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ABSTRACT 

A Weibull distribution was fit to the osteosarcoma death times of beagles 

. given single 1ntraven~u·s injections of 239Pu. For injected doses in the range 

0-1 llCi/kg the osteosarcoma incidence rate h(t) at t days after injection 

can be fit by a quadratic function of injected dose d: h(t) = 2.6l·lo,8d2t4•91 • 

The best fitting linear function was rejected by the data (p<O.OOl). A different 

formula for h( t), .derived from a multi stage theory for osteosarcoma fnduction, 

was also fit to these data. For this purpose microdosimetry calculations were 

used to estimate the dose to the cells at risk in the endosteal layer (endosteal 

dose). According to the best fit, h(t) is a q~adratic function of endosteal dose 

at low doses. A linear. dose-response. relationship was ·again rejected. The 

absence of a linear component at low doses might be explained by the fact that 

108 of t~e 185 animals irijected at the lowest dose~ (<ti.02 llCi/kg) were still 

alive at the time these data were collected. 

Key words: beagle osteosarcomas, maximum likellhood; multistage theory; 

plutonium; Weibull distribution. 
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INTRODUCTION 

Man is exposed to the a emitter 239Pu both occupationally, due to 

employment in the nuclear industry, and nonoccupationally, due to fallout from 

nuclear weapons testing. The 24000 year half-life of plutonium and its retention 

in bone, together with its toxicity in experimental animals, establish it 

unequivocally as a human hazard. However no cancers that are definitely 

attributable to 239Pu have yet been reported in humans. Thus we must rely 

on experimental animals to infer the shape of thP r.urve relating human bone 
" . . 

sarcoma risk to plutonium dose. 

Estimates of bone sarcoma risk in humans and animals corresponding to 
239Pu and 226Ra are shown in Table I~ The plutonium risk to humans of 200 bone 

sarcomas/106 person-rad of skeletal dose was obtained from bone sarcoma data on 

patients receiving repeated injections of. 3.62-day 224Ra .. This is an a emitter 

which, l~ke 239Pu, decays to a large extent on bone surfaces. 

The risk .est1mates 1~ ·lable I are based on a ,inear dose-response model, 
' 

the validity of which has been the subject of.much rec~nt -discussion. Here we 

address this issue by examining the dose-response relationship for plutonium 

induced osteosarcomas in beagles, using data from the Radiobiology Laboratory 

at the Un1vers1ty' of Utah, kindly supplied to us by Charles Mays. 

I. METHODS 

As part of an ongoing study on the toxicity of pluton-ium, 243 young adult 

beagles were given sfngle intravenous injections of monomeric 239Pu (IV) in 

citrate solution, over the period from December 1~ 1952 until October 17, 1974. 

An additional 51 animals served as controls. ·The distributions of age at 

injection and of injected dose for the animals considered in this report are 

shown in Figs. 1 and 2. The details of the experimental protocol have been 

described elsewhere (2). We are concerned here with the probability distribution 
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Of tl·me between 239Pu · · t• d t lnJec 10n an os eosarcoma occurrence. Osteosarcoma. 

times are censored for animals who died from other causess or who were alive 

on March 3ls 1979s when these data were collected. 'A tabulation of animals 

by cause of death is presented in Table II. 

II. RESPONSE VS. INJECTED DOSE 

We first study the. relationship between osteosarcoma risk and injected 

dose of 239Pu in }.ICi/kg by fitting to. the osteosarcoma times a Weibull distribution 

in which only the scale parameter depends upon dose. For this purpose the animals 

are grouped into the eight dose groups shown in Fig. 2s and the animals in each 

group are assigned the median dose for that group. Throughout this paper we 

assume that occurrence of censoring due to deaths from other causes or to 

study terminations and the occurrence of osteosarcomas are two distinct processes 

that compete ·independently. · 

1. The Weibull Model 

The Weibull distribution for the time T from 239Pu injection until death 

from osteosarcomas in. the absence o.f other causes of deaths is 

F(t) = P(T<t) = 1 - exp{-y(t-w)kls .t>w. Qal 
This distribution can also be described by the cumulative hazard 

H( t) = -1 n{l-F( t)} = y( t-\tl} k s t>w, 

or by the hazard or incidence rate 

h{t) = d~lt) = yk(t-w)k-ls t>w. . ~c). 
All three functions assume the value zero when t<w. 

For empirical and theoretical reasons this Weibull distributions with 

k and w independent of carcinogenic exposure and with y dose dependents has 

been applied extensively to cancer failure times (3-6). Empiricallys it provides 

an adequate description of the power-of-age dependence of observed incidence rates 
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for many adult human and animal carcinomas. The theoretical justification for 

its use in chronic exposure experiments has been described by Pike (3). More. 

speculative theoretical support for its use in this context derives from its 

occurrence as. the consequence. of a multistage theory of carcinogenesis associated 

with chronic exposures {i). According to· this theory the·.parameter k is 

related to the number of stages through which normal cells progress to malignancy; 

w represents a fixed time period between malignant cell transformation and tumor 

detectibn, and y depends on ~he rate constants for the p~ogression. 
I 

We see from (la] that the approximation F(t) = y(t-w)k holds for small 

values of risk F(t). Thus at low doses the relationship between risk and dose 

is determined by the dose dependence of y.. We now examine the 

appropriateness of 01 for the beagle osteosarcoma data and present maximum 

likelihood estimates of. the model parameters. 

2. Parameter Estimation and Goodness-of-Fit 

Figure 3 shows on a log-log scale the gr~ph of empirical. cumulative hazard 
A . A 

H(t) for the six highest dose groups. The points H(t) were .calculated as described by 

Nelson {8). The model [lJ with w=O predicts that these qata poi~ts determine 

straight lines of constant slope k; thus Fig. 3 provides a visual check of its 

appropriateness. ·The points show-no systematic deviation from parallel straight 

lines. Therefore·we calculated maximum likelihood estimates fork, w and for 

the .Y's corresponding to the eight dose groups. To do so we expressed the 
" maximum likelihood estimates y as functions of k, w and the data. Then· the 

overall log-likelihood function to be maximized can be written as a function of 

k and w. This function is fairly constant over a wide range of pairs {k, w), 

making simultaneous estimation of· k and w difficult, as is discussed in {4). 

Nevertheless we obtained-the joint.maximum likelihood estimates k = 4.33 and 

w = 641 days. The joint asymptotic 99% confidence region for k and w, and the 
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"' locus of points k(w}, corresponding to fixed values w, are s~own in Fig. 4. 

Exploratory analysis suggested that trye shape of the curve relating the eight 

estimates y to the median doses does not vary along the locus k(w). ·For this 

reason, and because w = 0 cannot be re~ected by the data, we used the simple 

. model w = 0 for all of the dose-response analyses· of this section. 

·More rigorous checks of model validity than the visual check of Fig. 3 can be 

obtained by .embedding [1] in a more general model and examining whether the ratio 

of the maximized 1 ikel ihoods is significantly gr.eater- than unity. By applying· 

this likelihood ratio criterion, we found that a more general Weibull model 

with w = 0 and with separate shape parameters k for each of the dose groups 

does not represent significant improvement (p=.34)1 .. Although it is not · 

examined in this report, a likelihood ratio test of the Weibull model against 

a broad class of non-Weibull alternatives is also possible {9). 

The straight 1 ines in Fig. 3· correspond to the cumulative hazard (lb] with 

w = 0 and with maximum likelihood estimates of the remaining parameters given 

in part B of Table III. It is evident from Fig. 3 that at the two lowest doses 
"' . $hown the maximum likelihood estimates y are less than estimates of y one 

might obtain using the intercept of a line passing through thedata points. This 

discrepancy is due to the ·large number of censored observations at the lowest doses 

and the loss of information on censoring times inherent in the graphical estimation 

procedure. For example, 108 of the 159 animals in the .lowest dose.group .were 

censored before the first osteosarcoma occurred. Although the tumor-free time 
... A 

contributed by these 108 dogs reduces the maximum likelihood estimate y, it plays 

no role in determining the empirical cumulative hazard .. Thus the intercepts of 

1In this test the controls were combined with the lowest dose group in order to 

have the bio or more· fa i 1 ures per group required to estimate the parameters of 

the more general model. 



' 
6 

lines· eye-fitted to the low dose data points tend to overestimate the corresponding 

parameters y and distort the shape of the dose-response curve. Other implications 

of the extensive censoring at low doses are discussed in Section IV. 

Also evident from Fig. 3 is the response reversal in the top two dose groups, 

a frequent occurrence in radiation carcinogenesis. This phenomenon is attributed 

to competition between radiation-related cell killing. and the carcinogenic process. 

linear and quadratic functions_ relating the eight estimates yi to the median 

injected doses di were. fit by different weighted least squares regressions. 

In all of these regressions, a pure quadratic function~d) gave an acceptable fit,· 

while a linear function was rejected. We will not descri.be the. detail5 of these 

analyses. Instead we present below an examination of the dose response relationship 

via likelihood ratio tests. 

3. The Dose-Response Relationship 

More restrictive Weibull models of the form H(t;d} = y(d)tk, with linear 

and quadratic constraints placed upon the function y(d), were fit to the data 
I - -

by maximum likelihood. In all model fitting each animal was assigned the median 

dose for its group~ and a co11111on shape parameter k was estimated. The l'fiOdel s 

and fitted parameter values are shown in Table IV. To prevent the cell killing 

phenomenon from distorting the shape of the dose-response curves, the y parameter 

for the highest dose group was not required to satisfy the constraint _on y(d}. 

This data :set contains the only spontaneous osteosarcoma death ever 

experimentally observed. To assess the effect of this anomaly on our results, 

the analyses were carried out both excluding and including the control animals. 

Using the reduction in maximized log-likelihood as criterion for goodness-of-fit, 

models 2 and 3 of Table IV were compared with model 1. Thex 2 statisti-cs obtained 

jn th~se comparisons, and their p values, are shown in the last column of the 

Table. From these values it is evident that the quadratic models provide 



7 

~cceptable fits to the data for doses less than one ~Ci/kg, and that the linear 

dose-response relationships specified by models 2 must be rejected. Models 

containing both a linear and a quadratic component for y(d) did not.fit the 

data significantly better than did models 3. Moreover the linear component in 

those models was negative. 

We see from Tabl~ IV that the dose-response relationship is not sensitive 

to the anomalous osteosarcoma among the controls. Indeed, even. the quadratic 

coefficients. in models 3A and 3B are very similar. However the spontaneous 

incidence rate is undoubtedly overestimated by model 3B. Changing units from 

kilodays to days, we find that the cumulative hazard of 3A, for dogs injected 

with d ~Ci/kg at t days after injection, is 

H(t;d} = 4.3l·l0-19d2t 5·91 • 

In the Discussion we shall compare the low dose risk predicted by [2) with the 

linear risk estimated for 239Pu shown in Table I. 

III. RESPONSE VS. -ENDOSTEAL DOSE 

The analysis of the previous section suffers from two defects. First, 

each animal was assigned a median dose rather than its actual injected dose. 

Second, injected dose is ~ less meaningful index of carcinogenic exposure than 

is endosteal dose rate, i.e. Lhe dose.rate to the endosteal cells lining the 

bone surfaces. In this section we avoid these defects· by estimating the endosteal 

dose rate for each animal under study. We then use these estimates to fit to 

the data a multistage theory for the' induction of osteosarcomas by 239Pu that 

includes a competitive, dose related.cell killing effect. We first describe 

the theory, which generalizes that of Marshall and Groer (10) for osteosarcomas 

induced by 226Ra in beagles and by 226Ra and 228Ra in man. · Next we calculate 

the endosteal dose rate as a function of injected dose and of time since injection. 

Using these calculated dose rates we estimate the parameters in the theory by 

maximum likelihood. Th~n wP. P.xamine the goodness of fit. of the theory and its 
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implications for the relationship between osteosarcoma risk and endosteal dose. 

1 • The Theory 

The theory assumes that endosteal stem cells near the bone surface are 

transformed to malignancy in three stages. The first and second transitional 

events occur sequentially at rates proportional to the endosteal dose rate, 

with common proportionality factor p. A fraction 1T . of all first events 

takes a· normal cell directly into stage~. This would be the case if transformation 

involved two targets in the cell nucleus,- both of which were hit by some of the 

a particles passing through the nucleus. Transition to the third (malignant) 

stage is not related to radiation, but occurs at a rate proportional to a ·power ~ 

of time since injection, with proportionality factor A. 

A .schematic diagram of the process is shown in Fig. 5. Cells in stages one 

and two are at high risk of radiation-related death, which occurs with probabili~y 

Kc(t), where c(t) is the endosteal dose rate. All endosteal stem cells are 

assumed to be normal at the time of injection. The rare spontaneous beagle 

osteosarcomas are neglected. The special case 1T=~=O yields Marshall and Groer's 

theory. 

The hazard rate predicted by the abov·e theory is appr:oximately . 
h(t) = ~(1-e-KD {l+(K-<t>)D})(t-w)~, . t>w. (3] 

Here ~ = Np2A(l-1T)/K2, N is the number of endosteal cells at risk, 

<t> = 1TK2/(l-1T)p, and D is the total endosteal dose in rads at t-w days after 

injection. As usual, the hazard rate is zero for t<w. -The approximation [3) 

is valid provided each of the three transition rates, integrated over the animal's 

1 ifetime, is small relative to unity •. However the killing_ constant K need not 

be small. The derivation of [3] can be found in (7) as a special case of a 

general multistage theory of carcinogenesis. In the following analysis the 

growth time w will be preassigned and the four parameters ~. <f>, K ·and ~ will 
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·be estimated by maximum likelihood. Note that the distribution (3] is not 

Weibull because the factor corresponding to y ·depends upon time through the 

total dose D. 

At low total doses we have the further approximation 

h( t} ~ {~<j>D + ~K(K-<!>)l}( t-w)f3. 

Here and ~hroughout the remainder of this section t is taken greater than w. 

Note that at low doses the relationship between hazard rate and endosteal dose 

has both a linear and a quadratic component, provided that 0<~<1. When~ =0, 

so that transition of normal cells directly to stage two is impossible, then 

<1> = 0 and we ·see from (3 J that 

h(t} = ~{1-e-KD(l + KD)}(t-\'1}f3, 

which at low doses becomes approximately quadratic in dose: 

h(t} ~ ~K2D2 (t-w} 13 • 

[4] 

[s] 

On the other hand when~= 1, so that trans-formation is a two ~tage process with 

one radiation related event, we find from [3] that 

h(t} = ~<I>De-KD(t-w} 13 • 

In this case we have at low.doses 
' . 

so that the curve relating hazard rate to dose begins linearly at zero dose and 

becomes concave downward as dose increases. 

2. The Endosteal Dose Rate 

To estimate' the dose rate c(t} to endosteal cells within 0-10 ~m from bone 

surface at t days after injection, we assume that the total. bone weight of a 

young adult beagle comprises 3.75 percent of its total body weight at injection (1). 

Thus one ~Ci of 239Pu per kilogram body weight yields . 
1 llCi 1 kg body wt = 26.6 ~Ci/kg bone weight. 

kg body wt .0375 bone wt 
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. Now 26.6 pCi of plutonium in one kilogra~ of bone yields an average skeletal 

dose rate of 

(26.6 pCi/kg}·(0.268 rad/day per pCi/kg) = 7.14 rad/day, 

where the conversion factor 0.268 rad/day per pCi/kg was obtained from Mays 

(.personal communication}. 

However not all of the plutonium initially deposited on the bone surface 

remains there. Some of it is eliminated or deposited in the liver, and some 

is buried under the apposition of new bone mineral. According to the calculations 

of Stover (11)·, the fraction of 239Pu retained within the skeleton at t days 

after injection is given by pe -.OOll t + (. 5 - p), where p depends upon the 

dose injected as shown in Table V. Thus the average dose rate to the skeleton 

at t days after the injection of 1 pCi/kg in a young adult animal is 

7.14 {pe-.OOllt + (.5- p}} rad/day. (6] 

Marshall et !l· (12} estimate the ratio of endosteal dose rate to skeletal 

dose rate to be 12.8 for a surface source of 239Pu .and 0.43 for a volumP. or 

interior source. Hence the ratio of endosteal dose rate to skeletal dose rate 

is a weighted average of thP.se two ratios, weighted by the fraction of plutonium 

on the surface~ ihe fraction of plutonium still on the surface of trabecular 

bone at t days after injection has been estimated by Marshall ·and Lloyd (13) 

as e-t/JGS, the remainder being buried within the mineralized bone. Thus we 

take the ratio of endosteal dose rate to skeletal dose t days after injection 

·to be the weighted average 

12.8 e-t/365 + 0.43(1-e-t/365). [1] 

Multiplying t71 by the skeletal dose rate [6] and the injected dose d yields the 

mean endosteal dose rate c(t}: 

c(t} = 7.14d {pe-.OOllt + (.5- p}} {12.8e-:tl365 + 0.43(1-e-t/365)} rad/day. 1s1 
This assumes that all osteosarcomas arise from trabecular bone. · 
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For a fixed choice of tumor growth period w, the total endosteal dose 

t-w . · 
D =.6 c{x}dx at t-w days after injection was calculated from [a]for each of 

. . 

the 243 animals exposed to plutonium. Here t represents the time of osteosarcoma· 

death or of censoring.· 

3. Paramater Estimation 

The time w between malignant cell transformation and death was taken to 

be one year. This choice WqS based on the findings of Thurman et !l· (14} on 

growth dynamics of beagle osteosarcomas. Table VI gives the corresponding maximum 

likelihood values of~, a, ~·and K· Details of the maximization are given in 

the appendix.· 

We see from the Table that the maximum likelihood estimate of ~ · is zero. 

Thus according to the maximum likelihood criterion, equations (4] _and t5]give 

the best fitting hazard rate, one which is quadratic in dose at low endosteal 

doses. 

The parameter estimates of Table VI are not directly comparable with those 

of Marshall and Groer for beagles exposed to 226Ra. Unlike 239Pu, 226Ra is a 

bone volume seeker. This means that bone remodelling affects the endosteal dose 
· 239 · and Groer 

rate less for this radionuclide than for Pu. Thus t4arshallftook the conversion 

factor (7]relating skeletal dose rate to endosteal dose rate to be a constant~ 

say C, independent of time. These investigators then estimated c, w and ~ 

from their data, while fixing K ~ 0.01, and a~=O. Their estimate of w is 
-

2.5 years. When we fixed w = 2.5 and a = 0, we found our estimated cell killing· 

probability K to be significantly smaller than the value K = 0.01 fixed by 

Marshall and Groer. Moreover this model (w = 2.5 years,·e= 0} was rejected by 
239 the Pu data according to the likelihood ratio criterion. 
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4. Goodness of Fit 

In order to assess the goodness of fit of the multistage model to the 

data, the time from injection was divided into 16 intervals. For each interval 

the observed number of osteosarcoma deaths 0 was compared with the number E 

predicted by model (3] with the fitted values of Table VI..· The results are 

displayed in Table VII. Also given in Table VII is a value of the chi-squared 

statistic testing overall goodness of fit for the 16 time periods. The table 

5hows that the model cannot be rejected according. to this criterion. A more 

detailed analysis, in which osteosarcoma deaths were partitioned according to 

injected dose and time, provided no further evidence of model inadequacy . 

. IV. DISCUSSION 

The analyses of the last two sections show that at low doses the incidence 

rate of beagle osteosarcomas can be taken proportional to quadratic functions 

· ·of both injected and endosteal· dose, with no 1 inear term in the functions. As 

might be expected, these results predict a substantially smaller plutonium 

induced osteosarcoma risk than that of 5200 bone sarcomas/106 beagles obtained 

·in Table I from a linear model. We used the fitted Weibull model (2) to e::,thnate 

the number of osteosarcomas expected after 12 years, in ·the absence of competing 

risks, among beagles injected with 0-12·10-3 ~Ci/kg of 239Pu. Here 0.12·10-3 

is the injected dose that yields an average skeletal dose·of 1 rad in 12 years, 

as determined from the retention equations of Table V. Using the risk F(t;d) 

specified by equations [1,2], we founci that a million ~uch animals would 

experience a cumulative risk of lo6F(l2 yrs; O.l2·10-3~ci/kg) = 21.3 osteosarcomas. 

We also used the multistage model [3] with the parameter values of Table VI, 

together with the dosimetry equation (8), to predict.the cumulative risk at 

twelve years experienced by 106 animals each injected at 0.12·10-3 ~Ci/kg. We 
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found that 21.9 ost~osarcomas are expected according to this model, in 

surprisingly close agreement with the Weibull prediction. The agreement-lends 

support to both models. It also suggests that the more complicated multistage 
. ' 

theory provides no further information about low dose risk than does the simple 

Wei bull model [2 J . . 
,. 

The preceding estimate of 21-22 osteosarcomas contrasts sharply with the 

5200 .bone sarcomas ·predicted in Table I. The disparity emphasizes the difference 

between linear and quadratic predictions for low dose risk. It is thus important 

to ask what might explain the absence of a linear component for the present data. 

One possible reason ·is the·· fact that the analyses did not include the 

occurrence of four deaths due to chondrosarcomas, which occurred at low injected 

doses· _(<0.05 pC~/kg). However a repetition of the above Weibull analyses with 

the four chondrosarcomas included as ·failures produced essentially .the same 

results. Alternate analyses of these data that are based. on the Cox proportional 

hazards model and that include the chondrosarcomas can be found in this.volume (15). 

It is of interest to compare the results of (15) with those of the last two 

sections, not only to see the effect of-including the chondrosarcomas, but also 

for the opportunity to compare estimates obtained using the Cox model with those 

of the present parametric models. 

A second possible reason is the fact that while all of the animals injected 

at doses >0.02 pCi/kg were dead at the time these data were collected, 108 of the 
. . 

185 animals injected at doses <0.02 pCi/kg were still alive then. (See Table II.) 

Hence· subsequent osteosarcoma death among the animals injected at low doses might 

introduce a linear component which would dominate the dose-response curve at low 

doses·, and narrow the gap between the preceding two risk estimates. Thus the 

ultimat~ outcome of this experiment, which should be evident within five to ten 

years, has important implications for the assessment of human risk from· 

plutonium. 
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APPENDIX 

. Let ti denote the time that the ith plutonium exposed animal fails 

(i.e. dies from osteosarcoma) or is censored, and let o1 be ~n indicator 

assuming the value 1 if the animal fails and 0 otherwise. For a fixed 

choice of growth time w, .the likelihood of the data for the plutonium exposed 

.animals, conditional on ~he censoring times, is 

243 0. . ti 
L(~,$,8,K) = i~lhi(ti) 1 exp{- ~ hi(x}dx}. 

Here hi(·) is the hazard rate for the ith animal as specified by (3), with the 

animal's endosteal doseD estimated from the equation (a). The logarithm of 

the likelihood function L was maximized by evaluation on a grid over the 

parameter space~ combined with quadratic interpolation. 
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TABLE I 

.Risk Estimates in Terms of Average Skeletal Dose Using Linear Modela 

C57Bl mice Beagles Humans 

·Nuclide· Bone sarcomas Bone . sarcomas Bone sarcomas· 

106 mouse·rad 106 beagle·rad l06 .person·rad 

male female 

239~u 390 1200 5200 200b 

226Ra 77 70 320 6 to 53 

RBEc 5 17 16 4 to 33 

aEstimates taken from (1). 

bAssuming 239Pu risk = protracted 224Ra risk. 

cRelative biological effectiveness equals ratio of 239Pu risk to 226Ra risk. · 
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TABLE' I I 

Causes of Death for Dogs Injected wit·h 239Pu at Age 400 to 800 Days 

Dose 
Range 

{lJCi/kg) 

0.00000 

0.0005-
0.0120 

0.01390-
0.01720 

0.04310-
0.04950 

0.08460-
0.11200 

0.26100-
0.31400 

0.81100-
1.03000 

2.57000-
3.17000 

Total 

Died from 
osteosarcoma 

1 

2 

5 

9 

10 

12 

12 . 

6 

5/ 

Died of other causes 

Chondro- ·Other Nonmalignant 
sarcoma cancers causes 

0 10 21 . 

3 ·,. 22 34 

0 6 '5 

1 3 1 

0 1 1 

0 0 0 

0 0 0 

0 0 2 

4 42 64 

Alive at 
end of 
study Total 

19 51 

98 159 

10 26 

0 14 

0 12 

·o 12 

0 12 

0 8 

127 294 
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.. 
TABLE III 

Maximum Likelihood Estimates y for \~eibull Model H{t) = ytk, 

Where t is Kilodays since Injection 

A. Estimated without B. Estimated with 

Median injected controls controls 

k = 6.3.7(0.46)~ " dose (l-!Ci/kg) k·= 6.49(0.46) 

" "' . y y. 

0 
.. ' .... 6 . { 1. 96·1.0-6} - - . 1. 60·1 o- .. 

0.0045. 2.67·10-6 . ' { -6) 2.63·1 0 . 
. .. . .. 6' 
2. 22:~ fo- : . (2. i9·10-6) 

0.0158. 2.55·1o-5 · . · ( 2.13 ·1 o-5) .. 
. -5 
·. 2.1.1·.10 . (1.76·10-5} 

0.0483 2.44·1 o-4 (1.73·10-4} · 2.ot·1 o-4 (1.46·10~4 ) 

0.0959 1.45·10-3 (8.49·10:..4) 1.26·10-3 (7.43·10-4} 

0.2990 3.24·10-2 ( 1. 28 . 1 0-2 '> 3.02·1 o~2 (1.19·10-2) 

0.9070 1.24·10-1 (4.22·10-2) 1.18•10-1 ( 4.02-1 o-2> 

2.7500 
-2 4.17·10 . (1.70·10-2) 3 .86·10-2 (1. 58·1 o-2 > 

aAsymptotic standard errors in parentheses. 



TABLE IV 

Maximized L~og-likelihoods and Parameter Estimates. for WeibullMo.dels H{t;d) = y(d)tk 

where d is median injected dose and t is kilodays since injectitin 

Number Li.kelihoodb 

Constrainta of fitted Maximized ratio test 
"' ,.. 

Controls Model·= on y(d) parameters k y(d) log-likelihood relative to Model 1 

,.. ,.. 
lA nooe a €.37 y{0.0045)through y(2.75) -43 .• 47 

· Excluded shown in Table IliA 

2A cd · 3 3.37 0.252 d -70.20 X~= 53.46 (p<O.OOl) 

3A 2 3 5.91 0.237 d2 -46.83 x2 = 6.72 (p=0.25) cd 
5 

.1 B ncne 9 ·6.49 " y(O) through y(2.75) shown -46.74 

Included in Table IIIB 

28 c
0 

+ c1d 4 3.40 1 -5 6.42· 0 + 0.243 d -75.61 
2 • 

x
5 

= 57.73 (p<O.OOl) 

3B 2 4 5.90 2.65·10-6 + 0.236 d2 -50.52 2 . c + c1d 
0 I Xs = 7.56 (p=O.l9) 

aConstraint was riot imposed on the parameter y for the highest dose group. 
• 

bif model i is valid (i = 2,3) then iwice the difference between maximized log-like~ihoods for model 1 and model i 

is asymptoti.cal'ly distribut·ed as a chi-squar~d variate on v1-vi degrees of freedom, where v is the number of fitted 

parameters in the model. N 
0 



Injected dose. 

(lJCi_lkg) 

Fractfon of 2.39Pu · 

retained iri.· 

ske 1 eton at· . 

t days after 

injection 

TABLE V 

Retention Equations for 239Pu i.n Adu1 t Beag1 es (Stover et ~· (1 1) ). 

~0.1 0.3 1.0 ~3.0 

.29e-.0011t + ~21 . ..:. ~ 15e-.0011t + .35 .• 11e-.0011t + .39 .07e-.0011t + .43 

N _, 



TABLE VI 

Maximum Likelihood Estimates for Model 

h(1) = ~(1-e-KD {l+(K-<f>)D})(t-w) 13 

22 

D represents accumulated endosteal dose in rads at t-w days after injection 

Parameter Description Value 

w growth time · 365.25 days (fixed a priori) 

cp do:;e .. response determinant 0 

K killing probability 2. 28 ·1 o-4 rad-1 · 

a 11 shape11 parameter 3.10 

~ 
11 Scale11 parameter 1.51·10-9 
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TABLE VII 

Observed Osteosarcomas vs Those Predicted by 
-4D . 

h(t;D) = 1.51·10-9(1-e-2· 28 "10 {1+~.28·10-4D})(t-365.25) 3 · 10 

D is the total endosteal dose accumulated at t-365.25 days after injection 

Interval (days) Observed (0) Expected (E) (O-E) 2/E · 

0 365 0 0.00 0.00 

365 731 0 0.18 0.18 

731 1096 1 3.65 1.93 

1096 1461 12 10.36 0.26 

1461 1826 14 10.16 1.45 

1826 2192· 5 7.10 0.62 

2192 2557 .5 4.74 0.01 

2557 2922 3 6.73 2.07 

2922 3287 6 4.56 0.45 

3287. 3653 5 2.53 2.40 

3653 4018 2 2.27 0.03 

4018 4383 2 2.38 . 0.06 

4383 4748 1 0.69 0.14 

474a 5114 0 0.48 0.48 

5114 5479 .0 0.15 0.15 

5479+ 0 0.00 0.00 

Total 5p 56.00 10.24. 

2 
x12 = 10.24 p = 0.59 
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FIGURE LEGENDS 

Figure 1. Stem and leaf display· of age at injection in days for 294 dogs in the 

beagle 239Pu study. Legeno: 0057141188 represents two females injected at 410 

days, one at 415 days, one at 417 days, and two males injected at·418 days. 

Figure 2. Stem and leaf display of_log10 injected dose in llCi/kg. for 294 dogs 
. 239 

in the beagle Pu study. Legend: -321996 represents two animals injected with 

lo-3·29 llCi/kg, one at 10-3· 26llCi/kg. 

Figure 3. Cumulative hazard for osteosarcomas in beagles vs time since injection 

of 239Pu for the six highest dose groups at m~dian injected doses in llCi/kg: . . 

0.016 (• ), 0.048 (o ); 0.096 (• ); 0.299 (o ); 0.907 (6 ); 2.75 (A). The data 

points were plotted by the method described by Nelson (8). Each point represents 
. -

one osteosarcoma. The straight lines·correspond to the Weibull cumulative 

hazard H(t) = ~ 1 t6 · 49 , where the 9i· are given in part B of Table III. 

Figure 4. Weibull log-likelihood surface for 239Pu exposure data in which 57/294 

beagle dogs developed osteosarcoma. The asymptotic 99% confidence region is outlined 
' A 

and the·maximum likelihood valu~s k(w) are plotted. The vertical line at 1066 days 

marks the first osteosarcoma time; the log-likelihood is negative infinity on the 

region to the right of this line. 

Figure 5~ Schematic diagram of multistage theory for induction ot' osteosarcomas 

by 239Pu. Normal endosteal stem cells may progress to stage 1 at rate (1-n)pc(t), 

or go direc~ly.to stage 2.at rate npc(t)~ H~re c{t) is endosteal dose rate of 239Pu 

in rad/day at t days after injection. While transitions to stages 1 and 2 depend 
. . 

upon dose-rate, transition to stage 3 depends only on a power S of time since 
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, FIGURE LEGENDS {continued) 

injection, with proportionality factor A. Partially transformed cells may be 

killed by the rad~ation at rate kc{t). 
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Injected 
dose 
( Ci/kg) ill 

(median 
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Controls 
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(. 0483) 

. 08-. 12• 
( .0959) 

.20-.30 
(.2990) 

.80-1.00 
(. 9070) 

2.5-3.0 
(2.7500) 

Osteo­
sarcomas/ 
dogs 
injected 

1/51 

2/159 

5/26 

9/14 

10/12 
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12/12 
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Median 
censoring 
time 

27 

(days) STEM AND LEAF DISPLAY OF COMMON LOGARITHM OF INJECTED DOSE - -

I 

4080 
000000000000000000000000000000000000000000000000000 

-32 99644444433333320 
·-31 7755420 
-·30 
-29 2211 I 

-28 43222 
2922 -27 9877766666655555555555554444433331000 

-26 98752 
-2~. 

-24 764 
-·23 5422110 

·--22 9998888888877777666666666654320 
·-21 99887. 
-·20 433322111100000 
·-:1.9 99998888888777766555543 
·-:L8 665555522221000 

3539 -17 99988887776 
·-16 
-15 
-1.4 

2973 
-13 74432222111111 
·-1::! 
-11 I 

-10 77643221000 

1927 ·-09 5 
-08 
-07 
-06 
-05 854433221110 
-04 - "-03 
·-02 
-01 
-00 98866533221 

00 1 
- 01 ' 

02 
03 

846 0-4 1334488 
05 0 . Figure 2. 

I 



'1 
1 
1 28 
1 
1 

I 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

• 

1 

300 

1 
1 

l> 
0 

I . '~ 
• 

0 

1 
!>- ' I • 

1 
1 
1 
1 

a 

1 

• 

1 

0 

1 

100 
l> 

1 • 
a 

I • 1 
1 

l> 

1 I 1 
0 1 

l> 

1 • 1 
1 
1 

cu\"J\ULA'T\\/E 40 t\AZARD 
\percent) 

0 

1 
1 
1 
1 
1 

• 0 
a 

• 
1 
1 
1 
1 
1 

• 
1 
1 

10 

1 
1 

• 

1 
1 
1 
1 

4 • 
600 1000 2000 3000 sooo 

1 
· · TIME SINCE INJECTION (da'l'l 

'1 
1 
1 
1 
1 
1 
1 
1 
1 

~·· 

I 



29. 

10 

9 

8 

1 

• • • 
6 • " • k (w) 

k • • • •• 
5 

4 

3 

2 

1 ~----------------------------------------~--~ 
0 200 400 , 600 800 1000 1200 

w (days) 

Figure 4. 



:rrpe(t) 

( 1- 1T) pc(t) pc(t) 
NORMAL .. .~ 

CE:LL 1 .. 
' 

Kc(t) 

~ r 

§ H 

Figure 5. 

2 

-

· Kc(t) 
' 

' r 

CELL 
DEATH 

,\t fJ 
~ 

• 

-

MALIGNANT 
CELL 

w 
0 




