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ABSTRACT

The incidence of bone sarcomas among 3055 female radium-dial

workers who entered the dial industry before 1950 was used to determine

dose-response relationships for the induction of bone sarcomas by

radium. Two subpopulations were analyzed: all measured cases who

survived at least five years after the start of employment and all

cases who survived at least two years after first measurement. The

first constituted a group based on year of entry; it contained 1468

women who experienced 42 bone sarcomas; the expected number was 0.4.

The second comprised a group based on first measurement; it contained

1257 women who experienced 13 bone sarcomas; the expected number was

0.2.

The dose-response function, I = (C + cxD + BD )e , and

simplifications of this general form, were fit to each data set.

Incidence (I) was in units of bone sarcomas per person-year; (D) was the

quantity (microcuries) of radium that entered the blood. Two functions,

I = (C + an + 3D2)e"YD and I = (C + $D2)e"YD, fit the data for year of
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year of entry (p > 0.05) t both these functions and I = (C + ctD) fit the

data for first measurement.

The function I = (C + BD2)e"YD was used to predict the number of

bone sarcomas in all other pre-1950 radium cases (medical, laboratory,

and other exposures); fewer were actually observed than the fit of this

function to the female dial workers predicted.

DISCLAIMER

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, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade came, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



- 3 -

INTRODUCTION

In a previous publication, dose-response relationships for the

induction of the two well-known types of radium-related malignancies,

bone sarcomas and carcinomas originating in the paranasal sinuses and

mastoid air cells, were derived for a group of 759 female dial workers

for whom radium body burden measurements were available (Ro78). This

group was selected for analysis on the basis of a long observation

period (all measured cases first employed in the dial industry before

1930), and homogeneity (one sex with an average age at employment of

19.0 ± 4..'3 years). The induction of bone sarcomas in this group (38

known c&ses to the end of follow-up) was best described by a function of

the form I = (C + 3D )e~^ . Here I is the observed number of bone

sarcomas per person-year of risk in a radium intake group, C is the

expected number of naturally occurring bone sarcoma cases per person-

year in the group, and D is a measure of intake, the quantity of radium

(lid) that entered the blood during the exposure period. For bone

sarcomas this quantity was defined as gd Ra plus 2.5 times

d 2 2 88Ra <Bo78).

In this report the bone sarcoma incidence in all known U.S. radium

cases first exposed before 1950 is examined. Time of appearance, age at

time of acquisition, biases, and dose-response relationships for bone

sarcomas are considered. The end of follow-up for this study was

December 31, 1979.
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THE STUDY POPULATIONS

In Table 1 all the known cases of potential exposure to radium

before 1950 in the U.S. are summarized. Known cases are defined as

those for whom at least the name, year, and type of exposure are

known. Measured cases are those for whom a reliable estimate of the

radium body content has been made (Ar80a). Of the 4076 known cases,

body burden measurements have been made for 1953* Of these measured

cases, 632 (32.4%) had died by the end of follow-up. Among the 1381

located cases still unmeasured, a sizable fraction is known to be

deceased. Death certificates have been obtained for all of the measured

cases and for 752 (97.4%) of the unmeasured cases known to be dead.

For most of the groups in Table 1, the mean year of first exposure

was not far from the middle of the time interval covered (about 1910 to

1950). However, there were large differences in the numbers of persons

exposed at different times during the interval. For the 3055 identified

female dial workers, the distribution was biraodal: 1490 (48.8%) were

first exposed before 1930, 157 (5.1%) between 19'0 and 1939, and 1408

(46.1%) were first exposed 1940-1949. The medical exposures occurred

mostly in the 1920's and early 1930's.

Female Dial Workers

As indicated in Table 1, female dial workers constitute the largest

of the groups into which the radium cases may be divided by sex and type

of exposure. The total number of women employed in the dial industry

before 1950 is not known, but the number probably was not greater than
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4000. Of the 2454 located women, body burden measurements have bean

performed on 1468; of these, 1137 were alive at the end of follow-up.

As discussed in a previous publication (Ro78), there may be under-

or over-representation of persons with effects from radium in the

measured group of female dial workers. For example, exhumations of

cases known to have died with bone sarcomas biases the population of

measured cases toward an excess of cases with this malignancy. The

ratio of bone sarcomas to deaths among the located but unmeasured,

21/512, is considerably less than this ratio for the measured, 42/331,

while the number of additional bone sarcomas, if any, in the unloeated

cases is unknown.

Medical Exposures

The only other group in which bone sarcomas have been observed

among the measured cases are those who acquired radium by what we have

termed a medical route. These individuals either received radium as an

intravenous injection or as an orally administered therapy. Evans

(Ev66), in an informative description of the medical uses of radium,

estimated that " . . . several thousands. . « " of persons acquired

radium via these routes. In contrast to the dial industry workers, of

whom a large number were identified from employment lists, city

directories, company pictures, and co-workers, there are few mechanisms

by which those who acquired radium medically can be idtntified. Most of

the 18 bone sarcoma cases among the measured medical cases were

identified as radium cases only after signs of bone sarcoma.
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Laboratory Workers

Some relatively large radium intakes have been measured for the

laboratory workers, but only one bone sarcoma has been recorded, and

that one occurred in an unmeasured case. Evans (Ev66) has estimated

that there might have been "...between 500 and several thousands..." of

laboratory workers exposed to radium. Thus, like the medical cases, the

sample of these cases available is only a small fraction of the total.

Male Dial Workers

Relatively few men, compared to women, were employed in the dial

industry. Of those measured, the average age at entry into the industry

was about five years greater, and the average entry about 3 years

earlier than the female dial workers, so it is not surprising that their

survival (48%) is somewhat less. In general, body burden measurements

have indicated that very few of these men have significant intake levels

of radium, so the absence of bone sarcomas in this population may well

reflect this lower intake. Apparently few men actually painted dials,

but were more likely to have been associated with other aspects of the

industry.

Other Radium Cases

In the files of the Center for Human Radiobiology there is

information about individuals who acquired radium from a number of other

sources. These include individuals who acquired radium as a consequence

of accidental spills of radium, doctors and nurses who handled radium,
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and residents of homes contaminated with radium. This group is small,

and the measured radium intakes tend to be very low. These are included

here to complete the summary of all known U.S. radium cases exposed

before 1950.

SYSTEMIC INTAKE

Following the procedure used in a previous publication (Ro78), we

are using a time invariant measure of the radium insult. The systemic

intake is the quantity (microcuries) of radium that entered the blood

during the period of exposure. This quantity is estimated from

measurement of the body content at later times. This procedure allows

cases to be grouped by intake level and avoids the implication that we

know the true dose to the critical tissues at risk.

In order to combine the risk from pure Ra, the isotope most

often used for medical injections, with that from mixtures of Ra and

Ra, which were used at some dial plants and in some nostrums, a ratio

of effectiveness has been defined. It has been--shown (Ro78) that> for

the induction of bone sarcomas in humans, each microcurie of Ra

appears to be about two and a half times as effective as a microcurie of

226
Ra. Therefore in this report the systemic intake for each case is

226
given, in microcuries , as the sum of y d Ra intake plus 2 .5 x

V d 2 2 8 R a in take .
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APPEARANCE: TIMES OF RADIUM-INDUCED BONE SARCOMAS

In Figure 1 the time between first exposure and diagnosis of each

of the 60 bone sarcomas that have occurred in the 1953 measured radium

cases has been plotted as a function of systemic intake. The appearance

times for the 24 bone sarcomas that are known in the unmeasured cases

cannot be plotted, for while the times are known, and range from 5 to 45

years (mean ± S.D. = 18 ± 10), there are, of course, no corresponding

intake levels.

The 42 bone sarcomas in the measured female dial workers have

appearance times ranging from 7 to 59 years (mean ± S.D. = 27 ± 14).

The 18 bone sarcomas in the measured mecu.cal cases have appearance times

ranging from 17 to 49 years (mean ± S.D. = 29 ± 8).

DOSE-RESPONSE RELATIONSHIPS

The biases inherent in a study wherein a significant fraction of

the cases with the effect under consideration, bone sarcomas in this

case, have been included as a consequence of selection on the basis of

symptoms, and where only a very small fraction of the total exposed

population is included, precludes the use of most of the radium

populations discussed above for deriving dose-response relationships.

The best group for a dose-response analysis is the female dial

worker population. In this case the measured population contains 1468

cases who experienced 42 bone sarcomas; age- and time-specific rates for

white females indicate that 0.4 bone sarcomas were expected in this

group (Mon74).



Two different analyses are presented below. The first utilizes the

entire population and calculates the years at risk for each individual

from the date of original employment to death, diagnosis of a bone

sarcoma, or end of follow-up, less an assumed five-year development

period from tumor induction to earliest possible diagnosis. This

analysis assumes that all of the 42 observed bone sarcomas may be used

to determine valid dose-response relationships. This assumption may be

justified for the purpose of radioprotection on the basis that such an

analysis probably overestimates the risk of bone sarcoma induction by

internally deposited radium.

The alternative analysis counts bone sarcomas and years at risk

only after a radium body burden measurement had been made. To eliminate

cases possibly measured as a consequence of their symptoms/ any case of

death or diagnosis of bone sarcoma that occurred in the calendar year of

measurement, or the next two calendar years, was removed. Thus the

years at risk for each case began about two years after first

measurement and continued until death, diagnosis of a bone sarcoma, or

end of follow-up. Using these criteria, 1257 female dial workers are in

the measured population, but only 13 bone sarcomas remain; the expected

number for this group was 0.2 bone sarcoma.

Each method of analysis suffers because intensive study of radium

dial workers started only after 1950. The two analyses illustrate

extreme positions : inclusion of all measured cases without

consideration of biases, and, in contrast, elimination of outcome bias
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with the consequence that the person-years at risk and the number of

bone sarcomas are reduced to a very low level.

The breakdown of the cases into intake groups is shown in Table 2

for each rcschod of analysis. All cases with systemic intake values

greater than 0.25 y d have been used for the fitting process. In a

previous publication (Ro78), a lower level cut off value of 0.5 yCL was

used. Examination of measurement data on the cases below 0.5 yCL has

indicated that cases with intake values below 0.25 (id, as a consequence

of counting statistics, may or may not have had a radium intake, while

cases with intake values of 0.25 to 0.5 yd. probably have acquired

internally deposited radium.

For each intake group, two representative values of intake are

given in Table 2. These values were calculated as follows :

ED Y.
Weighted mean = — = - —

Root mean weighted square =

where DA and Y^ are the systemic intake and years at risk, respectively,

for each individual in the intake group. The first of these is the

proper representation for the group when a linear dose-response

expression is fit to the data, and the second is appropriate when
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fitting a quadratic function. Both were used when fitting functions

containing linear and quadratic terms.

The natural incidence of bone sarcomas for the women in each study

was calculated from age- and time-specific bone sarcoma de«th rates for

white females (Mon74). A value of 0.7 x 10 bone sarcomas per year was

calculated for the study based on year of entry and 1.75 x 10" bone

sarcomas per year was calculated for the study based on date of first

measurement. For the latter group the average date of first measurement

plus two years was 1969 (S.D. = ±7.8 years); the average age was 57.4

years (S.D. = ±8.3 years).

Various logical forms of a general dose-incidence expression,

I = (c + otD + &D )e~", were fitted to the data, and subsequently tested

by a x statistic. Each equation was fitted to the 13 data points by a

general weighted least-squares procedure for arbitrary functions

(Ba79;Ga75). The statistical weight for each data point was the

reciprocal of the binomial variance of the fitted value. During the

fitting process each fit to the data was used to calculate a new set of

weights for the next iteration. This procedure continued until the

fractional change in the sum of the weighted squared residuals for

•"8successive iterations was less than 10

The acceptable fits are listed in Table 3. Acceptable implies that

the coefficients ot, f3, and y were positive and the x analysis resulted

in a p-value equal to or greater than 0.05. For the x 2 analysis the

lower intake levels, where no bone carcomas were observed, were combined

into a single intake group by summing the expected numbers calculated
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for the individual levels. When necessary, groups were further combined

so that no group contained an expected number of less than five bone

sarcomas. However, this criterion was too restrictive for the analysis

based on first measurement, with only 13 bone sarcomas observed. For

this analysis the groups were combined so that no group contained an

expected number of less than three bone sarcomas (Sn67). For both cases

the weighted squares of the differences between the observed and the

expecced number of bone sarcomas were calculated after the groups had

been combined. The number of degrees of freedom was equal to the number

of groups after combining, less the number of fitted parameters. It

should be noted that the fitting procedure was appliad to all 13 data

points and that the goodness of fit was evaluated (by x ) after the

groups were combined.

In addition to the fits listed in Table 3 derived from the least

squares fitting procedures, it is obvious that there may be other

acceptable fits. For example, I = fC + 0D }e ' is the particular. case

of a = 0 for the linear-quadratic-exponential (LQE) function I = (C + aD

+ 3D )e ' . The fitting procedure yielded an excellent fit for this

function for the data derived from year of first entry into the

industry, but the coefficient for a was negative. However, there must

be a range of positive values for a corresponding to unique values of fl

and Y for which the p-values determined by the x analysis are greater

than 0.05. This range was determined by repeatedly assigning larger

positive values of a until the p-value for the fitted function decreased

to 0.05. The range of acceptable values of a is also shown in Table 3.
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In Figure 2 the dose-squared exponential function, plus or minus

one standard deviation, is shown on a semi-logarithmic plot of the data

points. The range of values shown here overlaps the LQE function except

at the lowest intake levels, These two functions differ most markedly

at about 100 vCL intake; Figure 3 shows the two functions on a semi-

logarithmic plot which includes only the eight lowest intake levels

where no bone sarcomas were observed. The area between the two curves

is hatched, to indicate that the LQE function might fall anywhere in

this region with p greater than 0.05.

For the data set based on first measurement, no test of the general

equation was possible, for with three fitted parameters there were no

degrees of freedom left for the x test. Hbwever, the situation was

obviously similar to that above; the least squares fit to the LQE

equation yielded a negative coefficient for the linear term while with a

set equal to zero, the dose-squared exponential was found to be an

acceptable fit.

EFFECT OF ADDITIONAL BONE SARCOMAS

The question is often asked, if the next bone sarcoma to appear

falls in one of the systemic intake levels in which there are no bone

sarcomas, will a linear or linear-exponential function then adequately

fit the data? This effect was examined by adding extra sarcomas to the

data set based on entry into the industry. One sarcoma was added to the

data set, by placing it first in the lowest intake level, fitting a

linear or a linear-exponential function to the new data, determining the
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appropriate p-value, and then repeating the process after moving the

sarcoma to the next intake level. No acceptable fit to either function

was obtained with one additional sarcoma, nor when the process was

repeated placing in turn two sarcomas in each intake level.

An alternative approach placed a first sarcoma in the lowest intake

level, then a second in the next lowest level, and so on, fitting and

testing linear and linear-exponential functions after each addition.

When a total of three bone sarcomas had been added, one to each of the

three lowest dose ranges, a linear-exponential function was obtained

with a p-value of 0.053.

This process was then reversed by adding first a sarcoma to the

highest intake ranga where none had been observed, then another in the

level below, and so on, fitting and testing after each addition. When

three hypothetical bone sarcomas had been added, one each in the highest

intake ranges where none had been observed, a linear-exponential

function was obtained with a p-value of 0.053.-

EFFECT. OF CHANGING INTAKE RANGES

In the first Annual Report for the Center for Human Radiobiology, a

dose-response analysis of all of the available radium cases was

presented (Ro70)° For that analysis, based on skeletal rads, dose

ranges were chosen before the data were examined in detail. Three dose

ranges divided each decade of dose into intervals of width of factors of

2, 2, and 2.5. Since that first report, every analysis by the senior
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author has made use of this format, regardless of the unit of dose, be

it rad, rent, or systemic intake.

If one elects to choose the dose interval after examination of the

data set, different results can be obtained. A critical range is the

highest dose interval. By altering the lower limit of this range to

vary ths denominator, person-years at risk, the observed value of bone

sarcomas per person-year at risk can be changed over an appreciable

range.

To examine the results of changing the dose cohorts, a number of

variations of ranges were used and the resulting dose response fits

evaluated. In these alternative intake ranges, which were applied to

the data set for female dial workers based on year of entry, the hir/nest

intake cohorts were combined so that the top range contained at least

ten persons. The results may be summarized as follows.

Starting at the lowest systemic intake used, 0.25 ud, each decade

of intake above this level was divided into two, three, and then four

ranges where each higher intake range was a factor of a

/1O, /iO,or /1O times the magnitude of the previous range.

Testing each of the resulting dose-response fits with a x2 statistic,

only the dose-square exponential function provided an acceptable fit.

Alternatively, dividing the population into intake ranges as

outlined above, but considering the starting point to be 0.316 pCi,

three more sets of fits were obtained. With one exception, only the
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dose-squared exponential was found acceptable. A linear fit

(a = 1.5 x 10 bone sarcomas per person-year) adequately described the

data set when it was divided into two intake ranges per decade

(p = 0.24).

For the six alternatives described above, the LQE equation also

appeared to fit each data set, but in each case required a negative

value for a, the coefficient of the linear term. It may be concluded,

then, that any of these methods of dividing this data set results in a

distribution of cases and sarcomas that may be described by a dose-

squared exponential function, and can also be fit by a linear-quadratic-

exponentiai function. Only under special conditions can the data be fit

by a linear function.

The data set could also be divided into numerically equal intake

ranges. For example, ranges equal to 1000 pd results in three usable

ranges: 0.25 - 1000, 1000-2000, and >2000 \iCl. These ranges then

contain 1426, 17, and 25 cases, respectively, with 21, 11, and 10 bone

sarcomas. In the first range the weighted average intake would be

38.3 lid, but the 21 cases with bone sarcomas in this range actually had

a weighted average intake of 509.4 pd. A similar situation exists when

ranges equal to 500 UCL are used. In this case six usable ranges

contain 1407, 19, 8, 9, 8, and 17 cases per range, with 12, 9, 6, 5, 6,

and 4 bone sarcomas, respectively. The 1407 cases in tha range from

0.25 to 500 uGL have a weighted average intake of 27.3 pCL, but the 12

cases with bone sarcomas in the cohort had a weighted average intake of

384.3 u & . These distributions markedly distort the relevant intake
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data for the bone sarcoma cases in the lowest dose range; dose-response

functions derived from such distributions do not describe the observed

distributions of bone sarcoma cases.

EXTRAPOLATION TO NON-DIAL RADIUM CASES

In this section, the assumption is made that the do.-se-squared

exponential function derived from the analysis of female dial workers

based on year of employment can be used to predict the number of bone

sarcomas in various population subgroups. This procedure provides a

means of comparing the incidence of bone sarcomas in populations with

different distributions of dose and time at risk.

Table 4 gives the number of observed and predicted bone sarcomas by

radium intake level for three population groups. The medical cases,

laboratory workers, male dial workers, and miscellaneous cases have been

combined into two groups, by sex, for comparison with the female dial

workers. The predicted number of bone sarcomas at each intake level is

the sum of the predicted values for each case, and thus is dependent

upon the number of ce.ses, their systemic intakes, and their survival

times.

In Table 5, observed and predicted numbers of bone sarcomas for the

same three populations are given by age-at-first exposure in five-year

intervals and for two broad intervals, under 35 and age 35 and over.

Table 6 lists the number of observed and predicted bone sarcomas in

each ten-year interval after first exposure to radium for the female

dial workers and all the other radium cases. No bone sarcomas are
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predicted during the first five years after exposure, as a consequence

of the assumption of a five-year latent period. The predicted number of

bone sarcomas in each ten-year interval depends upon the number of years

each case experienced in the interval and the systemic intake of the

cases which enter the interval. Due to the small number of bone

sarcomas in the "other radium cases," no attempt was made to examine

appearance time as a function of sex.

DISCUSSION

The accumulation of information on persons carrying internally

deposited radium isotopes has been underway in th^s country since the

pioneering studies of the early radium dial painters (Mar31). However,

not until the U. S. Atomic Energy Obmmission funded studies of the

effects of radium did an intensive search for radium cases get under

way. For the 1468 measured female dial workers in this study, the

median date of first measurement is 1960 for those first exposed before

1930 (N = 812) and 1973 for those exposed later (N = 656). Half of the

1468 cases were first measured after formation of the Center in 1969.

Examination of the date when each case was first located also indicates

that intensive search for these cases did not occur until some 40 years

after their exposure; the median date for time of first location of the

measured female dial workers is 1965.

There is no doubt that radium, at sufficiently large doses, does

induce bone sarcomas. It has been suggested that there is an inverse

relationship between dose and the induction of bone sarcomas, such that
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at very low doses the induction period might be greater than the human

life span (Ev69). Such a relationship is not apparent for systemic

intake; while Figure 1 suggests that an inverse relationship exists

between the maximum induction period and systemic intake, the minimum

induction period appears to be independent of intake level. Since no

bone sarcomas have been observed among the 1680 measured cases with

systemic intakes less than 50 uCi, it is evident that the life-span

probability of bone sarcoma induction is very small for small doses of

radium.

The basic question posed by the analysis of radium cases remains!;

how can we deduce relationships between dose and effect from this

population? Some previous analyses have utilized either the entire data

set (Ev67;Ro75;May76?BEIR72), or the entire female radium population

(Mol79), to derive a risk estimate. Evans et. al. (Ev69) set up a five

step suitability scale and utilized only cases in the highest two

categories in a formulation of dose-response relationships. In this

presentation we have elected to make no decisions as to the inclusion or

exclusion of individual cases. Rather, we have elected to derive dose-

response relationships from only the female dial worker population, and

have chosen two extreme approaches, one accepting all measured cases,

the other accepting only cases symptom free for the first two years

after an initial usable measurement of their radium burden.

The medical cases, laboratory workers, and the miscellaneous cases

have not been used here to determine dose-response relationships, for

these groups are severely faulted by the fact that many cases ware
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located only on the basis of symptoms, and no group contains more than a

small fraction of the total exposed population.

The analysis based on the entire female dial worker population

found only one acceptable least-squares fit, and that was to the same

dose-squared exponential form found in a previous analysis of the pre-

1930 female dial workers (Ro78). A range of acceptable fits to the LQE

function, I = (C + otD + 0D }e~^D, was demonstrated, with a maximum value

of a = 1.3 * 10 bone sarcomas per person year yCL fulfilling the

criteria that the fit was not rejected at the p = 0.05 level. It is

possible, however, to find a method of dividing this population into

intake ranges in such a manner that a linear function can also be fit to

the data* In contrast, the dose-squared exponential function fitted the

data set no matter how the population was divided into intake ranges.

These results are not greatly sensitive to the occurrence of new

bone sarcomas among the lower intake levels, where no sarcomas have yet

been seen. AF indicated previously, it would have taken three

additional sarcomas strategically located in the lowest intake ranges in

order for the linear-exponential function to be "considered at the p =

0.05 level. With the passage of time, it is to be expected that a non-

radium-induced bone sarcoma will appear in this population of dial

workers. Such a malignancy csinnot be distinguished from a radium-

induced sarcoma. If a naturally occurring sarcoma appears, it is likely

to appear in one of the eight lowest intake levels, for 1110 of the 1137

living case& are in these ranges. Indeed, sii.ee only 27 women remain
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alive in the five highest intake ranges, the number of potential new

bone sarcomas in these intake ranges is limited.

The analyses based on the much more rigorous condition of

admittance to the study only after measurement plus two years of

survival without a bone sarcoma yielded two acceptable formulations, a

linear fit and a dose-squared exponential fit. By analogy, we assume

that the LQE function is also an acceptable description over some range

of values for the linear coefficient.

From examination of Figure 3, it might appear that there is little

difference between the dose-squared exponential and the LQE at very low

intakes, but this i.j not the case. At the very low intakes which

correspond to current standards, vast differences exist when the

increment over natural background is considered. Oansider the drinking

water standard of 5 pCi/£ as proposed by the Environmental Protection

Agency, which can be shown to correspond to an annual intake of 843 pCi

of Ra (Ro78). After a one-year intake, the LQE function with a -- 0

would predict a lifetime risk from radium of 5 x 1O~ bone sarcomas per

•-^ —ft

person year, while with a = 1.3 x 10 the prediction is 1 x 10 bone

sarcomas per person year, a factor of 2 x 10 greater. The natural

incidence of bone sarcoma is a function of the age and composition of

the group considered, but a reasonable overall value for adults is 10

bone sarcoma cases per person year. Of course, neither of these induced

rates could be distinguished from the natural incidence of bone sarcoma,

even with a population at risk as large as the current population of the

United States.
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The arbitrary use of the dose-squared exponential function derived

from the female dial workers as a predictor of bone sarcomas provides a

useful technique for examination of the incidence of bone sarcomas. For

example, when the cases are examined in five-year age-at-first-exposure

groups (Table 5), several remarkable conclusions may be drawn. First,

the observed distribution of bone sarcomas in the female cases is found

to be in good agreement with the predicted distribution. This suggests

that, within the age ranges present, the induction of this malignancy is

not strongly dependent on age at exposure. Second, there is a

significant over-prediction of the number of bone sarcomas in the male

radium cases. This suggests that either men are less sensitive to

radium than women, or that the measured cases have a bias in their

selection. However, the third observation, that no bone sarcomas were

observed in men 35 years of age or older at first exposure to radium,

when six were predicted for the period of time at risk, suggests that

older men may be less likely to develop this malignancy after exposure

to radium. We have also observed that no one, male or female, exposed

to radium after age 35 has yet developed a head carcinoma, the other

malignancy known to be induced by radium (Ro78;Ar80b). In contrast, the

predicted number of bone sarcomas agrees with the observed number in the

female radium cases 35 years of a,a and over at first exposure. Does

this imply that active bone remodeling, known to occur in post-

menopausal women, is related to the induction of bone sarcomas?

When the predictor is applied to the radium cases arranged by

intake levels (Table 4), fewer than expected bone sarcomas were seen in
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the non-dial cases at the highest doses. Finally, when the predictor is

applied to cases arranged by time intervals after first exposure

(Table 6), it is apparent that there is a marked over-prediction for the

non-dial cases, and that most of the excess of predicted over observed

occurred in the first ten-year period of risk, from 5 to 14 years after

exposure. If early bone sarcomas occurred in non-dial cases, they were

not included in the located population (only three bone sarcomas are

known among the unmeasured non-dial cases).

Another finding of significance is the agreement between the number

of predicted and observed bone sarcomas as a function cf time after

first exposure In the female dial workers (Table 6). This suggests

that, for the first 65 years after exposure, the induction of bone

sarcomas by radium in women is constant with time. While this may not

appear to be an unexpected conclusion for a long-retained bone-seeking

isotope, this is the first time that there is definite support for the

concept. Also, it should be noted that this agreement is the result of

a prediction by a time-invariant measure of insult, the systemic

intake. Had a time dependent measure, such as average skeletal dose,

been used, the agreement might not have been as good.

CONCLUSIONS

An unescapable conclusion of a review of the data on U.S. radium

cases is the presence of biases as a consequence of the delay in large-

scale studies until many years after the original exposures took

place. Nevertheless, a great deal of information is available on the
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effects of radium after internal deposition in human beings, and this

unique data should be utilized to the greatest extent possible. For

this reason we have chosen to use the most complete data set, that for

the female dial workers, to examine possible dose-response

relationships. The analysis based on first exposure to radium, wherein

the biases present might be expected to over-emphasize the hazards of

radium, contradicts the generally accepted linear relationship between

insult and effect, unless the intake ranges are appropriately chosen to

yield a linear relationship. A dose-squared exponential function

appears to be the best dose-response function. However, an. LQE function

may be a valid description of the actual relationship between dose and

response, but the data set only provides an upper limit for the

coefficient of the linear term. The analysis based on symptom-free

first measurement also suggests that a dose-squared exponential

relationship may exist between insult and effect, but does not eliminate

the possibility that the actual relationship is indeed linear.

Using the dose-squared exponential function derived from the

analysis based on first exposure for female dial workers as a predictor

of bone sarcoma induction, the number of bone sarcomas observed as a

function of age at first exposure and as a function of time after first

exposure in this population group matches the predicted numbers quite

satisfactorily. This is a significant observation, for it indicates no

age sensitivity and a constant rate of bone sarcoma induction, both of

which were assumed in the analysis and now appear to be verified. In

contrast, there is an indication that bone sarcomas have been missed at



- 25 -

early times in the other radium groups, most likely in high dose cases

who may have died of their malignancies without awareness of the

connection with radium. In addition, thjre is a suggestion that the

risk of bone sarcoma induction in men is reduced when radium is acquired

after age 35.
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FIGURE LEGENDS

Figure 1 Appearance times of bone sarcomas in years from first

exposure to diagnosis for measured radium cases who acquired

radium before 1950 plotted against systemic intake in uci.

Female dial workers are indicated by the solid octagon, all

other cases are indicated by the symbol X. The case plotted

at 5000 pCi actually had an intake of 9797

Figure 2 A semi-logarithmic plot of bone sarcomas per person-year at

risk (I) vs. systemic intake (D) for female dial workers

employed before 1950 showing the dose-squared exponential

fit. The shaded band indicates the range covered by the

function when the fitted coefficients are allowed to vary by

plus or minus one standard deviation. The error bars

represent the binomial standard errors of the observed

incidences.
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Figure 3 A semi-logarithmic plot of bone sarcomas per person-year at

risk (I) vs. systemic intake (D) over the lower end of the

systemic intake range where no bone sarcomas have been

observed. The eight circular points show the observed zero

values for each intake interval; the triangles indicate where

each point would have been plotted had one bone sarcoma been

observed in the intake interval. Two functions are plotted:

the lower solid curve is the dose-squared exponential fit;

the upper solid curve is the limiting value of the linear-

quadratic-exponential function (a = 1.3 x 10 , p = 0.05).

If an LQE function is a proper description of the dose-

response relationship, the true relationship would be

expected to lie within the shaded area.
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ble 1. Radium Gises Exposed Before 1950
Status at End of 1979

Measured cases Located but Unmeasured Cases

oup

Number
of Number
cases of

Sex known cases

Mean Average Mean Average
year of age a t Number year of age at
first first of Number first first
exposure exposure Number bone of exposure exposure
(± 53.D.) (± S.D.) dead sarcomas cases (± S.D.) (± S.D.)

Number
of

Number bone
dead sarcomas

al
workers

F 3055 1468 1931 ± 11 20.3 ± 5.0 331 42

M 273 79 192(3 ± 12 25.9 ± 9.2 41 0

1077 1933 ± 11 24.5 ± 9.1 512 21

116 1926 ± 11 33.6 ± 13.9 98 0

dical
cases

164 96 1927 * 5 35.4 ± 13.5 84 15

171 67 1927 ± 5 33.7 ± 14.7 50 3

33 1926 ± 4 37.7 ± 15.5 30 1

57 1926 ± 3 45.9 ± 15.9 56 1

boratory F 40
workers

M 309

26 1926 ± 10 . 22.1 ± 5 . 1 8 0

188 1926 ± 11 26.3 ± 8.1 108 0

4 1938 ± 12 28.3 ± 13.8 2 0

75 1926 ± 11 30.9 ± 10.1 63 1

1 other
case.-3

F 29 16 1923 ± 8 24.3 ± 5.4 6 0

M 35 13 1937 ± 13 29.8 ± 12.2 4 0

2 1931 ± 0 23.3 ± 7.9 0 0

17 1937 ± 11 36.6 ± 13,1 11 0

tals 4076 1953 632 60 1381 772 24



Table 2. Case Distribution, Person-Years of Risk, and Bone Sarcoma Experience by Intake Levels Female Dial
Workers Employed Defore 1950

Analysis Based on Year of Entry
Systemic Intake Person- Number

Root mean Number years of
Weighted weighted of of: bone

Systemic intake levels average square cases risk sarcomas average square
(liCi 2 2 6 Ra

Analysis Based on Date of F i r s t Measurement
Systemic Intake Person- Number

Root mean Number years of
Weighted weighted of of bone

cases r isk sarcomas

2-1/2 pci 228Ra)
(UCi) (yci) (UCi) (UCi)

>2500

1000-2499

500-999

250-499

100-249

50-99

25-49

10-24

5-9.9

2.5-4.9

1.0-2.4

0.5-0.99

0.25-0.49

<0.25

Totals

3354.

1613.

662.

382.

167.

69.2

35.1

16.5

7.08

3.55

1.53

0.718

0.355

-

3358

1668

674

387

171

70

35

17

7

3

1

0

0

•

*

•

*

•

.1

.6

.1

.21

.61

.59

.734

.363

-

17

25

19

34

29

23

49

75

72

103

1H6

164

152

520

1468

225

456

662

1356

1325

1132

2401

3654

3360

4669

7838

6343

5347

19935

58701

4

17

9

10

2

0

0

0

0

0

0

0

0

0

42

2871.

1850.

631.

373.

171.

68.8

34.3

16.8

7.09

3.54

1.51

0.727

0.359

-

2871,

1883.

643.

378.

175.

69,7

34.8

17.3

7.22

3.61

1.57

0.743

0,366

-

2

6

11

24

25

20

44

71

65

96

172

143

119

459

1257

25

65

121

343

336

236

614

1039

891

1178

1800

1340

689

3094

11770

0

3

5

5

0

0

0

0

0

0

0

0

0

0

13



Table 3. Dose-Response Functions with Acceptable Fits
(Positive Coefficients and p > 0.05)

LEAST SQUARES FITS

Based on Year of Entry

I = (C + eD2)e"YD 3 = (7.0 ± 0.6) x 10~8 p = 0.73

Y =• (1.1) ±0.1) x 10~3

Based on Date of First Measurement

I = C + otD a = (2.0 ± 0.6) x 10~5 p = 0.26

I = (C + gD2)e"YD 0 = (1.8 ± 0.4) x 10"7 p = 0.27

Y = (1.5 ± 0.2) x 10"3

ACCEPTABLE FITS FOR I = (C 4 aD + 3D2)e"YD MODEL

Based on Year of Entry

a = 0 to a = 1.3 x 10~5

with B = (7.0 ± 0.6) x 10~8 with 3 = (4.3 ± 1.2) x 10"8

and Y = (1.1 ± 0.1) x 10~3 and Y = (0.9 ± 0.1) x 10~3

p = 0.58 p = 0.05



Table 4. Observed and Predicted Radium-Induced Cone Sarcomas, by Systemic Intake Level, for Female and Male Radium

Keinale Dial Workers M l Other Radium Cases
Systemic
intake
1evels
(UCi)

>2500

1000-2499

500-999

250-499

100-249

50-99

25-49

10-24

5-9.9

2.5-4.9

1.0-2.4

0.5-0.99

0.25-0.49

<0.25

Totals

Number
of cases

17

25

19

34

29

23

49

75

72

103

186

164

152

520

1468

Observed

4

17

9

10

2

0

0

0

0

0

0

0

0

0

42

Predicted

5 . 1

13.3

9 . 8

9 . 2

2 . 2

0 . 4

0 . 2

0 . 1

0 / 0

0 , 0

0 , 0

0 . 0

0 . 0

0 . 1

40.5

Number
of cases

2

10

11

16

21

8

6

4

8

9

11

8

12

12

138

Female

Observed

0

2

4

4

4

1

0

0

0

0

0

0

0

0

15

Predicted

0 . 5

7 . 9

5 , 3

2 . 3

1.2*

0 . 1

0 . 0

0 . 0

0 . 0

0 . 0

0-0

0 . 0

0 . 0

0-0

17.3

Number
of cases

5

7

5

11

16

14

15

19

27

37

54

29

20

38

347

Male

Observed

0

0

1

2

0

0

0

0

0

0

0

0

0

0

3

Predicted

1.3

4 . 1

2 . 4

2 . 3

0 . 6

0 . 2

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

10.9*

*p < 0.05 (chi-square, Mantel-Haenzel)
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Table 5. Observed and Predicted Radium-Induced Bone Sarcomas, by Age a t F i r s t Exposure, for Female and Male tedium
Cases

Female Dial Workers All Other Radium Cases
Age at
first
exposure

<10

10-14

15-19

20-24

25-29

30-34

35-39

40-44

45-49

>50

<35

>35

Totals

Number
of cases

0

75

816

374

127

46

23

4

1

2

1438

30

1468

Observed

_

4

32

5

0

1

0

0

0

0

42

0

42

Predicted

1.7

27.4

5 . 8

2 . 8

2 . 2

0 . 6

0 , 0

o.'o •

0-0

39.9

0.6

40.5

Number
of cases

0

4

21

31

21

16

7

10

11

17

93

45

138

Female

Observed

1

1

1

1

4

1

2

2

2

8

7

15

Predicted

„

1.1

1.7

1.0

3 . 3

3 . 5

0 . 2

3 . 5

1.5

1.5

10.6

6,7

17.3

Number
of cases

3

13

52

107

59

40

28

19

10

16

274

73

347

Male

Observed

0

0

1

0

1

1

0

0

0

0

3

0

3

Predicted

0 . 1

0 . 1

0 . 7

1.6

2 . 4

0 . 4

0 . 9

2 . 2

0 . 9

1.8

5 . 3

5.8*

11.1*

*p < 0.05 (chi-square, Mantel-Haenzel)



Table 6. Observed and Predicted Radium-Induced Bone Sarcomas by Years After First
Exposure, for Female Dial Workers and Other Radium Cases

Female Dial Workers

Bone Sarcomas

Other Radium Cases

Cases
entering the

Years after ten-year
first exposure interval Observed Predicted interval

Cases
entering the
ten-year Bons Sarcomas

Observed Predicted

5-14

15-24

25-34

35-44

45-54

55-64

1465

1439

1414

1215

695

268

11

9

8

10

3

1

13.7

10.2

7.6

5.3

2.7

0.6

470

455

421

345

218

85

0

6

8

3

1

0

10.7*

8.9

5.6

2.3

0.6

0.0

Totals 42 40.1 18 28.1

*p < 0.05 (chi-sguare, Mantel-Kaenzel)


