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ABSTRACT: Studies using Beagle dogs were conducted to understand health effects
when lung is the primary organ irradiated after inhaling insoluble radioactive particles
containing one of four /3-emitting radionuclides, 90Y, 91Y, 144Ce, or 90Sr. The low-LET
0 irradiation was delivered over a wide range of total doses and dose rate patterns that
protracted the dose to lung from about 1 wk to several years. The tumor incidence
rates for lung carcinomas were estimated using a proportional hazard rate model. These
studies suggest that dose protraction only affects production of lung carcinomas at doses
above 50 Gy.

INTRODUCTION: Studies using Beagle dogs were conducted to understand the
health effects of inhaling radioactive particles when lung is the primary organ irradi-
ated. Our studies were designed to complement the limited information available from
human epidemiological studies. In this report, we present our analysis of four, /3-emitting
radionuclides, 90Y, 91Y, 144Ce, or ̂ Sr, acutely inhaled as relatively insoluble particles by
young-adult dogs*1'2). This aerosol form resulted in the radiation dose being delivered
primarily to lung and adjacent tissues. These studies examined the health effects of ex-
posure to low-LET /? irradiation over a wide range of total doses and dose rates. The
dose-rate patterns are characterized by a decreasing dose rates due to radioactive de-
cay and clearance of particles from the lung. These patterns protracted the dose from
a single inhalation exposure from about 1 wk to several years and are more similar to
occupational and environmental exposures than are exposures that were received by the
subjects of human epidemiology studies exposed to low-LET radiation from which reg-
ulatory limits for exposure have been developed. The exposures in the latter category g
were either a single, high-dose-rate exposure for the Japanese atomic bomb survivors or ^
a series of high-dose-rate exposures for medically exposed patients, such as ankylosing =x
spondylitis patients. c

The importance of dose rate for low-LET exposures is difficult to resolve. Because of the :'•;
lack of data, the effect of dose protraction has usually been summarized into a simple
dose-rate-effectiveness factor that divides the cancer risk factors for low-LET radiation ;

exposures at high dose rates. The BEIR V committee*3) did not specifically recommend •:
a number for this factor, because of the scarcity of data, but thought that it must be at -.;
least 2. These studies are the first to study the effect of dose-rate protraction for low-LET • • ]
radiation exposure in lifespan studies, using a long-lived laboratory animal species. [~;

M E T H O D S : Predicting cancer risks for people by extrapolating from carcinogenesis £j
studies using animals as subjects is a largely empirical process, because the present
knowledge of the mechanisms of carcinogenesis is inadequate. This report is a summary
of our studies of incidence rates of /3-irradiation-induced lung carcinomas by means of a
relative risk function. The relative risk function relates tumor incidence rate to both total
dose and dose pattern. Similar methods are used to summarize carcinogenesis information
from studies of human populations exposed to low-LET external radiation*3).]

A cO



We applied proportional hazard rate models to describe how tumor incidence rates change
with radiation dose^. To describe these models, suppose that X{t) is a time-dependent
covariate vector where the tumor incidence rate is proportional to the baseline tumor
incidence rate at X(t) = 0 ; that is

where Q(X(t)) is the relative risk function at X(t). In this model, the estimated lung
tumor incidence at 0 dose A(i,0), is multiplied by the relative risk function Q(X(t)). All
animals in these four studies were used to estimate both A(i,0) and Q(X(t)). The multi-
plicative factor ®(X(t)) is the relative risk (i.e., relative to values of the covariates where
©(•) = 1) and is only related to time through the covariates. No assumption about the
function X(t, 0) is made, and thus, inference does not depend upon a particular shape or
form of a mathematical relationship being satisfied. Estimation of the relative risk func-
tion Q(X(t)) is of main interest, because it summarizes the effect of the radiation dose.
In this report we used an additive form of the relative risk Q(X(t)) — 1 + f3X(t) where
f3 is a vector of coefficients to be estimated. Estimates of /3 were found by maximizing
the partial likelihood with a Newton-Raphson technique, and the covariance matrix for
these estimates was found by inverting the observed information matrix^5).

Lung carcinomas were the primary biological endpoint of interest for this paper. Lung
carcinomas were diagnosed on the basis of radiographic, autopsy, and histopathologic
information. Time to lung carcinoma was taken as the time to the first positive radio-
graph, or to death, if there were no positive radiographs. Animals without detected lung
tumors were treated as being censored at their death time.

RESULTS: A common baseline incidence rate function X(t, 0) for lung carcinomas was
used for the four studies so that the relative risk function would be comparable for the
four radionuclides. This was a reasonable assumption because all the dogs were produced
in the Institute's animal colony using a randomized breeding program. Radiation doses
to the lung were calculated as average absorbed j3 doses in Gy using the coefficients
shown in Table 1 and estimating the lung weight including blood, to be 1.1% of the total
body weight at time of exposure. The shifts in time to appearance of lung tumors make
it possible to model these studies. If the time to appearance of the tumors were not
considered^ the numbers of animals and tumors would be too small to model in the same
detail as has been possible using this information.

Table 1
Basic Dosimetric Parameters for Radionuclides Inhaled in

Fused Aluminosilicate Particles by Beagle Dogs.

Average /? energy (MeV)
Radionuclide halflife (days)
Lung retention halflife (days)

Time to accumulate 95%
of total committed dose (days) 11 220 760 3600

9Oy

0.93
2.7
2.5

91 y
0.60

59
50

144Ce
1.29
284
175

^Sr
1.13

10,600
154
990

(39.5%)
(60.5%)



The parametric form of the relative risk ©(•) found to describe these studies best was a
linear function of dose added to a power function of dose having the following form :

where A = {90Y, 91Y, 144Ce, 90Sr },<*,(*) are time-dependent doses in Gy, and a, # , 7 ,
are estimated coefficients. The time-dependent dose functions di(t) are non-zero only
for animals exposed to radionudide i. The maximum partial likelihood estimates for
the coefficients are shown in Table 2 and the excess relative risk (1 subtracted from the
relative risk) in Figure 1. By the likelihood ratio test, this model was a statistically
significant improvement (p < 0.01) over models with just a linear function of dose or just
a power function of dose (analysis not shown), but there was no statistically significant
improvement (p > 0.2) to estimate separate linear coefficients, a,, for each radionuclide.

Table 2
Estimates of Coefficients and Their Standard Errors for the

Relative Risk Model Outlined in the Text with the
Linear Coefficient a = —2.9(0.6) for All Four Radionuclides.

Coefficient MY 91 y *>St

-39.7
10.2

(11.9)
(2.8)

-36.3
8.3

(6.3)
(1.2)

-25.0
5.3

(6.7)
(1.1)

-10.3
2.8

(3.6)
(0-6)
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Figure 1: Excess relative risk (1 subtracted from the relative risk) for development of
lung carcinoma in Beagle dogs as a function of radiation dose to the lung.

DISCUSSION: The models used in this report relate the lung carcinoma incidence
rates to two factors: 1) the cumulative radiation dose in Gy as a time-dependent quan-
tity and 2) the patt-rn of accumulation of the radiation dose, by estimating separate



coefficients for each of the four radionuclides used in the studies. Because the physical
half-lives of the radionuclides differed, the patterns of dose delivery differed greatly. The
estimated coefficients for the four radionuclides also differ from each other, indicating
that the characteristics of the exposure pattern, in addition to the time-dependent dose,
are important to estimate the risks of developing lung carcinomas. In the case of dose
protraction, the radionuclide dose is delivered at a constantly changing dose rate. Thus,
a dog with a high initial dose rate will experience a constantly decreasing dose rate until
death. This means that the pattern of dose protraction used in these studies does not
have a simple relationship to any single dose rate.

The results of this analysis indicate that the effect cf dose protraction on the incidence
of lung carcinomas is similar at the lower range of doses used in this study but differs
markedly at high doses (Figure 1). At high doses, it is much more effective to deliver
the dose over a short time period. Within the power of this study, it was not possible
to discern a difference between the four radionuclides below about 50 Gy. This suggests
that there may not be an effect of dose rate on the production of lung carcinomas below
doses in this range.
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