
. _ _ . _ _ _ _ . . . . . . . . . . . . .

-
.

NUREG/CR-5351
LMF-122

|

...,,.. .. . . . .,... .......... .. ... .... . - ,. : .. .. , . . . . --. . . . .. - -
-

.
. . . . - -

..

|

Moc.e s for Pu~ monary Lethality
anc Mor3icity AT:er
Irradiation From
In~:erna anc External Sources

. . .. . . . . . . . . ... . . . . . .. ..

Prepared by B. R. Scott, R. ii. Filipy, E. F. Ilahn

Lovelace Iliomedical and Environmental Research Institute

Pacific Northwest Laboratory

Prepared for
U.S. Nuclear Regulatory
Comnu,ssion

!P E8A!! a = 32
CR-5351 R PDR

- _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ -



.. _ _ _ _ - _ _ _ _ _ . _

.'
,

-

AVAILABILITY NOTICE

Aval! ability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources:

1. The NRC Pubile Document Room,2120 L Street, NW, Lower Level, Washington, DC 20555

2. The Superintendent of Documents, U.S. Government Printing Office, P.O. Box 37082. Washington,
DC 20013-7082

3. The National Technical information Service, Springfleid, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications, it is not
intended to be exhaustive.

Referenced documents available for Inspection and copying for a fee from the NRC Public Document Room
include NRC correspondence and interna! NRC memoranda NRC Office of Inspection and Enforcement
bulletins, circulars, information notices, inspection and Investigation notices; Licensee Event Reports; ven-
dor reports and correspondence; Commission papers; and applicant and licensee documents and corre-
spondence.

The following documents in the NUREG series are available for purchase from the GPO Sales Program:
formal NRC staff and cor. tractor reports, NRC-sponsored conference proceedings, and NRC booklets and
brochures. Also available are Regulatory Guides, NRC regulations in the Code of Federal Regulations. and
Nuclear Regulatory Commission Issuances.

Documents available from the National Technical information Service include NUREG series reports and
technical reports prepared by other federal agencies and reports prepared by the Atomic Energy Commis-
sion, forerunner agency to the Nuclear Regulatory Commission.

Documents availabio from public and special technical libraries include all open literature items, such as
books, journal and periodical articles, and transactions, Federal Register notices, federal and state legista-
tion, and congressional reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference pro-
ceedings are available for purchase from the organization sponsoring the publication cited.

Single cop |es, of NRC draft repom are ava!Iable free, to the extent of supply, upon written request to the
Office of Informat!on Resources Woagernent, Distribution Section, U.S. Nuclear Regulatory Commission,
Wash!ngton DC 20555.

Coples of Industry codes and standards used in a substantive manner in the NRC regulatory process are
maintained at the NRC Library,7920 Norfolk Avenuo, Bethef,da, Maryland, and are available there for refer-
ence use by the public. Codes and standards are usually copyrighted and may be purchased from the
originating organization or, if they are American National Standards, from the American National Standards
Institute,1430 Broadway, New York, NY 10018.

|

DISCLAIMER NOTICE

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, or any of their employees, rnakes any warranty,
expresed or implied, of assumes any legal liability of responsibility for any third party's use, or the results of
such use, of any information, apparatus, product or process disclosed in this report, or represents that its use
by such third party would not infringe privately owned rights.



-

NUREG/CR-5351
LMF-122
RH

,

Models for Pulmonary Lethality ;

and Morbidity After
Irradiation From
Internal and External Sources .

-
,

Manuscript Completed: March 1989
Date Published: May 1989

Prepared by
B. R. Scott, Lovelace Biomedical and Environmental Research Institute
R. E. Filipy, Pacific Northwest Laboratory
E. F. Hahn, l_ovelace Biomedical and Environmental Research Institute

S. S. Yaniv, NRC Project Manager

Inhalation Toxicology Research Institute
Lovelace Biomedical and Environmental Research Institute
Albuquerque, NM 87185

Pacific Northwest l2boratory
Richland, WA 99352

Prepared for
Division of Regulatory Applications
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555
NRC FINS A1203 and B2268

.

.w- . isg

- _ _ _ _ _ _ _ - - _ - - - . _ - -_-__-____________._------_____m _ _ _ _ _ _ _____.__________.____.__m___.___. __m.-_____._-._____ ____..m..__



- - - - _ _ _ _ _ _ _

OlHER DOCUMENIS IN SERIES

Filipy, R. E., Lauhala, K. E., McGee, D. R., Cannon, W. C., Buschbom, R. L., Decker, J. R.,

Kuffel, E. G., Park , J. F . , Ragan, H. A. , Yaniv, S. S. , and Scott, B. R. (1989): Inhaled I47 mP

and/or lotal-Body Gamma Radiation: Early Mortality and Morbidity in Rats. U. S. NRC Report

NUREG/CR-5353. Available for purchase f rom National Technical Inf ormation Service, Springfield,

VA 22161

Filipy, R. E . , Decker, J. R. , Lai, Y.-l. , Lauhala, K. E. , Buschbom, R. L. , Hlastala, H. P. , McGee,
D. R . , Pa rk , J. L., Kuffel, E. G., Ragan, H. A., Cannon, W. C., Yaniv, S. S., and Scott, B. R.

(19BB): Inhaled 239 u02 and/or Total-Body Gamma Radiation: Early Mortality and Morbidity in RatsP

and Dogs. U. S. NRC Report NUREG/CR-519B. Available for purchase from National lechnical

Information Service, Springfield, VA 22161.

Filipy, R. E. , Borst, F. J. , Cross, F. T. , Park, J. F., Moss. O. R., Roswell, R. W., and Stevens,

D. L. (1980): A Mathematical Model for Predicting the Probability of Acute Mortality in a Human
Population Exposed to Accidentally Released Airborne Radionuclides. Final Report for Phase I,

U. S. NRC Report NUR E G/C R-1261. Available for purchase from National Technical Information
Service, Springfield, VA 22161.

Hahn, F. F. (1979): Early Mortality Estimate for Dif f erent Nuclear Accidents. Final Phase I
Report. U. S. NRC Report NUREG/CR-0774. Available for purchase from National Technical

Information Service, Springfield, VA 22161.

Scott, B. R., Hahn, F. F., Snipes, M. B. , Newton, G. J., Eidson, A. F., Mauderly, J. L ,, and
Boecker, B. B. (198B): Early and Continuing Effects of Combined Alpha and Beta Irradiation of the
Lung. Phase !! Report, U. S. NRC Report NUREG/CR-5067. Available for purchase from National
Technical Information Service, Springfield, VA 22161.

Scott , B. R. , Hahn, F. F. , Newton, G. J. , Snipes, M. B., Damon, E. G. , Mauderly, J. L. , Boecker,

B. B., and Gray, D. H. (1987): Experimental Studies of the Early Ef fects of Inhaled Beta-Emitting
Radionuclides for Nuclear Accident Risk Assessment. Phase II Report. U. S. NRC Report

NUREG/CR-5025. Available f or purchase f rom National Technical Information Service, Springfield,
VA 22161,

||

--------- _-_ _ _ _ - _ _ _ - _ _ __ - - _ _ _ _ _____ _ _ _ _ _ _ _ _ _ _ _ _ _



_ . _ _ _ _ _ _ _

,

ABS 1RACT

This report provides a hazard-function model for estimating th e risk of death from radiation

pneumonitis and/or pulmonary fibrosis following a light-water nuciear power plant accident. A

similar model is also provided for estimating the prevalence of respiratory f unctional morbidity

among those that survive death f rom acute ef fects. Hazard-function models for lethality and for
,

| morbidity were constructed using the cumulative hazard estimator H, which is related to the risk
1-exp(-H). The estimator H can be calculated usingestimator R through the equation R =

information provided in the report. The method of calculation depends on the exposure scenario.

In general, the total normalized dose X for lethality or for morbidity is calculated. For

lethality, X = 1 corresponds to a median lethal dose (LD o); for morbidity, X = 1 corresponds to a$

Vmedian effective dose (ED50). H is related to X by the equation H = in(2)X , where V depends on
the type of radiation (or radiations) involved. Contributions to X can arise from each of two

main modes of exposure: (1) Brief exposure of the lung, at a relatively high dose rate, to mainly

external gammas, followed by (2) chronic internal alpha, and/or beta, and/or gamma irradiation of

the lung. Equations are provided for calculating the contributions to X from both modes of

exposure.

While uncertainty evaluation is important for any risk assessment, an evaluation of the

uncertainties related to predicting lethality and morbidity cases af ter a nJclear accident is

beyond the scope of this report. However, uncertainties are discussed in detail in a separate,

follow-on report (NUREG/CR-4214) to be published in 1989.
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EXECUTIVE SUMMARY

Dose-response (hazard-function) models for early and continuing health ef fects of exposure
of the lung to mixed radiations (alpha, beta, and gamma) have been developed for use in
probabilistic analyses of light-water nuclear power plant accident consequences. The recent
nuclear power plant accident at Chernobyl demonstrated that such an accident can lead to brief
external exposure to gamma radiation along with chronic internal exposure due to complex mixtures
of inhaled radionuclides. Animal studies have demonstrated that chronic irradiation of the lung
by internally deposited radionuclides can lead to death from radiation pneumonitis and/or
pulmonary fibrosis (RPPF).

This report provides a hazard-function model for estimating the risk of death from RPPF
following a light water nuclear power plant accident. A similar model is also provided for

respiratory functional morbidity caused by irradiation of the lung. Respiratory functional

morbidity is defined as abnort e ities in any three or more of the following respiratory
functions: vital capacity, c t htatic compliance, C0 diffusing capacity, and ventilation

distribution.
Dose-response models were constructed based on use of the cumulative hazard which is

estimated by the estimator H. The risk estimator R was constructed as a function of the
cumulative hatard estimator H using the equation

R = 1 - exp(-H).

The estimator H depends on the normalized dose X, where the normalized dose (a theoretical
dose) represents a dose in units of D50 (i.e., LD50 or ED50). A normalized lethality dose of X =
1 corresponds to the median lethal dose LD50; a normalized morbidity dose of X = 1 corresponds to

a median ef fective dose. ED50 Using a form of the Weibull model, which has been demonstrated to

be quite useful for modeling dose rate and mixed-radiation ef fects. H is related to X by the
equation

VH = In(2)K ,

where the shape parameter V is positive. The shape parameter determines the shape of the
dose-ef fect curves f or lethality and for morbidity. For lethality f rom RPPF and for respiratory
functional morbidity, V is estimated to be about 12 for brief external gamma irradiation, and
about 5 for chronic internal alpha and/or beta irradiation of the lung.

Unlike absorbed doses f rom alpha- and beta-emitting radionuclides, normalized alpha and beta
doses can be added when the shape parameter is the same for both radiations. Normalized alpha and

beta doses are therefore added to obtain their contribution to the total normalized dose. To
calculate the normalized dose for death f rom RPPF af ter brief external gamma irradiation of the
lung, the cumulative absorbed dose is divided by the D50, which is estimated to be 1000 rad (10
Gy). Because the shape parameter for external gamma irradiation dif fers f rom that f or internal
alpha and/or beta irradiation, the external gamma normalized dose must be raised to the 2.4 power
to obtain an "isoef fect" dose that can ther) be added to the normalized alpha dose and/or beta dose
to obtain the total normalized dose. The exponent 2.4 is the ratio of the shape parameters for
external gamma irradiation (V = 12) to that f or internal alpha and/or beta irradiation (V = 5).
The exponent of 2.4 is specific for scenarios where the external gamma-ray exposure is brief and
is followed by chronic, exponentially decaying patterns of alpha and/or beta irradiation of the
lung due to inhaled radionuclides. Also, the exponent 2.4 applies only to death f rom RPPF and to
respiratory functional morbidity.

1
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To calculate the normalized dose for death from RPPF after chronic alpha irradiation of the

lung, the cumulative absorbed alpha dose to the lung is divided by the D50 for chronic alpha
irradiation, which is estimated to be 3500 rad (35 Gy), based on an analysis of 3-year follow-up
data for dogs exposed by inhalation to 239 u0 . With longer follow-up, a smaller 050 might beP 2
found. Also, for brief exposure to alpha particles at a high dose rate, the D50 is likely to be
much smaller than 3500 rad. We expect that it would be less than the 1000 rad (10 Gy) value found
for brief exposure to external gamma rays.

To calculate the normalized dose for death f rom RPPF af ter chronic beta irradiation of the
lung, the absorbed beta radiation dose that occurs in three consecutive time intervals can be

divided by fixed normalization parameters appropriate for the interval to obtain the normalized
doses associated with the intervals (fixed-paremeter model). The absorbed doses and normalization

parametees are expressed in the same units. The absorbed beta dose that accumulates between 0 and
14 days, which is presumed to be due mainly to short and intermediate-lived radionuclides, is
divided by a fixed normalization parameter of 16000 rad (160 Gy) to obtain the dose X for that
time inter al. The absorbed beta dose that accumulates within the 14-200 day interval, which is

presumed to be due mainly to intermediate- and/or long-lived radionuclides, is divided by the
fixed normalization parameter of 37000 rad (370 Gy) to obtain the normalized dose for the 14-200
day interval. The absorbed beta dose that accumulates within the 200-365 day interval, which is
presumed to be mainly due to long-lived radionuclides, is divided by the fixed normalization
parameter g2000 rad (920 Gy) to obtain the normalized dose for the remainder of the exposure. The
normalization parameters used in the fixed-parameters model were derived f rom data f or chronic
beta irradiation of the lung of dogs, with deaths f rom RPPF occurring af ter 365 days also included
when estimating model parameters.

Respiratory functional morbidity normalized doses are calculated in a similar way with 050'5
and normalization parameters used for lethality from RPPF reduced by a factor of 2 for morbidity.

The fixed-parameter, lethality and morbidity models presented are specific for light-water
reactor accident health risk assessment. For other nuclear disasters, different types of exposure
patterns could arise. To calculate the normalized beta and/or gamma dose for any continuous
pattern of irradiation of the lung, an empirical dose-rate model was developed f or predicting the

for lethality or morbidity as a fuhction of the average absorbed dose rate to the icng for aD50
small interval of exposure time. Dividing the. absorbed beta and/or gamma dose by the dose-rate-

dependent D50 provides an estimate of the normalized dose for the small interval. Evaluating
normalized beta ond/or gamma doses for consecutive small time intervals and adding them provides a
means of estimating the total normalized dose for any continuous pattern of beta and/or gamma
irradiation of the lung.

For simultaneous alpha, beta, ond gamma irradiation of the lung, the shape parameter f or
lethality or morbidity depends on the f raction of the total normalized dose due to alphas (ga).
betas (gb), and gammas (ga). To estimate V, the following empirical model is proposed:

1/V = 1/Vabg * 9a/5 + gb/5 + g /12,g

where Vabg is the predicted shape parameter for the simultaneous exposure. The plausibility of
the above model for predicting the shape pa rame t er for simultaneous exposure is dircussed in
Appendix 8.

For some exposure patterns, analytical solutions for the normalized dose X can be found. An
analytical solution is provided in Appendix A for the special case where the beta and/or gamma
dose rate to the lung decreases as a negative exponential f unction of time. With the dose-rate
model, the D50's for gamma and for beta irradiation of the lung are assumed to be the same.

2
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While uncertainty evaluation is important for any risk assessment, an evaluation of the

uncertainties related to predicting lethality and morbidity cases af ter a nuclear accident is

beyond the scope of this report. However, uncertainties will be discussed in detail in a

separate, follow-on report to a 1985 report (NUREG/CR-4214 SAND 85-7185). The follow-on report is
scheduled to be published in 1989.

.50
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CHAPTER 1

INTRODUCTION

For more than a decade, a major concern of the Nuclear Regulatory Commission (NRC) and the

general public has been the health ef fects of potential accidental releases of radionuclides from
nuclear power plants. Computer simulation models have been developed to evaluate the aggregate
risk of potential nuclear accidents at many reactors and sites ( Alpert gt al.,1986). In 1975,

the NRC issued the Reactor Safety Study (WASH 1400, 1975), which provided health ef f ects models

|
(HEM) for quantitative estimation of the health impacts of such accidents. The HEM provided the

l basis for most of the of ficial estimates made in recent years of the potential health consequences
of nuclear power plant accidents. In 1985 the HEM were revised (Evans et al.,1985). Additional
revisions were also made after 1985. The models were used in the computer code MACCS developed by

Sandia National Laboratory for the NRC (Alpert e_t al., 1986).
lhis report summarizes the most recently revised fixed-parameter models developed for use by

the NRC (Scott and Hahn, 1905), for lethality and morbidity from irradiation of the lung,
{ including modifications made since 19t:5 he to recent experimental and theoretical results (Filipy

|
et al., 1988, 1989; Scott el al. , 1987, 198Ba, 1988b). A major modification is the inclusion of a
term in the dose-response models for ef fects of chronic alpha irradiation. When the lethality
model is coupled with other models for acute lethality f rom competing modes of death (marrow or
gastrointestinal), a competing modes of death model can be obtained for nuclear accident risk
assessment (Scott and Hahn, 1985, 1989).

Results of experiments carried out that relate to development of the refined models for
morbidity and lethality are described in other publications (Scott et al., 1987, 1988b; filipy e_t
al., 1988, 1989). The p rima ry form of morbidity addressed in the experiments was pulmonary
function impairment. Body mass was f ound to be an indicator of morbidity only for those with
impending death, and perturbations of circulating blood cell concentrations were of little clinical
consequence with nonlethal doses. Related early theoretical developments are also discussed in
other documents (Hahn, 1979; Filipy et al., 1980).
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CHAPUR 2

EARLY AND CONilNUING EFFECIS IN MAN

2.1 NAlURE OF EFFECTS

Farly radiation ef fects could be induced in the lung with sufficient absorbed radiation

doses following a nuclear accident. Pulmonary irradiation may be the result of total- or

partial-body exposure to external photons or from radionuclides inhaled and deposited in the
lung. Death from pulmonary injury could occur if a lethal lung burden of radionuclides is
inhaled. More likely, however, is death following a combination of a nonlethal external dose to
the total body and radionuclides deposited in the lung.

2.2 CHERNOBYL ACCIDENT VICTIMS

Following the nuclear power plant accident at Chernobyl in the Soviet Union (USSR, 1986;
NUREG 1250, 1987; U. S. Department of Energy, 1987; U. K. Atomic Energy Authority, 1987; NEA,
1988; Mould, 1988), the most severe early-occurring radiation-related ef f ect was death f ollowing
combined injury to the bone marrow, intestine, lung, and skin (burns). Both external photons and
inhaled radionuclides contributed significant radiation dcses to firefighters and others that
received radiation exposures in the median lethal or higher ranges (Gus'kova, 1987).

The exposure rate (in Sv/hr) due to the Chernobyl accident decreased with distance from the
accident according to the approximation

Exposure Rate = 6.9*(distance in kilometers)*l 4

(Hohenemser and Renn, 1988). lhere were no distinct breaks between local dispersion and the

distant radionuclides deposits when rainfall ef fects were accounted for; in general, the f arther a
country was f rom Chernobyl, the lower its average deposition (Hohenemser and Renn, 1988). This
means that for similar nuclear accidents, the external exposure rate can be expected to decrease
with distance from the accident in proportion to distance to the negative 1.4 or a similar power.
Because the risk of death f rom acute ef fects of external photon irradiation of the lung increases
initially in proportion to dose to about the 12th power, for doses above a threshold dose of about
500 rad (5 Gy) (Scott and Hahn,1989), the risk of inducing death f rom acute ef fects in lung will
decrease very rapidly with distance f rom a nuclear accident. However, at a given distance f rom
the Chernobyl accident, rainfall locations exhibited activities 15 to 20 times higher than dry
locations and thus rainfall can lead to an elevation in risk (Hohenemser and Renn, 1988).

Acute radiation pneumonitis was observed in seven victims heavily irradiated at the
Chernobyl accident site (Gus'kova, 1987). Ventilatory failurs occurred within 3 days, followed by
death f rom hypoxemic coma. At autopsy, large blue lungs were found, with marked interstitial
edema, and with no signs of destruction of the mucosa of the trachea or bronchi. -Generally,
interstitial pneumonitis developed a few days bef ore death in combination with extremely severe
skin burns and intestinal lesions. Deaths (not necessarily due only to injury to the lung)
occurred 14-30 days after irradiation. Secondary viral infection was also a complicating f actor.

The distributions of the relative activity of specific radionuclides (134Cs, 13I1, 95 r,Z

140 a, 144Ce, 141 e) taken f rom specific sites (Fig. 2.1) in the lungs of a Chernobyl victim areL C

shown in Figure 2.2 (from USSR, 1986). The results indicate that the higher concentrations were
at the periphery of the lung. The radionuclides given in Figure 2.2 probably contributed
significantly to lung injuries f ollowing the Chernobyl accident, large depositions of inhaled
radionuclides could produce morbidity associated with respir& tory dysfunction (respiratory
functional morbidity) and lethality f rom radiation pneumonitis and/or pulmonary fibrosis (RPPF) as

5
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l

has been demonstrated with laboratory animals (Filipy el g],. 1988, 1989; Scott 31 al . , 1987;

Mauderly 31 al.,1973,1980a,1980b).
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Figure 2.1 Scheme for selection of samples of dissected lung material from a victim of the

Chernobyl-nuclear acident (USSR, 1986). See Figure 2.2 for distribution of activity
of specific radionuclides among these sections.
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2.3 RADIA110N THERAPY PATIENIS

The lung is a major dose-limiting organ in the delivery of suf ficiently high single or
fractionated doses of radiation to eradicate malignant diseases involving the thorax (Ellis,
1968). The diseases include primary lung tumors, Hodgkin's disease, esophageal cancer, breast
cancer, and occult metastases f rnm distant primary tumors (Travis,1987b). Despite the absence of
symptomatic changes, almost all patients receiving radiotherapy involving even a small portion of
the thorax will receive some degree of pulmonary damage,

Rubin and Casarett (1968) reviewed the earlier reports of pulmonary damage which began with
the use of higher energy therapy machines in the 1920's. More recently, Gross (1977) and Bortin
(1983) have provided reviews. lhe reviews point out that radiation is frequently used in
combination with other cytotoxic or immunosuppressive drugs or chemicals.

Some subgroups of the population may be more sensitive to the development of radiation
pneumonitis than others. Factors that have been suggested to contribute to sensitivity are
atherosclerosis, age, and underlying infection (Gross, 1977). Underlying infection was a

complicating factor among victims of the Chernobyl nuclear accident (Gus'kova, 1987).
Early data, based on radiation therapy without cytotoxic or immunosuppressive drugs, tended

to discount the importance of age (McKintosh and Spitz, 1939). Rubin and Casarett (1968)
suggested that age may .not be as important a f actor in radiation sensitivity of the lung as it is
for other tissues. Recent information on the importance of age at exposure comes f rom patients
treated with total-body irradiation and bone marrow transplantation. Many were also treated with
cytotoxic and immunosuppressive drugs. In one analysis (Weiner et al_.,1986), a two-fold increase
in the incidence of interstitial pneumonitis was observed in patients over 21 years of age, as
compared to younger ages. The finding was consistent with results of an earlier publication that
demonstrated an increase in the relative risk for interstitial pneumonia with increasing age
(Meyers gt al.., 1982).
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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 ef fects 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 af ter external thoracic irradiation, similar
changes have also been observed with inhaled radionuclides (Slauson el a ., 1976,1977).l

3.2 BRIEF THORACIC EXPOSURE

Studies involving laboratory animals have helped to clarify the shape of the dose-response
relationship for death from RPPF af ter brief thoracic irradiation (Cardozo el Al.,1985; Hill,
1983; Travis and De Lua, 1985; Miller et pl., 1986; Collis and Steel, 1982; Kurohara and
Casarett, 1972; Seimann p1 pl., 1982; Wa rd et al., 1982; Dunjic et pl., 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 LD50 (Scott and Hahn,1989; Scott et p_1.,1987,1988a).

i corresponds to a median lethal dose; X 0.5The dose X is dimensionless and X -=

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 gt pl., 1988a; Filipy gt pl.,
1988, 1989).

Note that the dose-response curve in Figure 3.1 is quite steep, suggesting a threshold at
about 50% (i.e., X = 0.5) of the median lethal dose. In Figure 3.2, we have shown that the smooth
curve in Figure 3.1 obtained f rom 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 el

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 af ter 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 PRD1RAClED 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 (1ravis 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, lhe sparing effect of protracted or fractionated exposure is mainly due to two

homeostatic mechanisms: (1) intracellulare repair and (?) repopulation of cells. Intracellulare
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 rates governed by
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Figure 3.1 Dose-response relationship for incidence of acute lethality (160-210 day) from
pulmonary injury af ter single, thoracic (photon) irradiation of mice and rats (Cardozo
et aj . . 1985; Hill, 1983; 1ravis and De Luca,1985; Miller et al.,1986; Collis and
Steel, 1982; Kurchara and Casarett, 1972; Siemann el gl . , 1982; Ward et, pl.,1982;
Dunjic et al.,1960; Phillips and Margolis,1972; 1ravis and Down,1981). Use of the
normalized dose X in units of D50 eliminated much of the variability associated with
units of dose, strain, species, and dose rate. Figure taken f rom previous publication
(Scott and Hahn, 1989). The shape parameter in the Weibull model (see Section 4.3)
was 12,
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Figure 3.2 Dose-response relationship for incidence of radiation pneumonitis in man af ter single,
thoracic photon irradiation or af ter 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 dose-response data due to dif ferent dose

' '

units (e.g. , ret, rad, ED, etc. ) . The smooth curve is the same as in Figure 3.1 and
is based solely on animal data. For high dose rate exposure, X = 1 corresponds to
about 1000 rad (10 Gy) to the lung (Scott and Hahn,1988). The data are f rom Van Dyk
et al.,1981; Prato e_t gj..,1977; Mah e,1 a1.,1987; and Phillips and Margolis,1972).
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homeostatic mechanisms (Thames and Hendry,1987). For protracted exposure, repopulation of cells.
as well as, intracellulare repair may occur during irradiation. ,

3.3.2 Internal Irradiation'-
3.3.2.1 Lethality and Morbidity After Beta Irradiation

Inhaled high-energy beta-emitting radionuclides (90y, 91y, 90 r + 90Y equilibrium mixtures,S

or.144 e) have been shown to induce death f rom RPPF in dogs that inhaled the radionuclides inC

insoluble fused aluminosilicate particles (McClellan p1 gl.,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. q

different, resulting in dif ferent patterns of irradiation.
The dif f erent 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'
90 r experiments, respectively.increased f or the 91,144Ce, and SY

Dif ferent patterns of irradiation led to dif ferent dose-response relationships for lethality
f rom RPPF, with the ef festiveness decreasing as the- average exposure time increased. Results for
the 90y, 91,- and .144 e experiments are shown in Figure 3.5 along with dose-response relationshipsY C

obtained for brief upper-body photon irradiation of rats based on data from Dunjic- p.t pl. (1960)
and for the induction of radiation pneumonitis in man af ter brief thoracic photon irradiation (Van

for 90 r. (not shown) was similar to thatDyk p_t 3 . , 1981). The dose-response relationship S1

obtained for 144 e (Scott and Seiler,1984). The rats used by Dunjic g.t gl. were somewhat moreC

sensitive than other rodents (Cardozo p_tt al., 1985; Down and Steel, 1983),' but appear quite
similar to man in sensitivity.

1.0 j. ,,,
o \ '_
i i
20.8 \- s

2 i *

N i \, "St"Yg

O $ 0.6 \-

o@ \, '"C e '
;o ,

o m I \ ,

ii< o 0.4 %
.

@g ! 's "Y
a .,

N 0.2 '
-

'Ng '.,,N
3 1 ,

( __._._._ _ _._ ._ _._ ,,' " - -------_- .__________ _____
g_g

0 100 200 300 400 500 600

DAYS AFTER INHALATION EXPOSURE

radioactivity i[Ce, or Oqgs of dogs af ter singleUSr (in equilibrium with
the 1' Figure 3,3 Normalized patterns of retention of voy, sly, 14

daughter 90 )posure to the beta emitters
inhalation ex

Y inhaled in an insoluble form (McClellan p1 al., 1982).

10

.
- _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _



-_ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _

''Y
1.0,--------------

, . .
, _ . . . . . . . . . - - - - - - - - - - - - - - - - - -

t
e -

0 I '-

50.8 f ,'
,'

J ,"o .|
'

'u. > k j /
| O m O'6 '

'zM *C e
,','O

.O o

2 O O.4 / ' sr.
-

cr 25 /
u. u. i. |

.J i |

60.2 !!
O i ,|

\

F
|| ,

0.0
0 100 200 300 400 500 600

DAYS AFTER INHALATION EXPOSURE
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Figure 3.5 Dose-response curves for death f rom 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 f rom early ef f ects af ter brief upper-body X irradiation of
rats (Dunjic et al.,1960), and for radiation pneumonitis in man af ter brief thoracic
photon irradiation (Van Dyk el a_1. 1981).
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The radionuclides-exposure data in Figure 3.5 are based on use of the 1-year dose to the lung
as the independent variable, with all deaths f rom radiation pneumonitis being counted and deaths
f rom 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 radionuclides data, since
s

for a given pattern of irradiation, it can be calculated before an animal dies from
radiation-induced ef fects. 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
gl., 1987; Filipy et gl., 1988). In this report, the time-specific,1-year dose is designated as
DOSE-ly; dose to other times can be indicated in a similar way (e.g., the time-specifit 6 -month (
dose can be designated as DOSE-6 mon), j

An influence of beta dose-rate pattern similar to that observed for dogs was also observed
in rats when the f requency of deaths f rom RPPF was evaluated as a function of the DOSE-ly (Scott

Y plus 90 r. in fusedel 91. 1987) . Rats inhaled equilibrium or nonequilibrium mixtures of 90 S

aluminosilf 'te particles, to provide dif ferent patterns of irradiation of the lung. As in the
studies wit. 's (McClellan et al., ?982), the D50 increased as the exposure time increased. In
Chapter 4, a w 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 model are based on the data for dogs shown in Figure 3.5 (Scott et
31.,1987).

Pulmonary function data have been quantified in the following way to develop risk parameters
for estimating the prevalence or respiratory dysfunction resulting f rom irradiation of the lung of
rats or dogs (Sentt et a l. . . 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 CD dif fusing 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 stif fer than normal lungs. Those having a slope of phase 3 of the N2 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 gl., 1987, 1988b; Filipy

| el al., 1988, 1989).
Dose-response data for respiratory functional morbidity af ter internal high- or low-energy

beta irradiation of tho lung are provided in other publications (Scott et al.. 1987, 1988b; Filipy

et a l_ . , 1988). Data are also available for combined ex ternal -gamma (total-body) and
internal -alpha irradiation of the lung (Filipy et al.,1988).

In studies at the llRI using internally deposited high-energy beta-emitting radionuclides
90 ), the dose D50 required to90 r, or 90 r in equilibrium with90 r, 90Y + 25%(90Y & 2.3% YS SS

produce respiratory functional morbidity in 50% of those exposed was about the same as was
90 r or 25% 90 rS Srequired for lethailty from RPPF (Scott et al., 1987). The notat ions 2.3%

| implies that 2.3% or 25% of the initial lung burden was due to 90 r and the remainder was due toS

90Y Because of smaller sample sizes, the morbidity data were more variable than the riortality
data, and a lower 056 f or morbidity could not be ruled out. For the low-energy beta emitter

147Pm, the D50 f or respiratory functional morbidity was about 25% of the D50 f or death f rom RPPF
In a similar 147 m inhalation exposure study conducted in rats at PacificP(Scott et al.., 1987).
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Northwest l aboratory (PNL), the D50 for respiratory functional morbidity was about the same as for
lethality f rom RPPF (Filipy et al.. 1989). Similar D o values for mortality and morbidity were$

obtained at PNL when rats also received a sublethal external gamma-ray dose before internal beta
irradiation by inhaled 147 m.P

3.3.2.2 Lethality and Morbidity After Alpha Irradiation

In experiments at PNL, sublethal doses of total-body gamma followed by inhalation exposure
to plutonium aerosols increased the lethality from all causes in both Beagle dogs and F344 rats.
The lung DOSE-ly of plutonium that led to 50% mortality when given in combination with gamma
irradiation was approximately one-half that led to 50% mortality from plutonium alone. The data
indicated that the enhancement ef fect dye to external gamma irradiation was preater in dogs than
in rats (Filipy et al.. 1988), owing to a higher sensitivity of dogs to deaths f rom injury to the
hematopoietic system. However, respiratory f unctional morbidity resulting f rom inhaled plutonium
was enhanced to a much lesser extent by total-body gamma irradiation than was lethality.

Lung doses from plutonium that were expected to lead to 50% mortality within a year of
inhalation exposure resulted in 100% mortality in F344 rats following a sublethal exposure to
gamma rays (Filipy d a . , 1988) . With dogs, a 235 rad (2.35 Gy) total-body gamma dose reducedl
the D50 for 1 -year lethality from all causes f rom 4500 rad (45 Gy) to 2000 rad (20 Gy), indicating
a reduction of 2500 rad (25 Gy) in the plutonium dose. The reduction is not surprising, since a
brief exposure to 235 rad is very near to the LD50 for the hematopoietic mode of death (LD50 = 243
rad, Filipy et al., 1988).

The threshold for the hematopoietic mode of death is estimated to be about 1/2 of the LD 50
(Scott and Hahn, 1988), which puts it at about 122 rad (1.22 Gy). Based on a recent acute
lethality model for death f rom the hematopoietic mode (Scott d a .,1988a), 235 rad (2.35 Gy) ofl
gamma rays uniformly distributed to the bone marrow of dogs and delivered at high dose rates would
be expected to lead to about 40% lethality from injury to the bone marrow for large sample sizes.
For a small sample (e.g.,10 or less) selected at random, the lethality could exceed 60% because
of statistical fluctuations.

The results suggest a relative effectiveness of 2500/235 r 11 for the high dose rate,
total-body gammas exposure, relative to protracted alpha irradiation of the lung of dogs for
1-year lethality. However, a large part of this relative ef festiveness factor of 11 is likely due
to deaths f rom the hematopoietic mode, rather than to a synergistic interaction between the lung
and bone marrow because the 235 rad gamma dose is close to the LD50 of 243 rad for hematopoietic
death.

Respiratory functional morbidity was also measured in the study with dogs, and the data
indicated a relative ef f ectiveness f actor of 1.1 for total-body gamma irradiation vs internal
alpha irradiation of the lung (Filipy Lt; .al.,1988). Because of the small sample sizes used, thei

error on the relative ef festiveness f actor of 1.1 may be quite large.
Acute lethality data for F344 rats receiving a dose of gamma rays followed by ' inhalation

exposure to 239 u0 , provide additional information on the relative ef festiveness of externalP 7
gamma-ray, total-body exposure, relative to internal alpha irradiation of the lung (Filipy et al.,
1988). In the rat study, aD50 plutonium lung dose of 5800 rad (58 Gy) for 1-year lethality was
reduced to 3600 rad (36 Gy) when combined with total-body 60 o gamma doses of 850 to 915 radC

(8.5-9.15 Gy) (midrange 883 rad, 8.83 Gy); co.rrections were made for deaths f rom the hematopoietic
mode by excluding animals that died within 30 days. Dose-response curves for 1-year lethality are
given in Figures 3.6-3.7.
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gamma rays. Rats dying within 30 days f rom injury to the hematopoietic system were
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lhe experimental design of the study, in particular its 1 -year duration, did not allow us to
determine whether the reduction in the alpha D50 for 1 -yea r lethality after combined alpha plus
gamma irradiation was due to an increase in the risk of death f rom RPPF. Had the rats exposed to

alpha-only been f ollowed for duration of lif e, we would expec t the D50 for that study to approach
the D 0 for the alpha -plus -gandna study. Results of analysis of survival time distribution data$
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suggests that sublethal total-body gamma doses may have accelerated the development of lethal
lesions induced in the lung by chronic alpha irradiation.

The observation of a D50 of 3600 rad (36 Gy) for 1 -yea r lethality, for the combined

alpha-plus-gamma study in rats, is consistent with the D50 for 3-year lethality f rom RPPF observed
in dogs exposed via inhalation to t39 pud 2 at the llRI. In the dog study, the D50 (expressed as a j

3-year dose to the lung) was approximately 3500 rad (35 Gy) for death f rom RPPF (Scott d 31,..

1986).
The results of the PNL alpha plus gamma study in rats suggest a relative ef festiveness of

(5800-3600)/[883] * 2.5 f or the high dose rate total-body gamma exposure, relative to protracted
alphas (based on a 1-year dose and 1-year lethality). This means that for irradiation of the lung
only, with external gamma photons, the D50 for RPPF would be expected to be equal to about (D50
for alphas only)/2.5, if synergism between injury to the lung and bone marrow did not occur in the
combined exposure. Assuming the D50 for alphas to be about 3500 rad (35 Gs), the D50 for external
gammas for death f rom RPPF is estimated to be about 3500 rad /2.5 = 1400 rad (14 Gy).

'

lhe 1400 rad (14 Gy) estimate is in good agreement with adjusted values of 1500 rad (15 Gy)
and 1700 rad (17 Gy) derived, respectively, f rom data for thoracic 300 kVp (Cardozo d gl.,1985)
and 280 kVp (Kurohara and Casarett,1972) X-ray irradiation of rats. We have made adjustments for
a lesser ef f ectiveness for gamma rays as compared to low-energy X rays, based on an R8E of 0.87
f or the gammas (MacVittie Lt, gl . ,1984) . Also, the X-ray data in Figure 3.5 when adjusted for LETt

ef fects using the factor 0.87, would place the 050 at about 1100 rad (11 Gy) to the lung for
high-energy photons.

Published estimates f or the D50 for external thoracic photon irradiation of mice were in the
range 1100-1500 rad, when no drugs were used and when radiation pneumonitis was confirmed (Dunjic
et al.,1960; Cardozo d 9 .,1985; Down and Steel, 1983). logether, the results f rom thoracic1

exposure studies in rats and mice would place the Dr,0 for death f rom RPPF at about 1300 rad to the
lung for gamma radiation. .

Experiments were conducted to study the incidence of death from RPPF after simultaneous

Pu) and beta (147 m) irradiation of the lung of rats (Scott d gl.. 1988b).
'internal alpha (238 P

The radionuclides were inhaled in an insoluble fused aluminosilicate particle matrix. The

fiormalized alpha and beta doses (i.e., DOSE-ly divided by the D50) were found to be additive for
simultaneous exposure as is predicted by the hazard-function model (see Chapter 4). Additivity of

normalized doses, however, does not imply independent action (Scott, 1989).
A response-surf ace for lethality f rom RPPF af ter the combined (simultaneous) alpha and beta

irradiation of the lung based on the hazard function model is given in Figure 3.8 (Scott et al., .

1988b). Results were presumed to be applicable to both low--energy and high-energy betas as the
D50 for lethality f rom RPPF does not seem to depend on beta energy for maximum beta energies in
the range of 0.224-2.27 MeV (Scott d g_1., 1987).

Respiratory functional morbidity was also examined in rats af ter combined simultaneous

238 u-alpha plus I47 m-beta irradiation of the lung (Scott el gl.,1988b). The normalized alpha '
P P

'and beta doses were found to be additive as predicted by the hazard-function model (Scott et al., 4

1988b) discussed in Chapter 4. A response-surf ace model obtained for respiratory functional <

morbidity af ter the combined alpha and low-energy beta irradiation of the lung is given in Figure
3.9. The results indicated that the D50 for the prevalence of morbidity was about 1/4 of that
required f or lethality f rom RPPF. This can be seen by comparing the marginal curves on the two
response surfaces in Figures 3.8 and 3.9.
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CHAPTER 4

HEAL 1H EFFECIS MODELS FOR LUNG

4.1 EFFECl 0F M00F L SELECl!0N

A number of models were considered for predicting lethality or morbidity f rom irradiation of
the lung. However, because of the steepness of the sigmoidal dose-response relationships (Scott
et al., 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 model was selected. Other models were considered (Jones,1981; Goldman and P3abe,1977;
Wells, 1976; Filipy et gl., 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 af ter 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 model is easy to implement, and when based on the normalized dose, has certain advantages

i

in accounting for dose-rate ef f ects and linear-energy-transfer (Scott et a1.,1987,1988a,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 f eel that the two -parameter Weibull
model is adequate for modeling early and continuing ef fects of nuclear accidents where one is

concerned about ef fects of (1) a distribution of dose over the hypothetical target population, (2) |
dif f erent 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 f rom 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 ef fects 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 function of the

distribution of absorbed doser and absorbed dose rate pattern over the population (F. vans d a1.,
_

1985; Scott, 1988a).
The following sectier, summarites the spenal fom cf the two-part. meter Weibull model that

wes developed for modeling tolerance-dose di st ribu t ior.s for lethality or raorbidity f rom early

ef fects of irradiation. It also introduces th2 reader to tre cumulative hazard futction which
,

'
plays t central role in oar trWelint, of risk f or errly and continuing ef fects of irradiation.

4.2 TOLERANCE DISTRIBUTION MTFLING !

Tolerance dose represents that dese to a given indivihal, and to the critical organ of t

interest, that is just sufficient to cause the quantal ef fect of inter?st (e.g., death f rom 'RFPF |

in lung). Sensitivv ih61viduals will have lower tolercnce doses than resistant individuals. For

a large population at risk, there is a distribution of tolerance doses. When the linear probit or

17
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log probit model is used to develop dose-ef fect relationships, it is implied that a normal or

log-normal tolerance distribution has been assumed, respectively. For quantal effects of

irradiation such as lethality from RPPF, the tolerance dose will depend on a number of variables,

including the type of radiation and the temporal pattern of irradiation.
We have assumed that the population at rist is suf ficiently large that the distribution of

tolerance doses can be approximated by a continuous function, that the critical organ of interest
is uniformly irradiated, and that no supportive or intensive medical treatment is provided to the

exposed individual.
Ihree mathematical concepts from probability theory play important roles in radiation

tolerance dose distribution modeling: (1) the cumulative distribution function (cdf); (2) the

survival function (sf); and, (3) the cumulative hazard function (chf). The cdf represents the

proportion of the population at risk that will respond (e.g., die from a specific early ef fect of

irradiation), when each member is exposed in the same way, to the same dose of a specific type of
radiation. The cdf is related to the tolerance distribution. In risk assessment, the cdf is

estimated using what is often called the risk function.

The tolerance distribution for cumulative absorbed doses D is estimated by the estimator

function f(D| pattern, type), where the notation implies that, in addition to depending on organ
dose D, the temporal pattern of irradiation and the type of radiation (i.e., radiation quality)

are also important. The f raction of the population with tolerance doses in the infinitesimal

interval (D, D& dD) is given by the product fdD, where for simplicity, f has replaced the more

complicated notation f(Dlpattern, type). However, it should be understood that the conditional

relationship and dose dependence exist. lolerance distribution can also be expressed in terms of

the normalized dose X (Scott, 1988a, 1988b, 1989).

4.3 WEIBULL HAZARD-FUNC110N ESilMA10R

For lethality f rom radiation-induced injury to the lung, the cumulative hazard is called the

lethality hazard; f or morbidity, it is called the morbidity hazard. We use H to represent an

estimator f unction for the lethality or morbidity hazard. The general expression that we have

used for H is based on the Weibull model (Scott et al., 1987, 1988a, 1988b) where

Hr in(2)(Q/D50)V = In(2)X , (4.1)V

where D is the absorbed radiation dose, D50 is that dose which produces the ef fect of interest in
50% of those exposed, and V is a parameter (shape parameter) that determines the shape of the

dose-response curve. Equations are provided in Appendix 8 for estimating the shape parameter for
simult ateeous exposure to dif f erent types of radiatien. For lethality D o represents the median$

letha! . dose; for morbidity, it represer.ts the median ef fective dose. From Eq. 4.1 it can be seen
that when the core C equels the 09 H will be ental to in(23 which is approximately 0.693
Because of Iq. 4.1, a 91u1 of d vs D can br used to estimete the DSO (Scott, 1988a).

For acute ef fects oi irradiation, data f or H vs the dose D is usually a straight line (Scctt

and Hahn, 1980) when plotted on logarithmic paper, and whnn the two parameter Weibull model is

used to fit the data for H, the fitted curve for H prsses through the ta tue 0.693 at the cose

0 r, . Alse, the slope of the curve will indicate the model shapt parameter V. Linear regress!on5

o! In(H) vs 'In()) is ot.e way to esticate tie shape para * ter d.

The merimum iikelihooc pr ocedu*e ( ba s e .1 on riu, not hazard) provid?s a second way to

estimate the shape w smeter V. With the max imurn likel'.hocd proc edure, individuals with dif f erent

doses do not have in be grovped, but can be analyzed separately (Scott et.1. ,1967).1

18
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lhe shape parameter can also be estimated with a calculator f rom a plot of incidence of

effect vs dose relationships. If DIO and 090 are doses for 10% and 90% incidences, respectively,
then an estimate of the shape parameter V is 3.084/ln(Dgo/D10)-

The parameters 050 and V depend on the biological effect of interest and the type of
radiation (Scott et gl., 1987; Scott and Hahn,1989; Filipy et gl.,1988, 1989). While the 0$0
for acute lethality from a specific mode depends strongly on low -l E l dose rate, the shape
parameter V seems not to depend on dose rate (Scott et al., 1987, 1988a).

With the modeling approach used, one first obtains the lethality or morbidity hazard

estimator function H. lhe corresponding lethality or morbidity risk estimator function is then

obtained as a function of H. Details on how to obtain the risk estimator f unction R from H are
provided in Section 4.5.

4.4 NORMAll7FD DOSE X

| 1he ratio D/D50 in Eq. 4.1 can be viewed as representing a normalized dose X in units of the

D50 Like the dose equivalent, the dose X is theoretical. Unlike the dose equivalent, the dose X
is dimensionless. For lethality, X - I 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 analysis of
data for early effects of irradiation have previously been demonstrated (Scott et al. , 1987,
1988a,1988b; Scott,1988a,1968b; Jones,1981). Use of X instead of D eliminates variability in
dose-response relationships associated with different mammalian species (Scott et a_1... 1988a),

with dif ferences in radiation quality (Jones,1981), and with dif ferences in dose rate (Scott et
a l.. . 198Ba). The data in Figures 3.1 and 3.2 in Chapter 3 were plotted as functions of the

normali7ed 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 is preferable to use of the

dose-equivalent method. With the dose-equivalent method one multiplies the " total absorbed

radiation dose" by a fixed quality f actor 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 nucbr power
plant accident, exponentially decaying pattens of irradiation of the lung could occur and acute
ef fects dose-response curves are nonlinear. In such cases, each small increment in the radiation

dose is delivered at a dif ferent dose rate. The dose-eouivalent approach vas not intended for
predicting the ef fects of such complex patterns of irradiation. For this ard other reasons, the

| reormahzed dose was developed. Use of ne normalued dase X facilitates predir tion of the acute
eftt m of exponentially decaying and Lort cokpirx patternt of low-LE! irradiation of : target

L organ. LPlike the dose equivalent approach, ut.e of the normalized dese X alluws or d to treat

"each small ' nu ewnt" in the dose dif ferently tv account Tor ef fects of a changing dose rate
;

pattern. We show in Section 4.8 how its use also allaws cne to treat dose-rate anc LFT effects

, simultaneously.
|

4.5 RISK TUNCl!DN iSTIsATOR

1he risk estimator for morbidity or l e t h.:l i t y is related to the hazard estimator H, and

tolerance dose distribution estimator f, by the expression:

19
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u
Risk R at absorbed dose u = 1 - exp[-H) = 1 fdD, (4.2)

0

where f is the tolerance dose distribution estimator function. Both H 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 Eq. 4.2 that errors in risk estimates will depend on
error in H, which in turn will depend on errors in the critical organ dose and the dose-response
model used for H.

For threshold-type ef fects, with sigmoidal-type risk functions, an estimate of the average
risk is needed for a population with a distribution of organ-specific doses. For sigmoidal-type
curves, one cannot use the average dose to the population to evaluate risk; use of the average i

dose is restricted to linear nonthreshold ef fects.
Af ter 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 ef fect. Usirg the hazard-function approach, competing risks can also be incorporated in the
overall risk evaluation quite easily.(Scott and Hahn, 1985,1989).

4.6 SURVIVAL FUNC110N ESTIMATOR

The survival function estimator is related to the hazard function estimator H by

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

!

It follows from Eq. 4.3 that

H = - In[5] - - In[1-RJ. (4.4)

4.7 lHRESHOLD DOSE

lhe threshold dose is the smallest tolerance dose for the population at risk and specific
nonstochastic quantal effect of interest. Ihreshold 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 j

dose X to the critical organ of interest exceeds the threshold dose Xo. While the exact threshold

dose Xo is generally not known, one can obtain a practical threshold by plotting in(X) vs in(H)
for most acute quantal effects, in a previous publication (Scott, 1988a), a similar approach was
used to estimate ef fective absorbed dose thresholds for dif f erent early ef f ects of i rradia t ion.

|- Dividing the threshold, expressed as an absorbed oose, by the D o also gives an estimate of Xo.$

lruncation of H to simulate a threshold dose will lead to a discontinuity in the dose-ef fect
relat M ship for K at the dote of truncation. however, ihls should rose no major problem in

i long as its use is limited to thresh 016-type ef fects and isnuclear accider.t risk assessment so
applied to situa'tions wnere there is a distribution of doses over the population of interest. In
such situations, the probability of having a dos 2 in the very small dose interval (Xo - c, Xo +
c), which is : entered at the dist ntinuity, where c is a small nuriber like 01, will be much
smaller than the prchability that the dose will be outside the interval. Because the number of
expected number of cases of a given Ef fect is based on the average risk (which depends on the risk
a' a Siven dose multiplied by the probability of having that dose, for all doses), the impact of
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the discontinuity would be. expected to be negligible. This is because the contribution to the
'

average risk coming f rom the small dose interval (Xo - c, Xo + c) will be minor for realistic
nuclear accident scenarios'.

4.8 IN1ERORGAN INTf.RAC1 IONS

Total-body exposure to sublethal external photon doses in combination with internal
,

, irradiation of the lung f rom inhaled radionuclides could lead to interaction between bone marrow
and lung (filipy d al.,1988, 1989). Such an interaction ef fect 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 f unction estimators

will be called risk functions. j

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

radionuclides.
The hazard-function model for brief, external gammas followed by chronic internal alpha I

irradiation of the lung is represented by the following equation (where L and B imply lung and
i

'bone marrow, respectively):

Overall hazard HL(XLa, XL , XB ) -g g

hazard due to alpha and gamma irradiation of the lung HL(XLa, XL )g

+

hazard due to interaction between the lung and bone marrow HLB (XLa, XL , XB ), (4.5)g g

where XLa and XLg are normalized alpha and gamma doses to the lung, respectively, and XB is theg

normalized external gamma dose to the bone marrow, for uniform total-body exposure. Results of
studies at PNL 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 interest. 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 dote XBq to
the bone marrow, an external gamma dose XLg to the lung., and an internal alpha dose XLa to the
lung, the hazard function for lethality or morbidity effects in the lung should be adequately

represented by

HL(XLa. XL , XS ) = HL(Xia, XL ). (4.6)9 g 3

The solation to Eq. 4.6 is given in terms of the isoef f ect dose XLa* and the alpha dcse XLa where
XLa* is the alpha dose that w>uld prodace the same level of aazard (or risk) as the external gamma
dose XL . The solution (Scott, 19E4; Hahn, 1979) isg

t
j HL(XL , HL ) = HLa(XLa + XL ')* (4 7)a g a

I '

where Hia is the hazard functicn when the individual is exposed only to alpha radiation enicated
using Eq. 4.1 (Scott d a1.,1984), and where the isoef f ect dose is the solutien to the egnation

_

HlaIXla*) = HL (XL ), (4.8)g g

|
1
|
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where HLg is the hazard . f unction when' the lung ~ is exposed only to external gamma rays. By
changing each subscript it in Eq. 4.8 to h, one could also define an isoef fect dose to XL *, Bothb

HLa(XLa*) and HL (XL ) are evaluated using Eq. 4.1, with appropriate model parameters for alphag g

and external gamma irradiation.
Results obtained f rom a study at the IIRI indicated that normalized, internal alpha- and

beta-doses XLa and XLb are additive for both lethality from RPPF'and for respiratory functional 1

morbidity (Scott gt jtl. ,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 gama + internal alpha + internal beta and gamma irradiation of the lung should be
adequately estimated using HLa (XLb + XLa + XLa*), which is the same as HL (XLb& XLa + XLa*) .b

where XLa* accounts for the ef fects of the high dose-rate, external gammas; HLa and hlb ' are the
hazard functions for morbidity or lethality when the lung is exposed only to internal alphas,' and
to betas and'gamas, respectively; XLb is the normalized, internal beta & gama dose to the lung,
with internal betas - and gamas being assumed equally effective (Scott and Hahn, 1985, 1989).
Since the shape pa rameter is the same for alpha and beta irradiation, no calculation of an
isoef fect dose is needed for internal t'etas and gammas.

The much greater ef festiveness .of brief, external gamma irradiation', compared to protracted
internal alpha or beta irradiation, is presumed to be due to dose rate. However, brief exposure
to alpha particles would be expected to be more ef fective 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 HLa), as a function of the total
dose XL, where XL = XLb + Xla & XLa*, is given in Figure 4.1.
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For lettsality in man f rom RPPF , the dose XLb is evaluated using the same fixed parameter
mo.1el fur eftects of beta irradiation of the lung, as previously published (see following
section). The normalized alpha dose XLa is presently calculated as D/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 that unlike early ef fects of beta ]

iirradiation of the lung, which generally occur within 2 years during chronic exposure to
exponentially decaying patterns (McClellan d gl.,1982), there is evidence that RPPF can occur as
late as 7 years while receiving chronic alpha irradiation (Muggenburg n ill.,1988).

For external irradiation of the lung of man, the D 0 for death from RPPF has been estimated5

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 XL in Eq. 4.8 forg

external gamma irradiation of the lung of man has to be based on a D50 of 1000 rad for lethality

|: from RPPF, rather than on 1*dO rad. The shape parameter V for external gammas is estimated f rom
the animal data in Figure 3. to be about 12 (Scott and Hahn,1989) as compared to a value of 5
(Scott d al., 1987,1988b) for intarnal alpha or beta irradiation. A ,)udgmental estimate of the
threshold dose is Xo - 0.5 (Scott and Hahn, 1989).

The isoeffect dose (the solution to Eq. 4.8), is given by the solution to
1.
|

XLa*5 . xt 12g

|

or

g
.4, (4,g)2XLa* = XL

|
' 4.9 ESTIMATION OF XLb

In the ideal case, t v sormalized beta dose is evaluated using the integral (Scott et al.,
1988a; Scott and Hahn,198'.

b=1b*D50(b)-l dt, (4.10)XL

where the star (*) represents a product, and where the integration is over the time of exposure,
for a continuous irradiation pattern; 6 is the instantaneous absorbed dose rate to the lung for
both internal beta and gamma radiatiens; the normalization function D50(6) depends on the dose
rate and represents the D50 as a function of the instantaneous dose rate. The normalization

function D50(6)formanhas been estimated from data for internal beta irradiation of the lungs
of dogs (McClellan d pl..,1982), for thoracic X irradiation of rats (Cardozo G gl.,1985), for
photon irradiation of the thorax of man (Van Dyk d al.,1981; Mah e1 gl.,1987; Phillips and

.

Margolis, 1972), and is given by the folinwing relationship (see Appendix for full explanation):

50(b) = [5170/b] + 1000, in rad, (4.11)D

where the dose rate is in rad / min so the lung, and the D50 is in rad. When the dose rate is in
22 (in Gy /hr) and tne 1GC0 (in rad)Gy/hr, then the 5170 (in rad / min) should be replaced with 31

should be replaced with 10 Gy.
Whether an analytical solation to Eq. 4,10 exists depends on the problem ronsidered. An

ar.al61 cal solution is provided in the /,ppendtg for the special case where the c'ose rate to the
lung , decreases as a single neg6tive exponential of the form A*exp[-B*t), whm A is the initial

!. dose rate to the lung, B is a positt"e parameter, and t is tva, While the results are applicable
to cases uhere the lung mass remains corstant during the expo;ure, 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 11 studies in rats (Scott et a1.,1987).

_

For nuclear accident risk assessment, analytical solutions to Eq. 4.10 may be possible for
g

some scenarios (e.g., exposure to external cloud- and ground-shine at a fixed dose rate, followed
i. by chronic exposure to inhaled beta- and gamma -emi t t ing radionuclides according to a single- I

exponential decaying pattern). However, searching for such solutions is beyond the scope of the g

current research project. Also, obtaining nearly exact numerical solutions for nuclear accident
s:enarios is not practical as computer time for population dose and dose-rate distributions could
be sizable.

Two approaches to approximating the integral that do not require extensive ~ computer
calculations have been proposed for evaluating acute ef fects in lung: (1) the variable parameter
app roac h, where the model parameter D o 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 a_1.,1987; Scott and Hahn,1985), where the model parameter D50 does not change
with dose rate but differs for each of n (with n = 3) preselected time intervals.

While computer sof tware for evaluation of the fixed-parameter mode 1 was developed as part of
the research project, development of computer sof tware for the variable-parameter model was beyond
the scope of the project. Thus, only the fixed-parameter model 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 ef fect in both the lung and bone marrow.

With the fixed-parameter approach, XLb is estimated using the relationship !

XLb = D1/D50,1 + D2/D50,2 + D3/050,3, (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 is the dose that occurs in the 200-365 day interval. The
normalization parameters D50,1, 050,2, and D50,3 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 irradiation of the lung 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 D g 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 in the 0-14 day
interval given by fl, the fraction in the 14-200 day interval given by f 2, and the f raction of the
200-365 day interval given by f3, the D50 is predicted using the reciproccl relationship (Scott et
al.,1987)

\

1/050 = f1/050,1 + f2/050,2 + f3/D50,3-

) (4.13)
As shton in Table 4.1, nocel p*edictions are in good agreement wii.h D50's ortained for death

f.Tm WPPf af ter internal beta irradiation nf the lung of rats for four stwMes corducted at the '

likt in Phaie Ir of this project.

1
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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 f rom RPPF (Filipy d M., 1988, 1989; Scott d gl . ,1987, 1988b; Mauderly d 1

d., 1973, 1980a), with an average of about a factor of 2 smaller. The available data on the
i

shape parameter V for morbidity indicates 00 significant difference between the values for j
lethality from RPPF and for respiratory functional morbidity (Scott d d., 1987, 1988b; Filipy et, '

_

d. , 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-function model, which excluded alpha radiation (Scott and Hahn,1985). An upper ' bound on
the morbidity. risk can be obtained by using a division f actor of 4 and a lower bound by using a
division f actor of 1 (i.e., same as for lethality) to operate on the normalization parameters for
lethality.

4.10 ISOBOLOGRAMS
|

The hazard-function model can be used to construct isobolograms for the combined ef fects of
dif ferent radiations. An isobologram is a plot of dose combinations of two agents for a fixed
level of ef fect. 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-f unction model, is given in Figure 4.2. In this example, the

external gamma dose is 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 model 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 in producing death from RPPF. That they are not additive is no s urpri se, as

nonadditivity of high- and low-LET dost, 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 en the normalized gamma

dose XLg and normalized alpha dose XLa. The results indicate that the normalized doses XLa 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 f rom RPPF for gammas is 2.4 times larger than that for internal alphas.

As shown in Figure 4.4, if the isoeffect dose XLa* (i.e., the theoretical alpha dose that

produces the same ef fect 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 XLa
and XLa* are additive end is the basis for use of hazard-function models that depend on isoef fect
doses (Scott, 1984).

In Figure 4.5, it is shown that the isobologram fer 50% lethality f rom RPPF af ter combined
chronic alpha and chronic beta irradiation of the lung is predicted to be linear when the
norniali zed doses XLa and XLp are used. The linear relationship implies that XLa and XLb are
additive, so that no isoef f ect dose (e.g., Kla*) has to be calculated, lhe isoef fect dose is

currently needed only wnen it is necessary to account for external gamma photons.
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]

4.11 COMPETING RISKS

The hazard-f unction modeling approsch provides an easy way to treat competing risks of
lethality. For exctr+de, if HL, HL, and HGI represer:t lethality ha7ards due to injury to the lung,
bone marrw, and gastrointestinal tract, respectively, then the overall lethality hazard for death
f rom early ef fects can be estimated using

Hearly = HB + HL t HGI. (4.14)
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I

We can use Eq. 4.14 to predict the D50 for death f rom 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 239 u0P 2 (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 f rom RPPF that
would have occurred, did 50 within the 1-year observation period. In this case, the observed

alpha D50 for 1-year lethality can be used as an estimate of the D50 for death f rom RPPF. For a
235 rad external gamma dose to the bone marrow (uniformly distributed), a shape parameter of 10

(Scott et al., 1988a), and a 050 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 lethal injury, 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 0 (in 1-year rads) f rom internal alpha irradiation
of the lung:

Hearly = 0.5 + 0.693(D/3500)5 (4.15)

The lethality 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)$, where the 5 represents the shape parameter for chronic
internal irradiation of the lung, and the 3500 (in 1-year rad) is the normalization parsmeter for

alpha irradiation. The 3500 rad estimate is based on data for dogs exposed by inhalation to 239 uP
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 D50 (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 050
estimate. One then obtains the estimate D50 - 2700 rad (27 Gy), which represents a 1800 rad (18
Gy) reduction. A 2500 rad (25 Gy) reduction was reported (Filipy et gl., 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 in rats clearly demonstrated that total-body exposure to I

external gammas can shift the survival-time distribution for death caused by chronic alpha

irradiation to much earlier times.

I
|

|

t

|
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CHAPTER 5

DISCUSSION

The f i xed-pa rameter, hazard-function models for radiation-induced lethality f rom RPPF and
for respiratory functional morbidity that were presented can be used in nuclear accident risk

assessment. Calculations are based on the normalized dose X, rather than on the cumulative
absorbed dose 0, to facilitate accounting for dose rate and LET effects.

The normalized dose X functions in a similar way for nonlinear nonstochastic ef fects as does
the dose equivalent (in rem or Sv) for linear-nonthreshold stochastic ef fects. It provides an

equivalent ef fects dose scale for ef fects such as death f rom RPPF or from hematopoietic injury.
In the ideal case, the normalized dose for lethality from RPPF or respiratory functional

morbidity would be determined by evaluating an integral that allows one to account for ef fects of
a continuously changing instantaneous dose rate. For most nuclear accident scenarios of interest,
the integral would have to be evaluated numerically, so that a nearly exact solution would require
a large amount of computer time. However, an approximation to the integral can be achieved by
using the fixed-parameter model presented.

The fixed-parameter hazard-function model was shown to adequately predict the 050's for
death f rom RPPF af ter inhalation exposure of rats to mixtures of the high energy beta emitters
90y + 90 r or to the low energy beta emitter 147 m when inhaled in an insoluble form.S P

Use of the hazard-function model also allowed estimation of the 050 for death f rom RPPF for
brief external thoracic gamma irradiation of the lung of F344 rats, based on data for combined
exposure to external (total-body) gammas + internal alphas, and on data for exposure to internal
alphas only. The estimate for the 050 obtained for external gammas was 1400 rad (14 Gy) to the
lung, which was quite similar to values of 1500 rad (15 Gy) and 1700 rad (17 Gy) derived from
thoracic exposure data (Cardozo et al.,1985; Kurohara and Casarett,1972).

The results of the combined external gamma & internal alpha studies indicate that the

reduction in the D50 for internal alpha irradiation due to total-body exposure to external gammas
can be adequately explained by the filgh, dose-rate exposure of the lung to external gammas without
having to assume a synergistic interaction between injury to the bone marrow (or other organs) and
the lung. The results also indicate that, assuming that the interaction ef fects between lung and
bone marrow are negligible, the competing-risk,model (Scott and Hahn,1985, 1989) may be adequate
for nuclear accident risk assessment.

The hypothesis that the interorgan-interaction term is negligible is also supported by data
for dogs that inhaled beta-emitting radionuclides in soluble forms so that significant doses were
delivered to both the lung and bone marrow (McClellan et al.,1982). The data did not indicate a
sensitization of the lung due to irradiation of the bone marrow.

The results presented indicate that chronic low- or high-LET doses required for respiratory
f unctional morbidity are about a factor of 2 less than those required for lethality. The results
also indicate that the same model used for lethality f rom RPPF can also be used for morbidity f rom
injury to the lung if the normalization parameters for lethality are divided by a f actor of 2.

The results presented in this report summarize the theoretical and experimental research on
early and continuing ef fects of irradiation of the lung carried cut intermittently at the ITRI and
at PNL over about an 11 year period. It is our view that the morbidity and lethality

ha za rd -f unc t ion models presented should be adequat? for ruclear accident risk assessment.
However, if used out of the ccatext of nuclear accident consequence medeling, they may function in
a less-than-satisf actory snanner.

The model parameters for brief exposure to external gomma radiation are based on data for
man. The model parameters for chronic alpha and chronic beta irradiation are based on animal

30



data: however, there is no evidence that suggests that they would be very dif ferent .f or man.
Because model pa rameters based on dogs adequately predicted lethality f rom RPPF in rats af ter
chronic beta irradiation, we feel more confident that the lethality model will also be adequate

for predicting lethality in man. However, the model may underestimate the ef festiveness of the
alpha irradiation, because the 050 used for alphas is based on 3-year f ollow-up and there is
evidence that the risk of death f rom RPPF may persist for as long as 7 years during chronic alpha
irradiation (Muggenburg et al.,1988). For this reason, risk assessors may want to reduce the 050
of 3500 rad used for alpha irradiation of the lung by some adjustment f actor. An alpha RBE of 10
relative to 90 r betas, when based on total absorbed dose, would suggest reducing the D50 fromS

3500 rad to 3000 rad. With an RBE of 20, it would be reduced to 1500 rad.

While uncertainty evaluation is important for any risk assessment, a discussion of

uncertainties related to predicting lethality and morbidity cases af ter 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 SAND 85-7185 (1985).

|

!
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APPENDIX A

ANALYTICAL SOLUTION FOR NORHALIZED DOSE

From Eq. 4.10, XLb is given by

!
. .

XLb = J D*0(D)~Idt, (A.1)

wherethenormalizationfunctione(b)has replaced D50(b)inEq.4.10ofthetext. The expression
b*0(b) dt represents the increment dX in the normalized dose X that occurs in the infinitesimal
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:

i
I

Dose rate = Aexp[-8*t), (A.2)

where A is the initial dose rate, 8 is a fixed pa rameter, and t is the exposure time. To
calculate the normalized dose X, one has to specify theformofthenormalizationfunctionO(b) !

that predicts the D50 as a function of the instantaneous dose rate. For acute lethality f rom
irradiation of the bone marrow, a normalization function that was found to adequately represent
available D50 data for mammals, including man, was given by (Scott gt al.,1988a; Scott and Hahn,

.

1980)

0(b)=Olb~I+0., (A.3)
|

where 0,, is positive and gives the asymptotic value of the DSO expected to occur af ter exposure at
a very high dose rate (i.a., af ter a prompt exposure) that overwhelms the recovery (repopulation
of cells) and repair mechanisms during irradiat)on. The parameter 01 is positive and the quotient

0 /D gives the increase in the D50 that occurs during protracted exposure at the fixed dose rate 61

due to repair and recovery. Equation A.3 was also assumed to be applicable to the lung for death
from RPPF, but with a dif ferent set of parameters than for lethality f rom the hematopoietic mode ~

(Scott and Hahn, 1989).

Substitution of the expression forO(6)in Eq. A.3 into Eq. A.1, along with the expression I

for the instantaneous dose rate from Eq. A.2 produces the solution XL (t), as evaluated atb

exposure time t, given by

XL (t) * DOSE (t)/e. - el Z(t)/20.2, (A,4)b

k
where |

| Z(t) = In{(AO. t 0 )/(AO.,exp(-Bt] + 6 )). (A.5)1 1
i

The negative sign in Eq. A.4 arises because protraction of the exposure reduces the dose X. Note

that Eq. A.4 can be used to define an exposure 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 f actor is given by
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DRPF = DOSE (t)/EPD(t), ( A'.6)

I

w'here the EPD is given by

R
EPD(t).= XL (t)*e..b

The; star indicates multiplication. In 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

XLb = PID/0. + 01 In(e)/(Ae. + 0 ))/Be.2 (A.7)1

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 f rom RPPF af ter chronic bete irradiation of the
lung of dogs (McClellan et al..1982), to estimate the parameter ej. 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;
XLb was set to 1 (i.e., a median lethal dose), and the PID for 50% lethality previously estimated
f rom . the data (Scott and Seiler, 1984), along with the initial dose rate to the lung that I

corresponded to that PID were eritered into the right-hand side of Eq. A.7, with only 01 being
unknown; e) 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 f rom data for rats that
received thoracic exposure to X rays at a fixed high or low dose rate (Cardozo 11 a1.,1985).

_

Results. of a sensitivity analysis indicate that small-to-moderate changes in the value
assigned to 0. did not alter the estimates obtained for e); that this would be the case can be
seen from Eq. A.3. For chronic, low-dose-rate irradiation,0/6will be quite large compared to

1

e., so that estimates of e) f rom data obtained at very low dose rates will depend only weakly on
2The 5170 rad / min used for man in Eq. 4.11 of the text is based on thethe value of used for 0..

results in Table A.l. The 1000 rad value used in Eq. 411 of the text represents the value used

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

Table A.1

Estimates of Dose-Rate Model Parameter ej for
Pulmonary Syndrome Mode of Lethality

Parameter

Radiation Estimatea

Species Tvoe ,(dhr!
_.

Rcfe an_c,L_n
_

Dog 90Y Beta 46 McClellen at al.,1982
Dog 91Y Beta 21 McClellan 11 a1.,1982

_

144 e Beta 38 McClel',an gi gl., 1902Dog C

90 r Beta 21 McClellan 11 al., 1982SDog

Rat X Rays 23 Cardozo et al., 1985
,

2Average 31 i 9.8 Gy /hr

2alower and upper bounds can be teken as 10 and 50 Gy /hr based en these data.
2To 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 f rom RPPF, for
simultaneous exposure of the lung to dif ferent 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. l

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 isoef fect absorbed doses (Scott et
d., 1986). In the simulations carried out, f ractional 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 DSO and the shape
parameter V dif fer 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 I

type (Scott et d ., 1986). A subsequent analysis of the simulated data indicated that when the
normalited dose is used, the shape pa rameter for the simultaneous exposure can be adequately
predicted by the reciprocal relationship

1/V12 * 91/V1 & 92/V , (8.1)2

where 91 and g2 are radiation-specific f ractions of the normalized dose Vj is the shape parameter
for radiation type 1, V2 is the shape pa rameter for radiation type 2, and V12 is the shape
parameter for simultaneous exposure to both.

In the special case where the D50's for the two types of radiations are the same, but the I

shape parameters dif fer, 91 and g2 in Eq. B.1 can be replaced by respective f ractions of the
absorbed dose to the lung, given by f) and fg.

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 * 9 /Vg * 9a/Va. (8.2)9

For death f rom RPPF, Vg and Va were estimated f rom animal data to be 12 and 5, respectively.
For gamma and for beta irradiation of the lung, the D50's have been assumed to be the same,

while available data has indicated dif ferent shape parameters. Using the subscript b to indicate
beta irradiation, one arrives at the following relationship for simultaneous gamma and beta
irradiation of the lung:

1/Vgb ' I /Vg ' f /V , (8.3)g 5 o

where Vb is estimated to be 5 (see text).
For slmultanecu, alph , b(ta, and ganr:a \rradiation of the lung, the following empirical j

relationship is recommended for estimating the shape parameter:

1/V " 9 b/Vgb & 9ah , (B.4)9 a

where
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APPENDIX B

SHAPE PARAMETER FOR SIMULTANEOUS EXPOSURES

This section deals with estimation of the shape parameter V, for death f rom 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
31., 1986). In the simulations carried out, fractional 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 D50 and the shape
parameter V dif fer for two types of radiations, the shape parameter for simultaneous exposure to
both types depends, in a complicated way, on the f ractions of the total absorbed dose due to each
type (Scott et g].,~1986). A subsequent analysis of the simulated data indicated that when the
normalized dose is used, the shape parameter for the simultaneo , exposure can be adequately
predicted by the reciprocal relationship

1/V12 * 91/V1 & 92/V , (B.1)2

'

where gj and g2 are radiation-specific fractions of the normalized dose, Vj is the shape parameter
for radiation type 1, V2 is the shape parameter for radiation type 2, and V12 is the shape
parameter for simultaneous exposure to both,

in the special case where the 050's for the two types of radiations are the same, but the
|

shape parameters differ, gj and g2 in Eq. B.1 can be replaced by respective fractions of the
absorbed dose to the lung, given by fj and f .2

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

j
irradiation of the lung:

1/V a * 9 /Vg + 9a /Va . (B.2)g 9

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 050's have been assumed to be the same,
while available data has indicated dif ferent shape parameters. Using the subscript b to indicate |

beta irradiation, one arrives at the following relationship for simultaneous gamma and beta
_|

irradiation of the lung:

1/Vgb * I /Vg * I /V . (E 2)g b b

where Vb 's e<timated te be 5 (see text).
For simultaneous alpha, beta, and gamma irradiation of the luag, the following empirical

relationship is recommended for estimating the shape parameter:
<

1/V g tg /Vgb * 9a/Va, (B 4)
!

where
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gb*99 + 9b (B.5)g

and

9a + 9b & 9g = 1. (B.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., ga = 0, gb * 0), V - V , as expected.

.

g

When only the gamma dose is set to zero, V = Va, since Va * Yb (see text). One should see from
these examples that. Eq. B.4 yields the appropriate marginal values, and therefore represents a
plausible (but unproven) predictive model.

Eqs. B.1 through B.4 imply that the shape parameter will change as the total absorbed dose

changes when ga, gb, and gg change with dose. Because the cumulative hazard is estimated using

VH = In(2)X , (B.7) !

and because V, which is fixed in the classical model, can change with dose, a departure f rom the
classical Weibull model 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

)

f rom RPPF is the same for both types of radiation. For brief exposure to external gammas.-
'

followed by chronic, internal alpha plus beta irradiation, - Eq. 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 is calculated to account for the effects of . the brief gamma
irradiation.

!
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respiratory functional morbidity among those that survive death from acute effects.
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Hazard-function models for lethality and for morbidity were constructed using the '
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for any risk essessment, an evaluation of the uncertainties related to predicting ;
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