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-RADIUM-INDUCED
MALIGNANT TUMORS IN MAN

ABSTRACT: The incidence of vadium-induced malignant tumors and
blood dyscrasias was related to current or preterminal radium burden
measurements and to refrospertive estimates of maximum radium burdens
for a series o[ 293 persons, most of whort acquived radium burdens in the
period, 1918 to 1933. The 46 malignant diseaces included 23 bone sar-
comas, 16 neoplasms of the skull *frincipally mastoid and paranasal air
cell carcinomas), and 7 leukemias and aplastic anemias. Retrospective
estinales of maximum radium burdens uwere made by application of the
appropriate pouer function for ingestion or for multiple injections. The
Yowcer function paramcters used hcre 7a = 0.30 and b = — 0.44) were
recently derived by an analysis of data from long-term studies on 8 pa-
tients for whom suitable data are ciallablc. The lowest estimated maxi-
nam radium burden for the bone sercoma cases was 6.72 uCi, and that
for carcinoma of the maxilla was 1.23 pCi. The comparable value for
radivm-attvibuted lcul:emias and o'her blood dyscrasias was over 50 uCi.

"Based on the estimated maximum initial burden, these data imply at
least a 12-fold margin of safcty in the maximum permissible level for
inlernally deposited radium.

INTRODUCTION

For many vears we have been cngaged in an investigation of the
long-term effects of radium deposition in man. For the present sympo-
sium we have been asked to review and interpret our data as they bear
on the subject of radium-induced malignant tumors. As a result of this
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196 RADIUM-INDUCED MALIGNANT TUMORS-IN MAN

cmphasis on oncogenesis, this contribution will be highly sclective and
will not attempt to cover many other aspects of the consequences of ra-.
dium deposition in skeletal tissues vicwed after a considerable lapse of
time.

POPULATION AVAILABLE FOR STUDY

Although the largest group of cases that we have studied was ex-
posed occupationally, the cases have been drawn from two principal
sources: industrial and iatrogenic. Industrial exposure occurred mainly
in the dial painting industry although we have also studied several chem-'
ists who worked at extraction and purification of radium. The principal .
route of entry into the body in the dial painters and chemists was inges-
tion, along with a smaller possibility of inhalation. In the latter case,
most of the inhaled particles would have passed through the gastro-in-
testinal tract by the clearing action of the tracheobronchial cilia. We
have acquired the names of approximately 250 individuals who worked
at radium dial painting in Illinois before 1930. Of these persons who
were exposed to radium occupationally, we have studied 185 by whole-
body gamma-ray spectroscopy and by skeletal radiography. We have
examined only a few of the 200 or so persons who started to work after
1930, since all those that have been measured have small radium burdens.

The iatrogenic group of cases resulted from the administration of
radium orally or by intravenous or intramuscular injections up to 1933
for treatment of a variety of diseases. These ailments included, among
others, general malaise and fatigue, myocarditis, arthritis, poliomyelitis,
venereal disease, and mental disorders.’ * In some cases in our series, in-
cluding children, radium was given orally as a tonic. Many of the pa-
tients were unaware that they had acquired radium, and it was only as a
result of the suspicions of knowledgeable physicians that they were dis-
covered actually to bear a radium burden. One series of at least 41 pa-
tients was treated in this way from 1931 to 1933 in a state mental hos-
pital not far from Chicago.® We have studied or have other pertinent
knowledge of 36 of these cases found by a deliberate search of records.
In addition, we have accumulated another series of 36 patients who re-
ceived radium from personal physicians. Many of these cases have come
to our attention because of pathological changes that they developed, and
they represent a very small sample out of the several thousand persons
presumed to have been so treated by their doctors.
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THEORETICAL CONSIDERTIONS

If these studies are to shed any light on the problem of maximum
p=rmissible body burdens of radium, and if the malignant tumor exper-
ience is to be used as the principal criterion for evaluating operational
safety, then a suitable mcthod of expressing radium burden must be se-
lected for this purpose. Whole-budy counting techniques involving gam-
ma-ray spectroscopy hinve made posible the rather exact ineasurement of
radium in the human body down to levels approaching 0.001 uCi. How-
ever, delight in these recent determinations should not obscure the fact

_ that they have been made 25 to 43 years after the radium deposit was
acquired. During this period the radium burden has followed a pattern
of decreasing retention that has been shown to be mathematically describ-
able in fairly simple terms by a power function.** Experiments with
large populations_of mice huve led to the suggestion that the initial, or
maximum, burden mav he morce iniportant in evaluating tumor produc-
tion by internally deposited radionuclides than any other index or meas-
ureinent.* For this reason we have attempted in this paper and else-
where™ ® to evaluate the discasc experience of our patients in terms of a
retrospective estimate of maximum radium burden.

The calculations of these estimates have been based on the power
function and its applications to the vaning modes of intake of radium.
The single exponential function may provide a better description for ra-
dium retention over the more recent portion of the time span than does
the power function, but it cannot be uscd to estimate the initial or maxi-

- mum body burden except in the case of a single injection.” Any estimate
of initial body burden computed on the basis of sums of exponentials pre-
supposes a4 knowledge of the parumeters of carly exponential curves, a

* knowledge that is in fact non-existent.

After a single intravenous injection, retention of radium according to
the power function proposed by Norris ¢f al.= * is given by

Ri{ty=at, 1t=1) (1)

where { = timc after administration, a is a constant that provides the
intercept at unit time, and b has a negative value and is the slope of the
straight line given by the function on a double-log grid. Norris et at.
proposed power function parameters of a = 0.54 and b = — 0.52 for
radium retention, and these values for 2 and b have been widely used.
More recently,” we have re-examined the question after further investi-
gation involving several additional radium measurements of the same
state mental hospital patients that Norris had studied. On the basis of
our more recent analisis we have arrived at somewhat different mean
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198 RADIUM-INDUCED MALIGNANT TUMORS IN MAN
power function values: a =030, b= -- 0.41. This- average power

function was hased on an urithmetic mean of the slopes and a geometric
mean of the intercepts of individually determined, best-fitting power func-
tions for 8 patients for whom approprate data were available.” In this
series, the patient who hcld on to radium most tenaciously had a power’
function given by a = 0.18, b = — 0.22, while the paﬁcnt who lost ra-
dium most rapidly had values of a = 0.89, b = — 0.63.

Where radium is acquired orally, as in the case of the dial painters,
the amount of radium retained at ¢ days after cessation of unit daily ab-
sorption during F days can be shown to be given by

Roet (F, 1) = 2= [{t+ F)"! — ], (2)
b1

Fig. 1 illustrates the pattern of radium retention after cessation of inges-
tion given by Equation (2) and the new power function parameters for 2
number of selected ingestion periods. When F =1 day, the retention
curve after 90 davs becomes identical with the familiar power function
straight line on a log-log plot that holds for a single intravenous injection.
As the ingestion periad becomes longer, the earlier portion of the reten-
tion curve becomes flatter. At Jonger times after the end of the ingestion
period, the slopes of the curves begin to approach that for a single
injection.

The experimental support for this mathematical formulation was
reported at the Second International Congress on Radiation Research.®
The power function parameters for retention, after a single intravenous
injectior in mice, were shown to hold for retention after radium feeding
periods of varying length. This correspondence of data supports the as-
sumption that ingestion over a period of days can be considered to be the
equivalent of the integral of a series of daily intravenous injections over
the same period. In this paper this assumption, which was verified ex-
perimentally with mice, will be applied to man in order to evaluate the
human experience that involved two basic routes of administration.

The point of maximum retention, which occurs at the end of the
feeding period, F, is given by

Roral (F» 0 ) =b_?_1 Fb’l (3)
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In this equation the end of the ingestion period marks the beginning of
the time period after cessation of administration, i.¢., t = 0. The nota-
tion used here differs dightly from that of Norris® but the mathematical
formulation is the same. '

For each case whare radium was acquired orally, we computed a
ratio, Q. in which the radium burden at the end of the ingestion period
was divided by the rudium at time, ¢, after cessation of ingestion:

. Roul (F: 0 )
Q= R (B0 ™

This quotient represents the ratio of the maximum radium burden to any
mcasured burden at time f thereafter and hence provides the factor by
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RADIUM CONTENT BASED ON ABSORPTION OF 1.0 uCi DAILY

1 23 5 10 20 40 yrs
TIME AFTER CESSATION OF RADIUM INGESTION
Figure 1. Log-log plot of radium retention after cessation of oral ingestion

for ingestion periods (F) of selected Jengths of time. Daily absorption of 1.0
Ci is arbitrarily assumed. Power function parameters: a = 0.30, b = - 0.44.
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200 RADIUM-INDUCED MALIGNANT TUMORS IN MAN

which the maximum burden was greater thon the subscquently measured
amount. For any individual measurement the maximum burden can
then be cstimated from the magnitude of Q and the whole-body radium
mcasurement:

Estimated maximum = Q X (mcisured radium burden),  (5)

Sample retention values for a selected number of F periods and ¢ intervals
after cessation of ingestion are presented in Table I. Thesé¢ computations
are based on the parameters of the new mean power function, a == 0.30
and b = — 0.44, and on the assumption that 1.0 xCi was absorbed into
the body each day. The second column for each ingestion period gives
the Q ratios, which are dimension-free values. Extensive tables such as
these were also used to generate the curves shown in Fig. 1.

For the radium dial painters whose work history was known, the
length of the ingestion period, F, was computed in days on the assumption
that ingestion occurred throughout the period at the same rate because of
consistency in personal work habite This computation does not correct
for absence from work on weekends, holidays, and vacations but is never-

theless a reasonable approximation. In the cases of those dial painters

whose work history straddled Janwary 1, 1926, we have ignored any work
period subsequent to that date on the assumption that the bulk of the in-
gestion occurred before the practice of pointing the brushes between the
lips was discontinued.

In the cases where radium was acquired medically by multiple in-
jections, another approach was used to compute the maximum burden.
Since these injections were typically given at weekly intervals, computer
programs were devised to sum individual power function retention curves
at 7-day intervals for n number of injections. A typical curve is given by
Fig. 2 which shows the step-like increase in body burden with each suc-
ceeding standard 10 pCi injection as well as the changing shape of the
retention curve with each successive injection when plotted on a log-log
grnid. This figure also depicts the retention of radium after a series of 15
weekly injections when such retention is described by the new average”
power function parameters. For cases where the number of injections is
known, or can be surmised with reasonable certainty from the-known
practices of the physicians involved, the maximum body burden can be
estimated on the basis of the number of injections and the power function
parameters. Table 2 illustrates the retention values computed for selected
time periods after weekly injections of 10 pCi radium for a selected num-
ber of injection periods. The radium burden obviously reaches a maxi-
mum with the final 10 uCi injection in any series of injections. The para-
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Figure 2. Log-log plot of radium body burden during and after 15 weekly
injections of 10 xCi each calculated in 2ccordance with a newly derived
power function, R = 0.30 t-%*4,

meters for the average power function ‘a = 0.30, b = — 0.44) were
used for all the retrospective estimates reported here, except as otherwise
noted.

MALIGNANT TUMORS IN DIAL PAINTERS

The malignant tumor expericnce among the dial painters up to
September, 1967, is prescnted in Tables 3 through 6. These tables iden-
tify the patients by code number and, where known, give the ycar of birth,
work period, pathological diagnosis, date of death, the most recent ra-
dium body burden, and thc estimated maximum burden based an the
mean power function with @ = 0.30 and b = — 0.44. In all, 41 patients
developed 44 malignant tumors or fatal blood dyscrasias.

Table 3 lists 13 cases of malignant tumors primarily in skeletal tis-
sues. Radium burden data are known for 8 of these cases. While the

_current or preterminal radium burdens range from 0.81 to 7.61 uCi, the
estimated maximum burdens range from 6.72 to 63.44 uCi. Five cases’
were not studied and the information for these persons is largely derived
from death certificates. Case 03-665 may actually have had lymphosar-
coma rather than a bonce sarcoma, and the location of the primary tumor
is not known for case 03-661.
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Table 4 licts a series of tumors that are mostly cancers of epithelial

'2 or mesenchymal origin developing in an unusual sct of locations: the mas-
toid air cells of the temporal hone of the skully the paranasal sinuses, or at
the apices of the teeth. Malignant tumors in these locations are extremely
unusual and it is noteworthy that in this scries of 8 patients, deaths from
these tumors have all cecurred since 1933 and 6 of them were after 1960.
The late appearance of these tumors is in contrast to the situation with
malign:int tumors of bone, which have occurred in this series from 1935
to 1963. Current or preterminal radium body burdens for the patients in
Table 4 range from 0.13 to 7.61 uCi and the estimated maximum bur-
dens range from 1.23 t0 63.6% xCi.

The situation with lcukemias and other serious blood dyscrasias is
less clear. Only two of the paticnts listed in Table 5 have had quantita-
tive determinations of radium burden. Case 03—487 had chronic lympha-
tic leukemia, a diseasc not usuaily attributed to the presence of radionu-
clides that deposit principally in skelctal tissue. The estimated maximum
for case 03-657 is based on a whole-body determination of radium bur-
den by Prof. Robley D. Evans at the Massachusetts Institute of Techne-
logy in 1936, and it is included here because this patient worked as a
dial painter in the group that we have been studving. Information for
the other cases again is largely derived from hospital records, death certi-
ficates, or exaniination of the original blood smears, and no radium bur-
den data are available. Two hundred and fifty women of this series

. painted watch dials in the 1920°s. The elapsed time since ingestion of
radium is 40 vears. The natural incidence of mveloid leukemia in the
- general population is approximately one case per 16,000 subject years.
In this instance, namely 10,000 subject vears, the probability of seeing at
least one case of myeloid leukemia in any group of 250 women observed
“for 40 years is high.

Finally, the malignant tumors that are not directly attributable at
the present time to occupational exposure or to radium deposition are
listed in Table 6. Current or preterminal body burdens in this series
range from <0.001 10 0.90 nCi while the corresponding estimated maxi-
mum radium burdcens range from 0.20 to 7.29 uCi.

MALIGNANT TUMORS AFTER MEDICAL
ADMINISTRATION OF RADIUM

State hospital patients

This group of cases derives from a study carried out by Schlundt and
his colleagues™ * in 1931-33 in which a group of psychotic patients at

¢
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220 RADIUM-INDUCED MALIGNANT TUMORS IN MAN

The incidence of radium-induced malignant tumors in the popula-
tion studied is given in Tables 13 and I4. The data for the 156 dial
painters and the 26 state hospital paticnts are only slightly biased since
most of these cases were acquired as a result of systematic search. The -
medical treatment cases frequently came to our attention because of ser-
ious symptoms and to that extent they do bias the incidence data. This
bias is mostly at the higher body burden levels.

The data in Table 13, which are arranged in increasing blocks of
current or preterminal radium burdens, are plotted as a dose-response
curve on a semi-log grid in Fig. 3. Except for the 0.42 incidence between
1.0 and 3.2 uCi, the other points above 0.1 xCi can be connected by a
straight line or perhaps somewhat better by a slightly S-shaped curve. In
cither case the points above 3.2 uCi arc based on rather small numbers
of cases and are probably not very dependable, especially since the higher
radium burdens in some cases are the consequence of measurements made
15 to 30 years ago whereas the majority of cases were studied in the past
10 years. ' '

More important for the establishment of a dose-response curve is the
rearrangement of the 203 suitable cases in terms of blocks of increasing
estimated maximum radium burdens (Table 14). Twelve fewer cases
are listed here than in Table 13 because retrospective estimates of maxi-
mum burden could not be made for these dozen patients who neverthe-
less did have current or preterminal radium measurements. These data
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Figure 3. Incidence of radium-induced malignant tumors and blood dys-
crasias in the ANL-ARCH series plotied against current or preterminal ra-
dium burdens in Ci, September, 1967.
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222 RADIUM-INDUCED MALIGNANT TUMORS IN MAN

provide the dosc-response curve shown on a semi-log plot in Fig. 4 where
an S-shaped nature is more clearly evident and where a straight line is
more difficult to justify.

The data presented and discussed here have certain implications for
the establishment of maximum permissible levels. Briefly, no person that
we have studied whose maximum radium burden has been estimated to
have been below 1.2 pCi has developed a malignant tumor reasonably
ascribable to radium deposition. This approach in terms of estimated
maximum burdens is much more rational than that which bases maxi-
mum permisible levels on the relationship of pathological changes to cur-
rent measurements, which are high shortly after administration of the ra-
dium and which decline steadily thereafter. The 1.2 pCi value given
above and in Table 11 implies that on the average, based on the esti-
mated peak radium burden, there is at least a 12 fold margin of safety in
the currently accepted maximum permissible level of 0.1 uCi for pure
**Ra and its daughters. A peak burden of 0.1 uCi would be expected to
decline throughout the life of the bearer at a4 rate that depends on the
route of administration, the amount incorporated, the time period during
which the burden was acquired, and the particular bone turnover rate of
the individual.

Finally, no attempt has been made here to interpret the data in terms
of delivered dose. The present state of knowledge of tumor induction does
not permit the delineation of the precise volume of tissue that needs to be
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Figure 4. Incidence of radium-induced malignant tumors and blood dys-
crasias in the ANL-ARCH series plotted against estimated maximum radium
burdens in uCi, September, 1967,
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A. J. FINKEL ET AL 223

' - considered as irradiated and as the site of malignant transformation.

Another difficulty is in the cstablishinent of the time span required for the
induction of the malignant tumor, ic., from the administration of the
radiation to the onsct of irreversible neoplastic change. This period of
time, which is the real latent period and which has up to now dcfied even
rough definition, is far morc important in radiation carcinogenesis than
the apparent latent period to the time of detection of the tumor or to time
of death as a result of the tumor. Until these many factors involved in
dosimetry and in the instigation of malignant change arc resolved, the
practice of computing any type of cumulative radiation dose that results
in neoplasia it probably misleading and docs little to illuminate the prob-
lem of radiation oncogencsis.
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DIALOGUE

WILLIAM D. SHARPE: I was struck by the rather high incidence of
the central nervous system malignancies in Table 6. I wonder if these
might not also be related to the radiation?

ASHER J. FINKEL: We too were struck by the fact that there were
two gliomas and one acoustic neuroma. At this point there is no reason
to ascribe these tumors to radium, but they are certainly not excludable.

roBIN MOLE: Do you get irradiation of the nervous tissue from the
bones of the skull?

ASHER J. FINKEL: Quite likely. Whether it is enough to instigate tu-
mors, 1 don’t know. If in the next few years we see several more cases
of glioma of the brain, I think we would have to start considering this
particular pathological entity as perhaps attributable to radium. ‘

HERTA SPENCER: Since the main pathway of excretion of radmm is
via the intestine, is there a possibility of inducing carcinomas of the co’on’

ASHER J. FINKEL: We had one cardnoma of the stomach, two'éar-
cinomas of the colon, and one cardnoma of the rectum (Table 6).- It el SO
may very well be that these also should be considered attributable to‘&a— ok

dium. This is one reason we have listed all these miscellaneous tumodm ; 2,.:
a separate table. s R
b £ &4 -
: CHARLES W. Mavs: 1 would like to express my very sincere thzﬂ\s e

-

to the M.IT. team and the Argonne team for presenting at this sfm-
posium such a tremendous wealth of mew numerical data. I was parti-
cularly pleased to see this paper’s detailed tabulation of all tumors, regard-
less of whether or not they are currently believed to be radiation-induced.
The induction of bone sarcomas and the head carcinomas is relative-
ly easy to establish because of their extremely low natural incidence in the
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general population contrasted against their high occurrence among the
heavily expoced radium cases. Tt is much more difficult to assign a cause
to the malignancies which have a higher natural incidence, such as car-
cinomas of the digestive tract and neoplasms of hematopoictic tissue.

ROBERT J, HASTERIIK: Somc very carcful semantic considerations
went into the headings on thie tables. Some list “tumors as a result of
occupational exposure,” while others list “tumors not attributed to oc-
cupational exposure.” We reserve the right to change our opinion. I
agree with the others who have commented that we must think very ser-
iously concerning the relationship of radium burdens to the possible in-
duction of the various tumors.

CONSTANTINE J. MALETsKoOs: Dr. Finkel, you find effects at lower
current and initial burdens than have been observed in the M.LT. series.
How does this affcct the interpretation of a practical threshold?

ASHER J. FINKEL: We have a case of carcinoma of the maxillain a

. person whose current radium burden is about 0.13 uCi ***Ra. Although

this finding bothers some people, I am not disturbed by it because I don’t
think the current burden means thzt much. 1 think the estimated maxi-
mum burden (in this case about 1.2 xCi) means more and we are safe.

ROBLEY D. EVANS: There is a 300 rad average accumulation in that
particular patient even without anv bizarre distribution of radioactivity.

CHARLES Ww. Mavs: I hope these studies will continue long enough
so that when we predict the effect of other emitters such as **‘Ra, *°Pu,
and **Am in man, we can do so with detailed information on the com-

plete effects of radium throughout the entire human life-span.

ROBIN MoLE: I would like 10 second evervthing Dr. Mays has said
abnut the importance of these studies. I hope they will go on and expand.
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