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The tumor rate (hazard rate) and the tumor growth time were estimated
from a multiply censored sample of ooserved tumor appearance times in per-
sons with an initial intake of 22^Ra and ^8p_a i a r g e r than about 230 nCi/kg
bone. The tumor appearance times in these individuals appBar to be exponen-
tially distributed and follow, therefore, a straight line if plotted against the
cumulative hazard on linear paper, the hazard paper for an exponential failure
time distribution. This implies a constant dose independent tumor rate for
osteosarcoma induction in the limit of large radiation doses. An expression
for tumor rate from a stochastic model, described earlier in detail, showing
this behavior, is discussed briefly.

Introduction

The method of hazard plotting developed to analyze failure for quality

control purposes is applied to the problem of estimating tumor rate ( i . e . , the

hazard rate in statistical terminology) and the time of tumor growth from a

censored sample of osteosarcoma appearance times (i .e. , the time from the

first exposure to intake to diagnosis) in humans with initial intakes greater than

2 30 jiCi/kg skeleton. We chose these cases because we expected the tumor

rate to be approximately independent of the initia! radium intake and the time

since first intake for large intake levels." In addition, we use analytical

procedures which give estimators for the tumor rate and the tumor growth

time. On linear graph paper these estimators completely determine a istraight

line, which represents a maximum likelihood fit to the data. A good fit of the

hazard plot to this straight line verifies the constancy of the tumor rute. By

proper design of a graph paper, this method of the hazard plot could be extended

to time varying tumor rates.

The Hazard Plot

The hazard plotting method evaluates the tumor rate at the times of

occurrence of the event of interest and not at arbitrary predetermined times.

It uses, therefore, the maximum information contained in the sanple. To
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obtain a hazard plot one calculai.es the ratio I/a , where a, is the number of

cases at risk at t_ , the first observed tumor appearance time. The case in

which an osteosarcoma has just been diagnosed is included in a . Then one

proceeds to the next larger tumor appearance time t? and forms l/a,., where

a is the number of cases at risk at t , i .e . , a = a1 — (case with jsteosar-

coma at t + number of cases censored between t and to) . The term censored

means that the information of interest is not available. Reasons for censoring

include: death from other causes, lost from the study, and still alive without

tumor at the end of the study period (12/31/74); One. continues in this fashion

and calculates I/a. for each observed tumor appearance c.. After completion

of this procedure, one plots on linear graph pacer the points (I/a., , t ),
i 1

(I/a + I/a ,!„},, = . . The first number, the abscissa, is the cumulative hazard,

the second number of each pair, the ordinate, is the observed tumor appearance

time. A hazard plot for the observed tumor appearance and censoring times

(see Table 1) is shown in Figure 1. Since the plotted cumulative hazard

function is reasonably straight, one could fit a straight line through the data

points. The slope of this straight line is the tumor rate.- the y-intercept for

.\ •- i'i corresponds to the tumor growth period. However., we chose to calculate

these quantities with analytical methods for greaie* precision. This is explained

in the subsequent section.

Estimation of the Tumor Rate and the Tumor Growth Time

Estimators for the location and the scale parameter of the two parameter

exponential distribution for single state, Type II censoring, were given by
3 4 5

Epstein, Cohen ' pointed out that for the one parameter exponential distri-

oution the estimators derived for Type II censoring provide approximate esti-

mators for samples censored by random causes. We are making a similar ap-

proximation for the two parameter exponential distribution. The censoring of

the sample of tumor appearance times considered here can be described as a

combination of random and Type I censoring. The straightness of the hazard

plot described in the previous section and shown in Figure 1 suggests that

the sample was taken from an exponential distribution. This is also consistent

with the stochastic model for osteosarcoma induction published in an earlier
2

report.
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Table 1. Observed tumor appearance and censoring times (time of death due
to causes other than osteosarcomas) after first intake of 2 2 6 R S a rKj 228Ra for
individuals with a total intake larger than 230 p.Ci/kg bone.

Initial intake
226R , + 228R a

(uCi/kg bone)

Number of cases Censoring time
(and number of after first intake
osteosarcomas) (yr)

Time of diagnosis
of ostecsarcoma
after first intake (yr)

230.6 - 323.9

323.9 ~A'. 5

18 (8)

16 (3)

5 , 3 , 1 9 , 2 5 , 2 7 , 3 0 ,
34 ,40 ,40 ,53

6 , 7 , 1 2 , 1 3 , 1 5 , 1 7 , 7 ,13 ,13
21 ,28 ,28 ,31 ,35 ,
39,41

11 ,12 ,16 ,22 ,26 ,
29,34,35

0 10 20 30 40 50 60 70

CUMULATIVE HAZARD (%)

80 90 100

FIG. 1,—Hazard plot for tumor appearance times in individuals with initial
intake of 2 2 6 Ra and 2 2 8 Ra larger than about 230 (J-Ci/kg bone.



This model yielded the following expression for the tuTsor rate (hazard

rate) as a function of dose:

P(t) - e"1 (1 - (1 + KD(t-g)) exp(-KD(t-g)J)
— 1 —1

0 = tumor rate (yr) if D — co

g = tumor growth time (yr) (1)

D(t —g)= radiation dose at time (t —g) to endosteal cells (rad)

K = mean lethal a-dose for endosteal cells (~ 100 rad)

6 is constant. I t s dependence on cellular and physiological parameters was
2 -l

given earlier. Expression 1 shows that P(t) reduces to a constant rate (8 )
-1

in the limit of large radiation doses (doses much larger than K = 100 rad).
3

The estimators given by Epstein to estimate g and 8 are:
g = tt - 6/n
8 -.--

t ~ shortes: tumor appearance time

T = total life ( i .e . , person-years at risk) observed between the shortest

tumor appearance time and the end of the study period

n = number of individuals in the sample (34)

r = number of osfsosarcomas in thr- sample (11), (2)

Using the data given in T-bie 1, one finds for 9 and g:

9 = 55.7 yr

g = 5.4 yr ,
2

consistent with the earlier analysis. ' The bar means that the quantities are
-1

estimated- This estimate for 0 implies a tumor rate of 1.8% (yr) in the limit

of large radiation doses. Approximate confidence intervals can easily be

obtained for 0 and -j- To determine the confidence interval for 0 one uses
3 - 2

the fact that 2(r- 1)8/9 is distributed as x (2r- 2). One finds for the 95%

confidence interval

32.6 < 0 < 116.2 .

For the confidence interval for g, one obtains, using formula 9 in Ref. 3

1. 3 s g < 7 .
HOC ? 9 ft

The lower bound implies that for an initial intake of " Ra and Ra larger

than about 230 |iCi/kg bone one can be 95% confident that no osteosarconv-i will



appear bafore 1.3 yr after first intake. The cumulative hazard as a function of

time after first intake corresponding to these estimates of g and 8 is shown by

the solid line in Figure 1.

It is interesting to apply the distribution of smallest values to the data

in Table 1. Since tumor appearance times are exponentially distributed with
-1

parameter 9 , the smallest tumor appearance time in a sample of n = 11 should

be distributed exponentially with an average rate of n6 (about 1/5). This

implies that the appearance time of the first tumor, including growth time,

will be on the average about 10 years after first intake in a sample of 11 tumors.
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