of the normalized dose X
allows one to plot on the same curve, data originally expressed in ret, rem, rad, and etc., or
data obtained at different dose rates or different photon energies (e.g., low-energy X rays,
high-energy X rays, and gamma rays) (Scott and Hahn, 1989; Scott et al., 1988a; Filipy et al.,
1988, 1989).

Note that the dose-response curve in Figure 3.1 is quite steep, suggesting a threshold at
about 50% (i1.e., X = 0.5) of the median lethal dose. 1In Figure 3.2, we have shown that the smooth
curve in Figure 3.1 obtained from animal data adequately predicts the dose-response data for the
incidence of radiation pneumonitis in man, when the normalized dose X is used (Scott and Hahn,
1989).

Since radiation pneumonitis in man is lethal in most clinically diagnosed cases (Fryer et
al., 1978), the dose-response curve in Figure 3.2 for the incidence of radiation pneumonitis was
used as an estimator for predicting the incidence of death from RPPF in man after brief exposure
of the lung to external photons (Scott and Hahn, 1989). For brief exposures at very high dose
rates that overwhelm recovery and repair, the dose in rad to the lung that corresponds to the
normalized dose X is obtained by multiplying X by the median lethal dose at 1000 rad (10 Gy)
(Scott and Hahn, 1989).

3.3 PROIRACTED EXPOSURE
3.3.1 External Irradiation

Protracted thoracic exposure to external photon radiation at low average dose rates (Hill,
1983) or repeated exposures at high instantaneous dose rates (lravis et al., 1987; Travis, 1987a,
1987b; Giri et al., 1985) is less injurious to the lungs of mice and rats than a brief single
exposure. The sparing effect of protracted or fractionated exposure is mainly due to two
homeostatic mechanisms: (1) intracellular repair and (?) repopulation of cells. Intracellular
repair occurs mainly between repeated exposures and is complete within about four hours following

a single, brief exposure. Repopulation of cells may occur at variable rutes governed by
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homeostatic mechanisms (Thames and Hendry, 1987). For protracted exposure, repopulation of cells
as well as intracellular repair may occur during irradiation.

3.3.2 Internal Irradiation

3.3.2.) lLethality and Morbidity After Beta Irradiation

Inhaled high -energy beta-emitting radionuclides (%0y, 91y, 90sr + 90y equilibrium mixtures,
or 144ce) have been shown to induce death from RPPF in dogs that finhaled the radionuclide in
insoluble fused aluminosilicate particles (McClellan et al., 1982). The use of insoluble fused
aluminosilicate particles assured that irradiation would occur mainly in the lung. while beta
energies for the four experiments were similar, the effective half-lives in the lung were
different, resulting in different patterns of irradiation.

The different retention and dose-accumulation patterns are shown in Figures 3.3 and 3.4 for
the four experiments. Average exposure time was the shortest for the 90y study and progressively
increased for the 91y, 144ce, and 90Sr experiments, respectively.

Different patterns of irradiation led to different dose-response relationships for lethality
from RPPF, with the effectiveness decreasing as the average exposure time fincreased. Results for
the 90y, 91y, and '44ce experiments are shown in Figure 3.5 along with dose-response relationships
obtained for brief upper-body photon irradiation of rats based on data from Dunjic et al. (1960)
and for the induction of radiation pneumonitis in man after brief thoracic photon irradiation (Van

Dyk et al., 1981). The dose-response relationship for 905r (not shown) was similar to that
obtained for '44Ce (Scott and Seiler, 1984). The rats used by Dunjic et a). were someshat more
sensitive than other rodents (Cardozv et al., 1985; Down and Steel, 1983), but appear quite

similar to man in sensitivity.
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The radionuc)ide-exposure data in Figuie 3.5 are based on use of the 1-year dose to the lung
as the independent variable, with al) deaths from radfation pneumonitis being counted and deaths
from competing risks being eliminated (Scott and Seiler, 1984). Most of the deaths occurred
within 1.5 years of the inhalation exposure. For the external exposure data for rats and man, the
cumulative absorbed radiation dose to the lung was used.

The 1-year dose was selected as the independent variable for the radionuclide data, since
for a given pattern of firradiation, it can be caiculated before an animal dies from
radiation-induced effects. Dose to 1.5 years or some other reasonable time could also have been
selected alternatively.

Dose to a fixed time (time-specific dose) is recommended as a predictor variable in risk
assessment associated with chronic irradiation by internally deposited radionuclides (Scott et
al., 1987; Filipy et al., 1988). |In this report, the time-specific, 1-year dose is designated as
DOSE-1y; dose to other times can be indicated in a similar way (e.g., the time-specific 6-month
dose can be designated as DOSE-6bmon).

An influence of beta dose-rate pattern similar to that observed for dogs was also observed
in rats when the frequency of deaths from RPPF was evaluated as a function of the DOSE-ly (Scott
et al., 1987). Rats inhaled equilibrium or nonequilibrium mixtures of 90y plus 0sr, in fused
aluminosili ate particles, to provide different patterns of irradiation of the lung. As in the
studies wit, ~s (McClellan et al., '982), the Dgg increased as the exposure time increased. In
Chapter 4, a .. response model is presented that has been demonstrated to predict the median
lethal doses for the rat studies, solely based on information about the dose-accumulation
patterns. Parameters for the mode! are based on the da*a for dogs shown in Figure 3.5 (Scott et
al., 1987).

Pulmonary function data have been quantified in the following way to develop risk parameters
for estimating the prevalence or respiratory dysfunction resulting from irradiation of the lung of
rats or dogs (Scott et al., 1987, 1988b; Filipy et al., 1988, 1989). Irradiated individuals
having a vital capacity measurement less than the lower 95% confidence interval for unirradiated
controls were judged to have a reduced lung volume. Those having a C0 diffusing capacity less
than the lower 95% confidence interval for controls were judged to have abnormal gas exchange.
Those having a quasistatic compliance less than the lower 95% confidence interval for controls
were judged to have stiffer than normal lungs. Those having a slope of phase 3 of the Nz washout
curve greater than the upper 95% confidence interval for controls were judged to have an abnormal
ventilation distribution. Individuals having three or more abnormal values for the four mentioned
parameters were judged to have respiratory functional morbidity (Scott et al., 1987, 1988b; Filipy
et al., 1988, 1989).

Dose-response dat ( for respiratory functional morbidity after internal high- or low-energy
beta irradiation of the lung are provided in other publications (Scott et al., 1987, 1988b; Filipy
et al., 1988). Data are also available for combined external-gamma (total-body) and
internal alpha irradiation of the lung (Filipy et al., 1988).

In studies at the 1IRI using internally deposited high-energy beta-emitting radionuclides
(90y + 2.3% 90sr, 90y + 25% 90sr, or 90sr in equilibrium with 90y), the dose Dsg required to
produce respiratory functional morbidity in 50% of those exposed was about the same as was
required for lethaiity from RPPF (Scott et al., 1987). the notations 2.3% 90sr or 25% 905
implies that 2.3% or 25% of the initial lung burden was due to 905+ and the remainder was due to
90y, Because of smaller sample sizes, the morbidity data were more variabie than the mortality
data, and a lower Dgg for morbidity could not be ruled out. For the low-energy beta emitter
187pm, the Dgg for respiratory functional morbidity was about 25% of the Dgp for death from RPPF
(Scott et al., 1987). 1In a similar 147pm inhalation exposure study conducted in rats at Pacific
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Figure 3.8 Response-surface for the estimated risk of death from RPPF after chronic 1internal
38py alpha + '47pm beta irradiation of the lung, based on studies in rats (Scott et
al., 1983b). Results are presumed to be applicable to man when the radionuclides are
inhaled in an insoluble form.
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CHAPTER 4
HEALTH EFFECTS MODELS FOR LUNG

4.1  EFFECT OF MODEL SELECTION

A number of models were considered for predicting lethality or morbidity from irradiation of
the lung. However, because of the steepness of the sigmoidal dose-response relationships (Scott
et ai., 1987; Scott and Hahn, 1989; Scott, 1980), the choice of a dose-response model is not as
crucial as one might expect. Almost any plausible sigmoidal-type function would lead to about the
same number of expected deaths, for most nuclear accident scenarios of interest. A two-parameter
Weibull mode! was selected. Other models were considered (Jones, 1981; Goldman and Paabe, 1977;
Wells, 1976; Filipy et al., 1980; Morris and Jones, 1988), including the tolerance-dose-
distribution models {logit, gamma, extreme value, linear probit, log-normal).

when modeling acute lethality from injury to the bone marrow after a brief exposure, the
linear probit and logit model may actually perform better in the very low and very high risk
regions than the two-parameter Weibull model (Morris and Jones, 1988). However, the two-parameter
Weibull mode) is easy to impiement, and when based on the normalized dose, has certain advantages
in accounting for dose-rate effects and linear-energy -transfer (Scott et al., 1987, 198Ba, 1988b).

A shortcoming of all of the models cited is that none incorporate absolute thresholds.
However, thresholds can be handled by truncation (i.e., defining the risk to zero), as indicated
in Section 4.7, when dose is below a specified value. Meticulous individuals concerned about
performance of the two parameter Weibull model in the very low and very high risk regions may
prefer to use the three-parameter Weibull model. However, we feel that the two -parameter Weibull
model 1s adequate for modeling early and continuing effects of nuclear accidents where one is
concerned about effects of (1) a distribution of dose over the hypothetical targst population, (2)
different doses to different critical organs in the body, and (3) brief, external gamma exposure
plus protracted, internal alpha, beta and gamma exposure.

Uncertainty in dose and dose rate pattern for a given accident will contribute a much larger
error in a risk assessment than a relatively small systematic error associated with use of the two-
parameter Weibull model. For a population exposed to gamma radiation from a passing radioactive
cloud (cloud-shine) and contaminated ground surface (ground-shine), and which also inhaled varying
amounts of alpha-, beta-, and gamma -emitting radionuclides, errors associated with radiation doses
to each critical organ (e.g., bone marrow, lung, small intestine, skin, thyroid, and etc.) of each
exposed individual and errors associated with the dose-rate patterns could be very large. For
early effects risks, the average absorbed dose and average dose-rate pattern (organ-specific) for
the population cannot be used in estimatirg risk, because of the usual threshold and sigmoidal
characteristics of the risks. One has to determine the average risk as a functior of the
distribution of absorbed dose and absorbed dose rate pattern over the popuiation (Fvans et al.,
1985; Scott, 1968a).

The following seciior summarizes the spec:al foom of the two-parimeter We‘bu1' model that
wes developed for modeling tolerance-dose distrihviions for lechality or morbidity from early
effects of irvediation. [t also introduces th:2 reader to the cumulative hazavd furction which
playc ¢ centra) role i1 our moreiing of risk for esrly and continuing effects of irradiation.

4.2 TOLERANCE DISTRIBUTION MOPFLING

Tolersnte dose represents that drse to & given individual, and to the critical organ of
interest, that is just sufficien. tn rause the gquantal effect of intersst (e.g., death from RFPF
in lung). Sensitiv. inuivicucls will have lower tolerznce doses than resistant individuais. For
a large population at risk, there is a distribution of tolerance doses. When the linear probit or
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The shape parameter can also be estimated with a calculator from a plot of incidence of
effect vs dose relationships. 1f Dyp and Dgp are doses for 10% and 90% incidences, respectively,
then an estimate of the shape parameter V is 3.084/1n(Dgg/Dyg).

The parameters Dso and V depend on the biological effect of interest and the type of
radiation (Scott et al., 1987; Scott and Hahn, 1989; Filipy et al., 1988, 1989). While the Dg0
for acute lethality from a specific mode depends strongly on low-IE1 dose rate, the shape
parameter V seems not to depend on dose rate (Scott et al., 1987, 1988a).

With the modeling approach wused, one first obtains the lethality or morbidity hazard
estimator function H. The corresponding lethality or morbidity risk estimator function is then
obtained as & function of H. Details on how to obtain the risk estimator function R from H are
provided in Section 4.5,

4.4  NORMALIZED DOSE X

The ratio D/Dgg in Eq. 4.) can be viewed as representing a normalized dose X in units of the
Dsp. Like the dose equivalent, the dose X is theoretical. Unlike the dose equivalent, ihe dose X
is dimensionless. For lethaiity, X = 1 corresponds to the median lethal dose, regardless of the
type of radiation or dose rate pattern; X = 0.5 corresponds to one-half of the median lethal
dose. Advantages of using the normalized dose X instead of the absorbed dose D in the analys‘s of
data for early effects of irradiation have previously been demonstrated (Scott et al., 1987,
1988a, 1988b; Scott, 1988Ba, 1968b; Jones, 1981). Use of X instead of D eliminates variability in
dose-response relationships associated with different mamme'ian species (Scott et al., 1988a),
with differences in radiation quality (Jones, 1981), and with differences in dose rate (Scott et
al., 198Ba). The data 1in Figures 3.1 and 3.2 in Chapter 3 were plotted as functions of the
normalized dose X.

Because of the complex irradiation patterns that could occur following a nuclear power plant
accident, use of the normalized dose method to evaluate risk 1is preferable to use of the
dose-equivalent method. With the dose-equivelent wmethod one multiplies the "total absorbed
radiation dose" by a fixed quality factor to obtain a theoretical dose equivalent in rem (or Sv),
where this theoretical dose represents an equivalent effects scale. On this theoretical dose
scale, 100 rem of dose of any radiation, delivered at any fixed dose rate, would be expected to
produce the same effect.

The dose-equivalent approach was intended for cases where the dose rate is fixed arJ the
dose-response curve is linear; for inhalation exposure to radionuclides following a nucl-ar power
plant accident, exponentially decaying pattens of irradiation of the lung could occur and acute
effects dose-response curves are nonlinear. In such cases, each small increment in the radiation
dose is delivered at a different dose rate. The dose-eguivalent approach was not intended for
predicting the effects of such complex pattazens of irradiction., For this ard nther reasons, the
normalized dose was developed, lise of ihe normalized duse X Tacilitates .r-distion of tue acute
eftecis of exponentiaily decaying and rore cowplex patterns of low-LET irradiation of & target
orgati, U~1fke the dose-equivalent approach, use of the normalized drse X alluws otre to treat
“each small ‘nerement® in the dose differently tu account ror effects of a changing dose rate

pattern. We show in Section 4.8 how its use also allows cne to treat dece-rate anc LFT effects
simuitareously

4.5 RISK PUNCTION LSTIRATOR

the risk estimator for =morhidity or lethulity is relaied to the hazerd estimator H, and
tolerance dose distribution estimator f, by the expression:
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u
Risk R at absorbed dose u = 1 - exp[-H] = [ fdD, (4.2)
0

where f is the tolerance dose distribution estimator function. Both M and f depend on D, on the
pattern of irradiation, and on the type of radiation. Thus, the risk estimator function will also
depend on these variables. It follows from fq. 4.2 that errors in risk estimates will depend on
error in H, which in turn wil) depend on errors in the critical organ dose and the dose-response
model used for H.

For threshold-type effects, with sigmoidal-type risk functions, an estimate of the average
risk i1s needed for a population with a distribution of organ-specific doses. fFor sigmoidal -type
curves, one cannot use the average dose to the population to evaluate risk; use of the average
dose is restricted to linear nonthreshold effects.

After the average risk has been estimated, multiplying it by the size of the group of people
exposed gives the central estimate, in the absence of competing risks of the expected cases of a
given effect. Usirg the hazard-function approach, competing risks can also be incorporated in the
overal) risk evaluation quite easily (Scott and Hahn, 1985, 1989).

4.6 SURVIVAL FUNCTION ESTIMATOR
The survival function estimator is related to the hazard function estimator H by

survival S at dose u = 1 - (Risk R) = exp[-H] = [ fdD. (4.3)
u

1t follows from £q. 4.3 that

He - 1n[S] = - In[1-R). (4.4)

4.7 THRESHOLD DOSE
The threshold dose is the smallest tolerance dose for the population at risk and specific

nonstochastic quantal effect of interest., Threshold doses can easily be simulated with the
two parameter Weibull model, by using the truncation method. With the truncation method, the
hazard function estimator H is allowed to take on a nonzero value only if the total normalized
dose X to he critical organ of interest exceeds the threshold dose X,. While the exact threshold
dose Xo is generally nct known, one can obtain a practical threshold by plotting In(X) vs In(H)
for most acute quantal effects. 1n a previcus publication (Scott, 1988a), a similar approach was
used 1o estimate effective absorbed dose thresholds for different early effects of irradiation.
Dividing the threshold, expressed as an absorbed wose, by the Dgg also gives an estimate of X,.
Truncetion of H to simulate a threshold cose will lead to a discontinuity in the dose-effect
relatioushin for K ai the dote of truncation. however, this should pose no majnr problem in
auclear accidert risk assessment so lony as its use is limited 1o thresholG-type effect> and is
applied to situavions wnere there is a distribution of doses over the population of interest. 1In
such situetions, the prohability of having a dos: in the very small dose interval (Xo - ¢, Xg +
¢), which is centered at the disc. ntinuity, where c is a small number Jike 0 1, will be much
smaller than the prebabiiity that the dose will be outside the interval. Because the number of
expected number of cases of a given effect is based on Lhe average risk (which depends on the risk

a' @ given dose multiplied by the probabiiity of having that dose, for all doses), the impact of




1he discontinuity would be expected to be negligible. This is because the contribution to the
average risk coming from the small dose interval (X, - ¢, Xo + ¢) will be minor for realistic
nuc lear accident scenarios.

4.8  INTERORGAN INTERACTIONS

Total-body exposure to sublethal external photon doses in combination with internal
irradiation of the lung from inhaled radionuclides could lead to interaction between bone marrow
and lung (Filipy et al., 1988, 1989) Such an finteraction effect can easily be represented by
using hazard function estimators and normalized doses. Throughout the remainder of the document,
hazard function estimators will be called hazard functions; similarly, risk function estimators
will be called risk functions.

We first treat the relatively simple case of combined brief exposure to sublethal externa)
gammas (to'al-body irradiation), followed immediately by chronic, alpha i~radiation of the lung.
We then show how to add 1in chronic, beta and gamma irradiation from internally deposited
radionuclides.

The hazard-function model for brief, external gammas followed by chronic internal alpha
irradiation of the lung is represented by the following equation (where L and B imply lung and
bone marrow, respectively):

Overall hazard HL(XLa, KLg. Xﬂq) =
hazard due to alpha and gamma irradiation of the lung HL(XLga, Xig)
+

hazard due to interaction between the lung and bone marrow HLB(XLa, XLg, XBg), (4.5)

where XLy and XLg are normalized alpha and gamma doses to the lung, respectively, and XBg is the
normalized external gamma dose to the bone marrow, for uniform total-borf. exposure. Results of
studies at PN! presented in Chapter 3 indicated that the interorgan, interaction hazard HLB can be
neglected when nonlethal external photon doses are given to the bone marrow, prcvided that
lifetime risk is the endpoint of dinterest. The results suggest that the main influence of
nonlethal, external gamma photons in the combined exposure was tu cause earlier death from
alpha-induced RPPF, rather than an increased number of deaths over what would be expected with
only alpha irradiation. Thus, for combined exposure to a sublethal, external gamma doce X8, to
the bone marrow, an external gamma dose XLg to the lung, and an internal alpha dose XLz to the
lung, the hazard function for lethality or morbidity effects in the lung should be adequately

represented by

HL(XLg, KLy, XBg) = HL(Xi,, Xig). (4.6)
The solution to £q. 4.0 is given in terms of the isoeffect dose XLa* and the alpha dcse XLy whore
XLa* s the alpha dose that would produce the same leve! of iazard (or rick) as the externa) gamma
dese XLg. The solution (Scott, 19€4; Hahn, 1779) is

HL(XLy, HLg) = HLa(XLg + XLa*), (4.7)

where H' 3 is the hazard function when the individual is exposed only to a'pha radiatiun esalnated
using Eq. 4.1 (Szott et al., 1984), and where the isoeffect dose is the solutien %o the equation

HLg(KLa*) = Hig(XLg). (4.8)
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where HLg is the hazard function when the lung is exposed only to external gamma rays. By
changing each subscript a in Eq. 4.8 to b, one could also define an isoeffect dose to XiLp*. Both
HLa(XLa*) and HLg(Xlg) are evaluated using Eq. 4.1, with appropriate model parameters for alpha

and external gamma irradiation.

Results obtained from a study at the ITRI indicated that normalized, internal alpha- and
beta-doses XLz and KLp are additive for both lethality from RPPF and for respiratory functional
morbidity (Scott et al., 1988b). Additivity was expected, based on the hazard-function model,
since the shape parameter V for the Weibull dose-response model was approximately the same for
internal alpha and beta irradiation of the lung (V = 5), for both lethality from RPPF and for
morbidity. This means that the hazard function for morbidity or for lethality from effects of
external gamma + internal alpha + internal beta and gamma irradiation of the lung should be
adequately estimated using MLy (XLp + XL + XLg*), which is the same as HLp(X.p + XLz + Xig*),
where XLa* accounts for the effects of the high dose-rate, external gammas; HLa and HLp are the
hazard functions for morbidity or lethality when the lung is exposed only to internal alphas, and
to betas and gammas, respectively; XiLp is the normalized, internal beta + gamma dose to the lung,
with internal betas and gammas being assumed equally effective (Scott and Hahn, 1985, 1989).
Since the shape parameter is the same for alpha and beta irradiation, no calculatiun of an
isoeffect dose is needed for internal betas and gammas.

The much greater effectiveness of brief, external gamma irradiation, compared to protracted
interna’ alpha or beta irradiation, is presumed to be due to dose rate. However, brief exposure
to alpha particles would be expected to be more effective than brief exposure to external gammas.
For this reason, the results presented are considered applicable only to chronic alpha
irradiation. A plot of the lethality hazard HL (as estimated by HiLa), as a function of the total
dose XL, where XL = XLp + XLz + XLa*, is given in Figure 4.1.
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NORMALIZED LUNG DOSE XL

Figure 4 1 Lethality hazard for death from RPPF as a function of the total normalized dose XL te
the Tung, where XL = KlLp + XLa + XLa*.

For 'ethality 1n man from RPPF, the dose XLp fs evaluated using the same fixed parameter
mode| fer efiects of beta irradiation of the lung, as previously published (see following

section). The normalized alpha dose XLy is presently calculated as 0/3500, when the total
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cumulative absorbed alpha dose D is in rad. For alpha irradiation, the total alpha dose is used
because of recent experimental results; these results indicate trat unlike early effects of beta
irradiation of the 1lung, which generall, occur within 2 years during chronic exposure <o
exponentially decaying patterns (McClellan et a)l., 1982), there is evidence that RPPF can occur as
late as 7 years while receiving chrenic alpha irradiation (Muggenburg et al., 1988).

for external irradiation of the lung of man, the Dsg for death from RPPF has been estimated
to be 1000 rad (10 Gy) (Scott and Hahn, 1988), as compared to the 1300 rad (13 Gy) estimate
obtained in Chapter 3 for rats and mice. This means that the normalized dose XLg in £Eq. 4.8 for
externa) gamma irradiation of the lung of man has to be based on a Dsp of 1000 rad for lethality
from RPPF, rather than on 1300 rad. The shape parameter V for external gammas is estimated from
the animal data in Figure 3. to be about 12 (Scott and Hahn, 1989) as compared to a value of §
(Scott et al., 1987, 1988b) for intarnal alpha or beta irradiation. A judgmental estimate of the
threshold dose is Xg = 0.5 (Scott and Hahn, 1989).

The isoeffect dose (the solution to Eq. 4.8), is given by the solution to

XLQ"S » XLg‘z

or

XLg* = Xig2-4. (4.9)

4.9 ESTIMATION OF XLp

In the ideal case, t - iormalized beta dose is evaluated using the integral (Scott
1988a; Scott and Hahn, 198

A 1

XLp = ! 0*D5g(D) - dt, (4.10)

where the star (*) represents a product, and where the integration is over the time of exposure,
for a continuous irradiation pattern; 0 s the instantaneous absorbed dose rate to the lung for
both internal beta and gamma radiaticns; the normalization function Dso(ﬁ) depends on the dose
rate and represents the Dsg as a function of the instantaneous dose rate. The normalization
function 050(5) for man has been estimated from data for internal beta irradiation of the lungs
of dogs (McClellan et al., 1982), for thoracic X irradiation of rats (Cardozo e: al., 1985), for
photon irradiation of the thorax of man (Van Oyk et al., 1981; Mah et al., 1987; Phillips and
Margolis, 1972), and is given by the following relationship (see Appendix for full explanation):

Dso(0) = [5170/0] + 1000, in rad, (4.11)

where the dose rate is in rad/min o the lung, and the Dgp is in rad. When the dose rate is in
Gyshr, then the 5170 (in rad?/min) shoult be replaced with 31 (in Gy2/hr) and tne 16C0 (in rad)
should be replaced with 10 Gy.

Whether an enalytical selution to tg. 4.10 exists depends on the problem considered. An
aralytica) solution is provided in the /ppendix for the special case where the dose rate to the
lung decreases as a single negative exporential of the form A*exp{-B*t], whey: A is tue initial
dose rate to the lung, B is a positive parameter, and © is tims. Whiie the results are aoplicavle
to cases where the lung mess remains corstant during the exposure, they may not apply to cases
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where the lung mass increases significantly during the exposure, due to growth. For this reason,
they are not applicable to our Phase Il studies in rats (Scott et al., 1987).

For nuclear accident risk assessment, analytical solutions to Eg. 4.10 may be possible for
some scenarios (e.g., exposure to external cloud- and ground -shine at a fixed dose rate, fo!lowed
by chronic exposure to inhaled beta- and gamma -emitting radionuciides according to a single-
exponential decaying pattern). However, searching for such solutions is beyond the scope of the
current research project. Also, obtaining nearly exact numerica) solutions for nuclear accident
scenarios is not practical as computer time for population dose and dose-rate distributions could
be sizable.

Two approactes to approximating the integral that do not reguire extensive computer
calculations have been proposed for evaluating acute effects in lung: (1) the variable parameter
approach, where the model parameter Dgp changes for each of a number n of preselected time
intervals, depending on the average dose rates in the interval; and, (2) the fixed-parameter
approach (Scott et al., 1987; Scott and Hahn, 1985), where the mode)! parameter Dsp does not change
with dose rate but differs for each of n (with n = 3) preselected time intervals.

While computer software for evaluation of the fixed-parameter mode! was developed as part of
the research project, development of computer software for the variable-parameter model was beyond
the scope of the project. Thus, only the fixed-parameter mode) has been used to predict results
of experimental studies carried out in Phase II of this project. However, current research
activities at Sandia National Laboratories will likely lead to incorporation of variable parameter
models for estimating the normalized doses for early effect in both the lung and bone marrow.

With the fixed-parameter approach, KLp is estimated using the relationship

KLp = 0‘/050.\ + 02/059.2 + 03/050'3. (4.12)

where D1 is the cumulative absorbed internal beta and gamma dose (in rad) to the lung that occurs
during the 0-14 day interval following a nuclear accident; D2 is the dose that occurs during the
14-200 day time interval; and D3 1is the dose that occurs in the 200-365 day interval. The
normalization parameters 050,1. Ds0,2. and Dsg 3 for death from RPPF are given, respectively, by
16,000 rad (160 Gy), 37,000 rad (370 Gy), and 92,000 rad (920 Gy), based on data in Figure 3.5 for
chronic beta firradiation of the 1lung of dogs (Scott et al., 1987). A discussion of their
derivation is provided in the reference cited.

The fixed-parameter model provides an easy way to predict the Dsp in terms of the DOSE-ly in
rad (or Gy). For a given exponentially decaying pattern (single or multiple components) of
irradiation, with the fraction of the one-year dose to the lung that occurs 1in the 0-14 day
interval given by f1, the fraction in the 14 -200 day interval given by f2, and the fraction of the
200-365 day interval given by f3, the Dsp is predicted using the reciproca] relationship (Scott et
al., 1987)

1/Dgq - H/Ut,o.] v f2/050'3 + f3/[\50_3.

(4.13)

As shoun in Table 4.1, mocel predictions are in good agreement with Dgp's ortained for death

foem “PPF after internal beta irraciation nf the lung of rats for four stwi’es corducted at the
I7¥1 in Phaze I’ of this project.
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For respiratory functional morbidity, available data indicate that the normalization
parameters in Eqs. 4.12 and 4.13 are in the range of 1 to 4 times smaller than normalization
parameters for death from RPPF (Filipy et al., 1988, 1989; Scott et al., 1987, 1988b; Mauderly et
al., 1973, 1980a), with an average of about a factor of 2 smaller. The available data on the
shape parameter V for morbidity indicates no significant difference between the values for
lTethality from RPPF and for respiratory functional morbidity (Scott et al., 1987, 1988b; Filipy et
al., 1988, 1989). Based on these results, we recommend that the same model that is used for
lethality for death from RPPF also be used for respiratory functional morbidity, with all
normalization parameters (for alpha, beta, and gamma radiations' being a factor of 2 times smaller
for morbidity than for lethality. A factor of 2 was also used in the earlier version of the
hazard-furction model, which excluded alpha radiation (Scott and Hahn, 1985). An upper bound on
the morbidity risk can be obtained by using a division factor of 4 and a lower bound by using a
division factor of 1 (i.e., same as for lethality) to operate on the normalization parameters for
lethality.

4.10 [SOBOLOGRAMS

The hazard-function model can be used to construct isobolograms for the combined effects of
different radiations. An isobologram is a plot of dose combinations of two agents for a fixed
level of effect. As an example, the hazard-function model has been used to predict combinations
of external gamma doses and internal alpha doses to the lung of man for a 50% risk of death from
RPPF. An isobologram at the 50% level (i.e., for the median lethal exposure) for death from RPPF
for man, based on the hazard-function model, 1is given in Figure 4.2. In this example, the
external gamma dose 1is delivered only to the lung. The isobologram is curvilinear when the
absorbed dose is used. Also shown is an isobologram based on the assumption of independent action
of the gamma and alpha radiation. The wide departure of the curve based on the hazard-function
model from the curve based on the independent-action mode] implies that a dramatic synergistic
effect is predicted by the hazard function model. The curvilinear relationship in Figure 4.2,
based on the hazard-function model, indicates that the gamma and alpha doses in Gy are not
additive 1in producing death from RPPF. That they are not additive is no surprise, as
nonadditivity of high- and low-LET dos.. was the basis for development of the RBE concept.

A plot similar to that in Figure 4.2 is shown in Figure 4.3 based cn the normalized gamma
dose XLg and normalized alpha dose XLa. The results indicate that the normalized doses XL, and
XLg are also not additive. Based on the hazard-function model, they would be expected to be
additive only when the shape parameter V is identical for both radiations. However, the shape
parameter for death from RPPF for gammas is 2.4 times larger than that for internal alphas.

As shown in Figure 4.4, if the isoeffect dose XLa* (1.e., the theoretical alpha dose that
produces the same effect as the gamma dose) is used instead of XLg (to account for the effects of
the external gammas), a linear isobologram is obtained; a linear isobologram means that doses XLg
and XLa* are additive and is the basis for use of hazard-function models that depend on isoeffect
voses (Scott, 1984).

In Figure 4.5, it *s shown that the iscbologram fer 50% lethality from RPPF after combined
chronic alpha and chronic beta irradiation of the lung is predicted to be 1inear when the
normalized doses XL, and XL are used. The linear relationship implies that XLy and XLy ave
additive, so that no isoeffect dose (e.g., XLa*) has to be caiculated. ‘“he isoeffect dose is
currently needed only when it is necessary to account for externsl gamma photonc .
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Independent Acticn Model

ALPHA DOSE TO LUNG (Gy)

GAMMA DOSE TO LUNG (Gy)

Figure 4.2 Isobologram at the median l:¢thal exposure level for man when the lung is briefly
exposed to external gamma rays followed by chronic finternal alpha irradiation.
Lethality within 1.5 years from RPPF is the biological endpoint moda2led. The results
show the combination of the total external dose (Gy) and the internal alpha dose (Gy)
that would lead to a 50% chance of death from RPPF for 1.5 years of follow-up based on
the independent-effects model and on the hazard-function model. [f there were no
synergistic effects, one would get the curve represented by the independent-effects
model. Nute that the hazard-function model predicts a very large synergistic
interaction.

NORMALIZED
ALPHA DOSE TO LUNG
o
- -

NORMALIZED GAMMA DOSE TO LUNG

Figure 4.3 Same isuvboiogram curves as in Figure 4.2, but plotted as a function of the normalized
alpha dose XLy (1.e., absorbed dose in Gy divided by normalization paraneter 35 Gy)
and normeifzed gamma dose XLg (1.e., total gamma dose in Gy to Tung divided by
norméelization parameter 10 Gy).
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Figure 4.4 Same 1isobologram curve as in Figure 4.2 (curve based on the hazard-function model),
but plotted in terms of the normalized alpha dose XLy and isoeffect dose XLz* (also a
normalized dose which accounts for the effects of the external gammas). The linear
relationship implies that XL, and XLp* are additive.
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Figure 4.5 [sobologram at the 50% level for death from RPPF after chronic alpha plus chronic beta
irradiation of the lung. Results based on studies in rats (Scott et al., 1988b).

4.11 COMPETING RISKS

The hazard-function modeling approach provides an easy way to treat competing risks of
lethality. For exemple, if WL, HL, and HGI represert lethality hazards due to injury to the lung,
bone marrus, and gastrointestina’ tract, respectively, then the overali lethality hazard for death

trom early effectis can be estimated using

fearly = HB + HL + HGI. (4.14)
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We can use Eq. 4.14 to predict the Dgg for death from RPPF for the study in this project in
which dogs were exposed (total-body) to 235 rad external gamma radiation followed by inhalation
exposure to 239py0, (Filipy et al., 1988). We assume that exposure to the external gamma
radiation accelerated the occurrence of death from RPPF, so that most of the deaths from RPPF that
would have occurred, did so within the 1-year observation period. 1In this case, the observed
alpha Dgg for 1-year lethality can be used as an estimate of the Dgg for death from RPPF. For a
235 rad external gamma dose to the bone marrow (uniformly distributed), a shape parameter of 10
(Scott et al., 198Ba), and a Dgp of 243 rad (Filipy et al., 1988), HB will be equal to
In(2)*(235/243)10, or 0.5. Since 235 rad to the gastrointestinal tract (small and large
intestines) would be far below the threshold dose for lethal injury (Scott and Hahn, 1989), HGI
can be neglected in this example. Also, an external gamma dose of 235 rad to the lung would be
far below the threshold for 1lethal 1injury, so that the external dose to the lung can be
neglected. Thus, by substitution into Eq. 4.14, based on these results along with the expression
from Eq. 4.1 for lethality hazard, one can arrive at the following competing risk relationship for

dogs receiving 235 rad external gammas + a dose D (in 1-year rads) from internal alpha irradiation
of the lung:

Hearly = 0.5 + 0.693(0/3500)5. (4.15)

The 1lethality hazard of 0.5 from injury to the bone marrow corresponds to a risk of
1-exp(-0.5) which equals 0.39 or about a 40% risk. An alpha dose D (1-year rad) to the lung leads
to a lethality hazard of 0.693(D/3500)5, where the 5 represents the shape parameter for chronic
internal irradiation of the lung, and the 3500 (in 1-year rad) is the normalization parameter for
alpha irradiation. The 3500 rad estimate is based on data for dogs exposed by inhalation to 239py
and followed for 3 years (Scott et al., 1986). Note that the quotient (D/3500) represents the
normalized alpha dose to lung.

€Eq. 4.15 can be used to calculate the expected Dgpn (for the competing-risk model) for
internal alphas when the external gamma dose to the total body is 235 rad. This is done by simply
setting Hearly equal to In(2), or 0.693, and solving for 0, which in this case gives the Dsp
estimate. One then obtains the estimate Dgg = 2700 rad (27 Gy), which represents a 1800 rad (18
Gy) reduction. A 2500 rad (25 Gy) reduction was reported (Filipy et al., 1988).

It is important to note that the 2700 rad value was predicted without having to assume a
synergistic interaction between injury to the bone marrow and to the lung. However, the results
of the PNL alpha-plus-gamma study 1im rats clearly demonstrated that total-body exposure to

external gammas can shift the survival-time distribution for death caused by chronic alpha
irradiation to much earlier times.







data; however, there is no evidence that suggests that they would be very different for man.
Because model parameters based on dogs adequately predicted lethality from RPPF in rats after
chronic beta irradiation, we feel more confident that the lethality mode)l will also be adequate
for predicting lethality in man. However, the model may underestimate the effectiveness of the
alpha irradiation, because the Dsg used for alphas is based on 3-year follow-up and there is
evidence that the risk of death from RPPF may persist for as long as 7 years during chronic alpha
frradiation (Muggenburg et al., 1988). For this reason, risk assessors may want to reduce the Dg
of 3500 rad used for alpha irradiation of the lung by some adjustment factor. An alpha RBE of 10
relative to 90Sr betas, when based on total absorbed dose, would suggest reducing the Dgg from
3500 rad to 3000 rad. With an RBE of 20, it would be reduced to 1500 rad.

While wuncertainty evaluation 1s important for any risk assessment, a discussion of
uncertainties related to predicting lethality and morbidity cases after a nuclear accident is
beyond the scope of this report. However, uncertainties will be discussed in detail in a separate
follow-on report to NUREG/CR-4214 SANDB5-7185 (1985).
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APPENDIX A
ANALYTICAL SOLUTION FOR NORMALIZED DOSE

From Eq. 4.10, XLp 1s given by
XLp = 1 D*e(D) at, (A1)

where the normalization function 0(6) has replaced Dgo(0) in Eq. 4.10 of the text. The expression

6*0(6)‘ldt represents the increment dX in the normalized dose X that occurs in the infinitesima)
exposure time interval (t, t+dt).

An analytical solution to Eq. A.1 can be found for the case where the internal beta plus
gamma dose rate to the lung (or any critical organ of interest) decreases according to the dose
rate pattern:

Dose rate = Aexp[-B*t], (A.2)

where A is the initial dose rate, B is a fixed parameter, and t {is the exposure time. To

calculate the normalized dose X, one has to specify the form of the normalization function 0(6)
that predicts the Dsg as a function of the instantaneous dose rate. For acute lethality from
irradiation of the bone marrow, a normalization function that was found to adequately represent
available Dsg data for mammals, including man, was given by (Scott et al., 1988a; Scott and Hahn,
1980)

0(0) = 010" + 6. (A.3)

where 6, is positive and gives the asymptotic value of the D50 expected to occur after exposure at
a very high dose rate (i.o., after a prompt exposure) that overwhelms the recovery (repopulation
of cells) and repair mechanisms during irradiatjon. The parameter 01 is positive and the quotient
01/6 gives the increase in the Dgp that occurs during protracted exposure at the fixed dose rate D
due to repair and recovery. Equation A.3 was also assumed to be applicable to the lung for death
from RPPF, but with a different set of parameters than for lethality from the hematopoietic mode
(Scott and Hahn, 1989).

Substitution of the expression for 0(6) in Eq. A.3 into Eq. A.1, along with the expression
for the 1instantaneous dose rate from fq. A.2 produces the solution XLp(t), as evaluated at
exposure time t, given by

XLp(L) = DUSE(L)/6e - €] Z(t)/BEgZ, (A.4)

where
Z(t) = In{(A6y + ©7)/(AB, exp[-Bt] + 67)}. (A.5)
The negative sign in £q. A.4 arises because protraction of the exposure reduces the dose X. Note
that £q. A.4 can be used to define an expnsure time-dependent, dose-rate protraction factor (DRPF)

for the exponentially decaying pattern of irradiation considered (Eq. A.2). When expressed in
terms of the equivalent prompt dose (EPD), the dose-rate protraction factor is given by

3e




DRPF = DOSE(t)/EPD(t),
where the EPD is given by
EPD(t) = XLp(t)*On.

The star indicates multiplication. 1In the limit as t goes to infinity, Eq. A.4 reduces to the
normalized dose (as a function of the potential infinite dose, PID) given by

Klp = PI1D/6g + ©) 1n{0)/(A0g + ©1)}/B0Og2. (A.7)

Both the DOSE(t) in Eq. A.4 and the PID in Eq. A.7 represent cumulative absorbed radiation doses

in rad or a similar unit (e.g., Gy). The PID is the potential dose that could accumulate if !

irradiation continued long enough so that the remaining activity in the organ of interest ‘

contributes essentially no additional radiation dose. }
Eq. A.7 was used, along with data for death from RPPF after chronic bete irradiation of the

lung of dogs (McClellan et al., 1982), to estimate the parameter ©). The parameter 0, was fixed

at 1000 rad (10 Gy), assuming the lung of dogs to be of similar sensitivity to the lung of man;

XLp was set to 1 (1.e., a median lethal dose), and the PID for 50% lethality previously estimated

from the data (Scott and Seiler, 1984), along with the initial dose rate to the 1lung that

corresponded to that PID were entered intc the right-hand side of Eq. A.7, with only ©) being

unknown; ©1 was then found as the value that made the right-hand side of £Eq. A.7 equal to 1. The

results obtained are given in Table A.1 along with an estimate we obtained from da.a for rats that

received thoracic exposure to X rays at a fixed high or low dose rate (Cardozo et al., 1985).
Results of a sensitivity analysis indicate that small-to-moderate changes in the value

assigned to 6, did not alter the estimates obtained for €); that this would be the case can be

seen from £q. A.3. For chronic, low-dose-rate firradiation, e|/6 will be quite large compared to

8o, 50 that estimates of ©) from data obtained at very low dose rates will depend only weakly on

the value of used for ©,. The 5170 rad?/min used for man in £q. 4.11 of the text is based on the

results in Table A.1. The 1000 rad value used in €g. 4.11 of the text represents the value used

for 65, and is based on data for man (Scott and Hahn, 1988).

Table A.1
Estimates of Dose-Rate Model Parameter o) for
Pulmonary Syndrome Mode of Lethality

Parameter

Radiation tstimated
species e (&ylrnes e Befevence
Dog 90y geta 46 McClellan et al., 1982
Dog 31y geta 21 McClellan et al., 1982
Dog 144¢6 Beta 38 McClelian et al., 1982
Dog 90sr Beta 2 McClellan et al., 1982

Rat X Rays 28 Cardozo et al., 1985

Average 31 + 9.8 Gy2/hr

8 ower and upper bounds can be teken as 10 and 50 Gy?/hr based on these data.
To convert to rad?/min, multiply velues by 166.7.
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APPENDIX B
SHAPE PARAMETER FOR SIMULTANEOUS EXPOSURES

This section deals with estimation of the shape parameter V, for death from RPPF, for
simultaneous exposure of the lung to different ionizing radiations. It is assumed, based on
information provided in the text, that the shape parameter derived for death from RPPF is also
applicable to respiratory functional morbidity.

Computer simulations related to death from RPPF after combined exposure to different
radiations have been previously carried out using the hazard-function approach, whereby increments
in the cumulative hazard were calculated numerically based on isoeffect absorbed doses (Scott et
al., 1986). In the simulations carried out, fractiona)l contributions to the total dose by each
radiation did not vary with total dose, but were fixed.

Results of analysis of the simulated data indicated that when both the Dsp and the shape
parameter V differ for two types of radiations, the shape parameter for simultaneous exposure to
both types depends, in a compiicated way, on the fractions of the total ahsorbed dose due to each
type (Scott et al., 1986). A subsequent analysis of the simulated data indicated that when the
normalized dose is used, the shape parameter for the simultaneous exposure can be adequately
predicted by the reciprocal relationship

1/Vi2 = @/Vy + gp/Vp, (8.1)

where gy and g are radiation-specific fractions of the normalized dose, Vi1 is the shape parameter
for radiation type 1, Vp is the shape parameter for radiation type 2, and Vi2 is the shape
parameter for simultaneous exposure to both.

In the special case where the Dsg's for the two types of radiations are the same, but the
shape parameters differ, g; and gp in Eq. B.1 can be replaced by respective fractions of the

absorbed dose to the lung, given by fy and fj.
Using the subscript g to indicate gamma irradiation and the subscript a to indicate alpha

irradiation, one arrives at the following relationship for simultaneous gamma and alpha

irradiation of the lung:
1/Vga = 9g/Vg + 9a/Va. (8.2)

For death from RPPF, vg and Va were estimated from animal data to be 12 and 5, respectively.

For gamma and for beta irradiation of the lung, the Dsg's have been assumed to be the same,
while available data has indicated different shape parameters. Using the subscript b to indicate
beta firradiation, one arrives at the following relationship for simultaneous gamma and beta

irradiation of the lung:

1/¥gp = fFg/Vy + (n/Vg, (6.3)
where Vp is estimated to be 5 (see text).
For simultanecu, alpba, beta, and gamma irradiation of the lung, the following empirical

relationship is recommended for estimating the shape parameter:

VN = gan/Vah + Gu/Va, (8.4)
gdb’ ¥Ygb 8’ va

where
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APPENDIX B
SHAPE PARAMETER FOR SIMULTANEOUS EXPOSURES

This section deals with estimation of the shape parameter V, for death from RPPF, for
simultaneous exposure of the lung to different fonizing radiations. It is assumed, based on
information provided in the text, that the shape parameter derived for death from RPPF is also
applicable to respiratory functicna) morbidity.

Computer simulations related to death from RPPF after combined exposure to different
radiations have been previously carried out using the hazard-function approach, whereby increments
in the cumulative hazard were calculated numerically based on isoeffect absorbed doses (Scott et
al., 1986). In the simulations carried out, fractiona) contributions to the total dose by each
radiation did not vary with total dose, but were fixed.

Results of analysis of the simulated data indicated that when both the Dsp and the shape
parameter V differ for two types of radiations, the shape parameter for simultaneous exposure to
both types depends, in a complicated way, on the fractions of the total absorbed dose due to each
type (Scott et al., 1986). A subsequent analysis of the simulated data indicated that when the
normalized dose 1is used, the shape parameter for the simultaneo.. exposure can be adequately
predicted by the reciprocal relationship

/12 = @1/V) + g/V,, (B.1)

where g) and gy are radiation-specific fractions of the normalized dose, V) is the shape parameter
for radiation type 1, Vp is the shape parameter for radiation type 2, and Vyp is the shape
parameter for simultaneous exposure to both.

In the special case where the Dsp's for the two types of radiations are the same, but the
shape parameters differ, g); and gp in Eq. B.1 can be replaced by respective fractions of the

absorbed dose to the lung, given by f; and f;.
Using the subscript g to indicate gamma irradiation and the subscript a to indicate alpha

irradiation, one arrives at the following relationship for simultaneous gamma and alpha
irradiation of the lung:

]/Vga ¥ gg/Vg ¢ gd/Va. (8-2)

For death from RPPF, Vg and V, were estimated from animal data to be 12 and 5, respectively.

For gamma and for beta irradiation of the lung, the Dsg's have been assumed to be the same,
while available data has indicated different shape parameters. Using the subscript b 1o indicate
beta irradiation, one arrives at the following relationship for simultaneous gamma and beta

irradiation of the lung:
1/Vgp * fq"vg VAT (E.2)
where Vp ‘s e<Limated tc¢ be 5 (see text).
For simultaneous alpha, beta, and gamma irradiation of the luing, the following empirical

relationship is recommended for estimating the shape parameter:

1V = Ggp/Vgp + 9a/Va. (B 4)

where
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9gb = Sg * 9 (B.5)

and

Ga *Ob*9g = (8.6)

Note that when the alpha dose is set to zero (i.e., ga = 0), Eq. B.4 gives V = vgb. as expected.
when the alpha and beta doses are both set to zero (i.e., g3 = 0, gp = 0), V = Vg, as expected.
when only the gamma dose is set to zero, V = Vg, since Vi = Vp (see text). One should see from
these examples that tq. B.4 yields the appropriate marginal values, and therefore represents a
plausible (but unproven) predictive model.

Egs. B.1 through B.4 imply that the shape parameter will change as the total absurbed dose
changes when g5, gp, and 9g change with dose. Because the cumulative hazard is estimated using

H = In(2)XV, (B.7)

and because V, which is fixed in the classical model, can change with dose, a departure from the
classical Weibul) mode! should arise for many complex mixtures. This, however, poses no problem
for combined chronic alpha and beta irradiation of the lung because the shape parameter for death
from RPPF is the same for both types of radiation. For brief exposure to external gammas,
followed by chronic, internal alpha plus beta irradiation, Ffq. B.4 is not applicable. As
indicated in the text, a shape parameter of 5 can be used for this latter case, provided an

isoeffect (normalized) dose s calculated to account for the effects of the brief gamma
jirradiation.
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