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A MODLL FOR THE INDUCTION QI BONE CANCER BY 224Ra

Peter G, Groar and John H, Marshall

Radiological and Environmental
Research Division

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

Abstract:

A mathematical model for the tracsformation of normal endosteal cells
into malignant tumor cells by o irradiation is applied to 224Ra. The model
postulates that a normal endosteal c=2ll near the bone surface is transformed
into a malignant cell by three consecutive events, The first two events are
the initiation events. The probahility of their occurrence is proportioral to the
absorbed endosteal dose and they generate dormant tumor cells. These dormant
tumor cells are promoted by the third event, the promotion event. Th2 probability
of this last event is proportional to the rate of bone remaodaling but indepandent
of the radiation dose. In comp=atition with these transforming events is the killing
of any endosteal cell by o irradiation. Killing is balanced by replacemant of
killed endosteal cells by normal stem cells. This model provides tha following
interesting predictions for the human 224Ra cases. 1) After the decay of 2"ﬂ:Ra
the tﬁmor rate decreases expanentially ata rate proportional to tha bone ti_nover
rate. 2) For exposure to the same dos2 the model predicts an increased number
of tumors for protracted exposure (i.e. exposure at a lower dose rate).
Implications of this modal for the therapy of ankylosing spondylitis are
discussed. Statistical proceduras are suggested for comparison of this theorati-

cal model with the existing data on the induvction of osteosarcomas by 224Ra in

man.
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Introduction:

Many investigators have attemot2d ‘o modal curcinoganesis in general
and radiation carcinoganesis in particulur, A thorough review of these attempts
has been given by Armitage and Doll (1351), Advances in the understanding of
the metabolism of radium isotopes (Marshall et al. 1972) and the determination
of tha cells at risk (Lo .tit et al. 1967) mada it cossible to formulate at the
cellular level a new mathematical modai for osteosarcoma induction in man by
a-irradiation (Marshall and Groar 1978). This model was applied succassfully

226 . . . .
to the human Ra cases, In this papar we will give a set of equations of
224 - Sy e s i .
the model adapted to Ra., Wa will darive predictions which follow from
thase cquations and will point out possizia implications {or tha troatment
. s 224 . . e . .
of ankylesing spondylitis by Ra inj=2ciisns., Wa will also present a method

. . - . 224 . .
of statistical analysis of the data on tumsr induction by Fa in man with
spacific consideration of competing risks; such an analysis is nacessary for a
correct comparison of tha model with tha data.

The mathematical model:

The complete set of equations given earlier (Marshall and Groer 1976) is:

1\;10 =p 15 —'i Ml) -TxM - FoM
1=0
I\/.I1 = FchO - FKI\/‘I1 - Fch1 W
I\;Iz = Fcrl\/‘[1 - FKMZ - )\Mz
i = o,

I



, . . 11
whaore MO - numbar of normal endosteal cells (~1077),
5
Ml = pumbar of endosteal cells initiated once (~107),
M2 = numbzr of vncdosteal cells initiated twice (dormant
tumor cells) (3—10),
M3 = pumber of Bm.rot2d tumor cells (0—1),

s = initial numbar of normal endosteal cells (i.e.
M {t=20)=3s)
o

by,

oy el -2 -
x = killing probability par c2l' (10 ~ rad

p = rate at whicn <illed cells are replaced by Mo cells
(abou: 0,1 Aa-="1),

e N -8 -1
¢ = initiation pronability ver cell (~10 ~ rad ),

. 2 -1
A = promotion ratz 110 T year 7),

)

F = endosteal dosz rate (about 3.2 to about 63 rad day
Figure 1 illustrates the process ¢ tumor ind. stion as describad by Fgs. (1).
Normal endosteal cells (MO cells) can Lz killed (« term) or initiated (o term).
It initiated once they bzcome Ml cells. Thase cells can bz initiated again
(M1 cells become M2 cells) or sone of thase cells can be killed. 1\/12 cells
can again be killed, or promoted at a rata \. We postulale that X\ is proportional
to the bone turnover rate. The loss of endosteal cells (1\4‘[0, Ml' and MZ) through
kit ing is compensated by the first term in the first equation. This term describes
the replacement of killed cells by normzl stcm cells. Killing of M3 cells has
been neglected for two reasons. First, n2w malignant cells will probably be

preduced so quickly that only a small proxortion could be killed, and second,

the tumor cells will soon grow out into th2 marrow space sc that most of the



mulignant tumor cells will be beyond the range of ¢ particles emitted from the
bone. An estimate for the endosteal dosa in the human 224}2:1 cases can ba
obtainad by multiplying th2 averages skolzial dose by a factor of 9 (Spiess and
Meys 1973). This agrees with the endostzal dose d~.iwved by Marshall et al.
(1974) despite some differences in the dzrivation of this factor. If one dividas
this endosteal dose by the injection span one obtains the average endosteal
dose rate (Spicss and Mays (1973)). Tor a consiant dose rate T, the equations
(1) can bz solved successively and exdlizitly. We skip the solutions for Mo
and Ml and give only the solution for th2 tumor rate P:

Pt+g)=222, (1)

2
2).S/Ki) {l - e¥p (~KFt) - «I't e¥p (—I(Ft)] , (2)

P{t+q)[p/lp r«F)] (o
wheare g = tumor growth period {about 5.4 v rs in man (Groer and Marshall 1975)).
Lauation (2) is valid for t < t_ (the duratizn of the injections) and for T > X

- - a
. . L 224 . e e e
which is certainly the casa for th2 Pa casas. The ordar of magnituds of A
is a few percent per year and xF for the lowest dose rate in the adult subgroun

24 - . L
of the 2 Ra cases is about 3% par day. 7ror times larger than the injection

period td one obtains:
2
P (t+g) = [p/(p + «F}] (0’2)\5/)< ) [ - exp (-;;.‘E'td) "KFtd exp (—KFtd)] (3)

x exp [~-A (- td)]

Prodictions of the modz]l and methods of ccmparison with the data:

Equation (3) shows that after a build up of M2 cells during td' the numbar
of M _ cells decreases exponantially. This means that the modeal predicts a

tumor rate P = M3 ~exp (-\t). It is clear that X can not b2 much larger than



-1
0.05 {yr ) since tumors arc still appearing 20 years after the injoctions,
Formula {3) also shows that for the same 2ndosteal dosz, lower dose rates
vill causce more tutmors. Thae ratio R of th2 numbur of twinors induced at the

lower dose rate, F_ to tha nwnber of tumors induced at the higher dose rate
I.

I‘H is approximately given by:

L H
=(p+ “{p*+x = M M
R =(p KFH) S (p kFL) h 10 i (4)

. L H
whare i\r‘;o and MO are the number of rormal endosteal cells for the two dose
rates at the same and otherwise arbitrery ime. Thzre are as yet no mzasuremants
of the replacement rate p available, HHowever, as a first approximation R can

be taken to be equal to tha observad inzidances for the adult long and short

1

span cases (Table 4 in Spizss and Mawvs (1973)). This yields p = 0.175 (day ).

This implies that on the average every killed cell (MO, Ml, or Mz) is replaced

eI

by a normal cell after approximately 6 days,
If comparative medical follow up studies should show that tha benafits of
24 . s . ,
Ra treatment for ankylosing spondylitis outweigh thea risks of such a treatmant,
. . 224 .
the following suggestions for Ra tharany would follow from the modal:
1) The injection spans should bz kept as short as feasible. The radiation
dose would than be dzalivered at a highar dose rate and the tumor rate
would be lowered as shown by equations (3) and (4).
2) The promotion rate should be kedt as small as possible, Since in the
model X\ is proportional to the bones turnover rate, any treatment in

224 ) . \ .
in addition to the Ra injections which would increase the metabolic

activity of bona should be avoided.



These suggestions are a logical consequence of the modeal considared here
224 .
and should not be understood as an endsrsament of Ra tnerapy., However,
these suggestions should be useful for tha therapist, if a careful analysis
: . 224 . . . .
of the data on tumor induction by Ra should verify these predictions of the
model and if medical follow up studies should demonstrate the advantages of
224 '
Ra therapy.
. 224, . .

The data on tumor induction by 2a in adults and children as publishad
in the literature so far doas not parmit us to make a statistically rigorous
cowmparison of model and data. The reason is the notorious problem of compz2ting
risks. The subjects in every medical follow up study die from many different
causes; some are lost from the study and sometimes tha study is terminated at
an early time when many of the individuals are still alive and well. For this
reason the times of death from causes othar than osteosarcomas, the times
when some individuals were lost from thz study and the truncation point of tha
follow—-up are necessary for a rigorous comparison. These times will subsequently
be called censoring times as is conventional in statistical analysis. Such an
analysis has to be based on the "model of potential survival timas" (see e.q.
David (1974)) until approaches for inter dependent risks have bsen developed.
This model assumes that the different risks (i.e. causes of death) act indepen-
dently of each other. One cause of d2ath does not influence the potential time
of death due to another cause. This assumption of independant risks makes

224 .
the following analysis of the complete Ra data possible.

The tumor rate as given by Eq. (3) defines a time dependent Poisson

process. The likelihood of a set of tumor appearance times and censoring



times corresponding to a certein cohort oF p2ople can thaiefore be calculated.
Simplifying Lq, (3) for the aoment wo wriite:
P () A8 exs (=At), (s)
where B is the A indepandent factor in eguation (3). Time is now measured
from the end of the injection pariod and the tumor growth period g (5.4 years)
has been subtracted from all tumor apo2arance times ti (i=1, 2...r) and tk=
censoring times Ti (i= 1, 2...n-r). Equation (5) gives the following cumulative
probability distribution:
t
W(t)=1-exp [- f P (t') de'] (6)
o
W(t) is the probability of a tumor appzarznc2 at a time smaller or equal to t.
The derivative of W(t) is the probabilisy dansity function wit). It gives the
probability of a tumor app2aring in the i~finitesimal interval (¢, t + di). The
r el o.f' tumor appzarance times ti and
censoring times Ti is given by th2 foliswing product of probabilitiss:
L=w @ )wl ). .w)[1-wFIN1-w().. . [1-w(T )]
Using expressions (5) and (6) the explicit form of the likelihood L can be

calculated. One finds for the logarithm of L:

r
logL=rlog\+rlogB-XZ t; - nB+ (7)
i=1
r n-r
+ B (1-21 exp (- )\ti) +i_=21 exp (—)\Ti)

Taking the derivative of (7) with respact to A and setting it equal to zero gives
an equation for A, whose solution is a maximum likelihood estimate for this

parameter, p can be estimated by comparing the tumor rates soon after the end



of tha injection period for different dos2 rates. Knowing these two purameters
the expacted number of tumors and obsarved number of tumors can he compared
with statistical tests or with a hazard plot (Groer and Ma:shall 1976).

With the estimated values of A and p incarted into Eq. (3), one can then

; . . . ., 224

calculate the net risk (see e.g. Chiang (1968)) for tumor induction by Ra
in a given population. This is the risk of an osteosarcoma in a certain time
. . . . £ 224, . <y s
interval after a given injection of Ra, if this is tha only risk in effect in
this population. This net risk can thar. be used to calculate the numbar of
tumors in an actual population with th2 appropriate life table. As a corollary
of this method of data analysis we would also like to point out, that the net
risks should ba used when comparing toxicities of diiferent radio nuctides.
A simple comparison of cumulative incid<ancoes in populations with widzly vary-~
ing survival characteristics is misleading since it do=s not separate tha

different risks competing for the lifz of an individnal.
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FIGURE CAPTIONS

FIG. 1. S'immary of the Model, Tha difiarent event~ . . the tumor induction
process as describad by Tq. (1) are shown. The numbers indicate

the cell type Mo' Ml' Mz, and .‘13.
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