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The effect of injection of 1.85 kBg/kg of the long-lived radio-
nuclide ?Ac on the induction of osteosarcomas in female
NMRI mice by different dose levels (18.5, 74, and 185 kBq/kg)
of the short-lived radionuclide 22’Th was investigated. The high-
est absolute osteosarcoma incidence was observed with the high-
est doses of 22’Th. Addition of 22’Ac resulted in an additional
osteosarcoma incidence only at the lowest dose of 2’Th and did
not affect the osteosarcoma incidence resulting from higher
doses of >*’Th. The longest times to tumor appearance were ob-
served with 2?’Ac alone. The latent period in two different age
groups (4 weeks and 10-12 weeks) appeared to be similar follow-
ing injection with combined doses of 2’Th and *’Ac but dif-
ferent after injection of each radionuclide alone. © 1990 Academic

Press, Inc.

INTRODUCTION

The chance of incorporating several radionuclides simul-
taneously is not negligible; such an occurrence is possible in
accidents in the occupational field, with medical treatment,
and also at the natural level. For this reason most national
and international authorities have issued risk calculations
for mixtures of incorporated radionuclides and have sug-
gested measures for the decorporation of radionuclide mix-
tures. In general the conservative estimate assumes that any
resulting effect would be no more harmful than the addition
of the known effects of the single components (1-3).

The precise effect of combined radiation (additive, less
than additive, etc.) probably depends on a number of fac-
tors including the radiation quality and/or site of irradia-
tion, dose, dose rate, the state of the biological target, and,
in the case of organisms, their age. In the special case of
bone-seeking a-emitters considered here, preliminary re-
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sults from earlier experiments indicated that the incorpora-
tion of low levels of a long-lived radionuclide, as might oc-
cur from contamination, could have a marked effect on the
induction of osteosarcoma by higher doses of a short-lived
radionuclide (4, 5). The following experiments were de-
signed to test whether addition of a low dose from the long-
lived radionuclide *’Ac to varying but much higher doses
from the short-lived 2*’Th had an effect in the long term on
the induction of osteosarcoma by the major component.
The effects were found to depend on the level of *’Th.

MATERIALS AND METHODS

(a) Animals

Female NMRI mice 4 weeks of age were used in the first experiment.
They were injected with 22’Ac (1.85 kBq/kg), 2" Th (185 kBq/kg), or a mix-
ture of the two radionuclides.

In the second experiment, 10-week-old animals were used to avoid the
differences in retention which may occur during the extensive skeletal
growth in the juvenile. The 2’Ac and *’Th injections were separated by a
period of 2 weeks, to allow determination of ?*’Ac and ?*'Th retention by
whole-body measurements. Three different levels of »"Th were adminis-
tered alone or together with *’Ac: 18.5, 74, and 185 kBq/kg. The activity
of 27 Ac was the same in all experiments (1.85 kBq/kg).

The animals were kept under standardized conditions and were checked
6 days each week. The animals were killed when moribund, i.e., when a
severe neoplastic or nonneoplastic lesion of any type (including, for exam-
ple, lymphomas and lung tumors) was detected clinically. All animals were
autopsied. Only those osteosarcomas that could be detected by radiographs
and/or by clinical examinations were used to compare the incidences in
different groups. All osteosarcomas were confirmed histologically.

(b) Injection Solutions and Dosimetry
Two solutions were prepared for the combination experiments:

(1) Actinium-227, a long-lived S-emitter (half-life 21.7 years) with a-
emitting daughter products (**Th-2*’Ra, etc.), was purchased from Amer-
sham-Buchler, Inc. The solution was allowed to reach equilibrium before
injection, thus ensuring that the daughter activities followed the half-life
of the long-lived parent ?’Ac. The activity was calibrated by means of the
v-line of ' Th at 238 keV with a Ge-Semiconductor device. The solution
was prepared in citrate form (pH 3.5) as is usual for actinide injections
6, 7).

(2) Thorium-227, an a-emitter with an 18.7-day half-life, was separated
from the 22’Ac stock solution using the method described in (8). The solu-
tion for injection was also in citrate form.
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TABLEI
Activities, Doses, and Final Tumor Incidences in the Young (4-Week-Old) Animal Groups
Bone sarcomas
Activity No. of Skeletal dose Bone sarcomas % corrected for
Groups Nuclides (kBq/kg) animals (Gy) % unadjusted competing risks®
C Controls 0 50 0 0 0
A 2Ac 1.85 50 1.2 12 18.1
T 2'Th 185 50 10.0 54 60.8
AT 27A¢ + 22'Th 1.85 + 185 50 11.2 68 64.8

2 Value for 10 surviving animals (see text).

All injections were carried out intraperitoneally. The skeletal doses were
calculated as mean average values as described in earlier papers (9, 10).
Whole-body measurements were performed to check the retention of the
radionuclides.

The injection schedules are shown in Tables I and III. The results are
shown in the tables in terms of unadjusted percentages or crude incidences,
that is, the number of osteosarcoma-bearing animals per total number of
animals at the start of the experiment, and also final percentages corrected
for competing risks according to Kaplan and Meier (11). Figures 1 and 3-
7 show the cumulative incidence of osteosarcoma, corrected according to
Kaplan and Meier (/7). The unadjusted percentages are of qualitative in-
terest but can be misleading since they do not take into account the effects
of earlier deaths from other causes, i.e., the loss of animals that might other-
wise have developed a bone tumor. The correction for competing risks
allows for the effect of earlier deaths in some groups. The causes of early
death were similar in all the experimental groups. The analyses were
stopped when only 10 animals survived since the last cases are always over-
valued when using a correction formula, resulting in a probability of 100%
risk in the final interval if the last animal dies with a tumor (/1).

The curves were analyzed by means of a log-rank test, based on the theo-
ries of Mantel (/2) and Peto and Peto (/3) as modified by Kellerer and
Chmelevsky? (14). The mean tumor appearance times (identical to median
times in all groups) are given in Tables I and IV, together with the P values
from the log-rank tests.

RESULTS

(a) Four-Week-Old Animals

Table I shows data and results from this experiment and
Table II the results of the statistical assessment. The per-
centage of osteosarcoma-bearing animals after combined
treatment was approximately additive, i.e., about the same
as the sum of the values in the groups with *’Th or ?*’Ac
alone. The P values indicated significant or highly signifi-
cant differences in times of tumor appearance between all
four experimental groups.

Figure 1 shows the cumulative incidence of osteosarco-
mas in the three groups. Addition of ??’Ac resulted in an
earlier occurrence of tumors marked by a surprisingly steep
increase in osteosarcoma incidence in the period 300-400
days. This was much earlier than the occurrence of osteosar-

3 The authors thank A. Kellerer and D. Chmelevsky for valuable advice
and for making their log-rank computer program available.

comas in the **’Ac alone group which was more than 600
days after injection (Controls = 0). Osteosarcoma incidence
did not start to increase in the *’Th group until after 400
days after injection, so that for the first 600 days addition of
227A¢ resulted in a marked increase in osteosarcoma inci-
dence, although the final cumulative incidence in the com-
bined and ?*’Th alone groups was about the same.

(b) Ten- to Twelve-Week-Old Animals

A second series of combination experiments was per-
formed using different levels of the radionuclides and with
some improvements and modifications as described under
Materials and Methods.

The results of the whole-body measurements are given in
Fig. 2. The pattern of retention in the injected material is
consistent among the experimental groups.

Tables III and IV and Figs. 3-5 show details and results
of these experiments.

In the group administered 1.85 kBq/kg **’Ac and 18.5
kBq/kg 2?’Th, the time to appearance of osteosarcomas was
significantly (P < 0.0260 using the log-rank test) shorter
than in the thorium-alone group (Fig. 3). There was a higher

TABLE 11
Statistical Assessments of Experiments with 4-Week-Old Mice
Experi- Experi-
mental ta; mental ta;
P; groups (Days) P; groups (Days) P
C No case A 869 0.010
/ (819-919)
<0.0001 <0.0001
AN
T 633 AT 560 0.0155
(585-681) (494-627)

Note. ta;, mean tumor appearance time without 2*’Ac contamination;
ta;, mean tumor appearance time with *’Ac contamination. Confidence
limits in parentheses. P;, P;, P values from log-rank test between the verti-
cal-listed experimental groups; P;;, P values from log-rank test of the com-
bination with 2’ Ac. Experimental groups as in Table 1.
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FIG. 1. Cumulative incidence of osteosarcomas in 4-week-old NMRI mice, corrected for competing risks. (®) 1.85 kBq/kg 2*'Ac; (m), 185 kBq/kg

percentage osteosarcomas

227Th; (:) 227AC + 227Th.

Cpm per g body weight

FIG. 2. Retention of 2’Ac and *"Th in 10- to 12-week-old mice after single and combined injection of different amounts. (®) 1.85 kBq/kg *’Ac;
(a) 18.5 kBq/kg 22"Th; (¥) 74 kBq/kg 22'Th; () 185 kBq/kg "Th; (#) 1.85 kBq/kg 2'Ac + 18.5 kBq/kg 2"Th; (+) 1.85 kBa/kg 2’Ac + 74 kBq/kg
27Th; (%) 1.85 kBq/kg 22'Ac + 185 kBg/kg 2'Th.

percentage osteosarcomas

FIG. 3. Cumulative incidence of osteosarcomas in 10- to 12-week-old NMRI mice with 22’Ac and/or 18.5 kBq/kg %"Th, corrected for competing
risks. (@) Controls; (@) 22’Ac; (A) 2" Th; (#) 2 Ac + 2"Th.
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TABLE III
Activities, Doses, and Final Tumor Incidences in the Young Adult Animal Groups
Bone sarcomas
Activity No. of Skeletal dose Bone sarcomas % corrected for
Groups Nuclides (kBq/kg) animals (Gy) % unadjusted competing risks®

C Controls 0 100 0 1 2.2
A 2IAc 1.85 101 1.2 8 23.6
Tl 27Th 18.5 100 1.0 16 30.7
ATI 2Ac + 2P'Th 1.85+ 18.5 103 22 30 52.0
T2 27Th 74 101 4.0 47 70.6
AT2 2IAc + 2'Th 1.85+ 74 101 5.2 45 64.8
T3 27Th 185 94 10.0 41 59.6
AT3 2Ac + 2P'Th 1.85+ 185 104 11.2 42 63.1

Note. Age of mice: 10 weeks at 22’Ac injection; 12 weeks at 22’ Th injection.

4 Value for 10 surviving animals (see text).

rate of tumor appearance between 700 and 800 days in the
combined group than in the other two groups added to-
gether (Fig. 3). Interestingly, the time of appearances in the
thorium-alone group showed a bimodal distribution: before
650 days and after 750 days.

The addition of 1.85 kBq/kg **’Ac, which adds a dose of
about 1.2 Gy, to the dose of 4 Gy from 74 kBq/kg ?*’Th,
had no effect on either the corrected cumulative tumor inci-
dence (Fig. 4), the crude incidence (Table III), or the tumor
appearance time (Table IV).

In the group administered 18.5 kBq/kg 2?’Th, the addi-
tion of 1.85 kBq/kg 2*’Ac resulted in a slightly steeper but

TABLE IV
Statistical Assessments of Experiments
with 10- to 12-week-old Mice

Experi- Experi-
mental ta; mental ta;
P; groups (Days) P groups (Days) P;
985 A 906 0.0159
(1 animal) / (847-965)
<0.0001 <0.0001
Tl 805 \A Tl 749 0.0260
(765-844) (704-794)
<0.0001 <0.0001
T2 629 \ AT2 612 n.s.
/ (581-677) / (583-640)
n.s. 0.0150
\T3 579 \A T3 554 ns.
(540-617) (522-585)

Note. ta;, mean tumor appearance time for control and thorium-treated
groups; ta;, mean tumor appearance time for actinium-treated and combi-
nation groups. Confidence limits in parentheses. P;, P;, P values from log-
rank test between the vertical-listed groups; P;;, P values from log-rank test
between single and combined groups; n.s., not significant, i.e., P > 0.1.
Experimental groups as in Table III.

not significant increase in osteosarcoma incidence in the
second half of the exposure period (Fig. 5, Table IV), but
there was no effect on the final corrected cumulative osteo-
sarcoma incidence or the crude incidence (Table III).

DISCUSSION

With thorium alone, tumor incidence was markedly
higher in the 74 kBq/kg group than after 18.5 kBq/kg, but
no further increase occurred in either the corrected cumula-
tive incidence or percentage of tumor-bearing animals in
the 185 kBq/kg group (Fig. 6, Table III). The mean time to
tumor appearance in the low-dose group was also longer
than in the medium- and high-dose groups. Thus it seems
that for ?’Th (with half-life of 18.7 days), applications of
radioactivities above the level of 74 kBq/kg do not induce
higher osteosarcoma incidences. A similar relationship was
observed earlier in a large-scale experiment using single
injected doses of **’Th between 18.5 and 1850 kBq/kg
(15, 16).

Addition of a low level of **’Ac affected the corrected cu-
mulative incidence of osteosarcoma induction by **’Th
only at the lowest level of *’Th tested. The combination
effect at this level was the same as or lower than the sum of
the effects of the two radionuclides given separately. It
seems likely that addition of a low level of radioactivity of
a long-lived component can affect the osteosarcoma inci-
dence only in the range in which induction by the short-
lived component is still increasing, i.e., at low levels of the
short-lived component. As Fig. 5 shows, the only effect of
adding a low level of *’Ac to the highest level of 22’Th was
a shortening of the latent period in the late survival period.
The lack of effect of combining low levels of 22’ Ac with the
two highest thorium levels, as shown in Figs. 4 and 5, is also
reflected in the p; log-rank values in Table IV, which are
not significant.
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FIG. 4. Cumulative incidence of osteosarcomas in 10- to 12-week-old NMRI mice with *’Ac and/or 74 kBq/kg 2*’Th, corrected for competing
risks. (@) Controls; (®) 2?’Ac; (¥) 2" Th; (+) *’Ac + ?'Th.
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FIG. 5. Cumulative incidence of osteosarcomas in 10- to 12-week-old NMRI mice with *’Ac and/or 185 kBq/kg 2*’Th, corrected for competing
risks. (@) Controls; (@) >*’Ac; (@) 2’Th; (*) *’Ac + **'Th.
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FIG. 6. Cumulative incidence of osteosarcomas in mice after injection of different doses of thorium alone, corrected for competing risks. (@)
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FIG. 7. Cumulative incidence of osteosarcomas in mice after injection of the different 22’Ac/??’Th dose combinations used in this experiment,
corrected for competing risks. (@) 22’Ac alone; (¢) **’Ac + 18.5 kBq/kg ' Th; (+) *’Ac + 74 kBq/kg 2" Th; (*) *’Ac + 185 kBq/kg 2’ Th.

Figure 6 shows the corrected cumulative incidences in all
the experimental groups which received different levels of
227Th alone. There was no clear dose-response relationship
with tumor appearance time; similarly, in the log-rank test
(p; values in Table IV), the p value between groups T, and
T; was not significant. In contrast, there was a clearly dose-
dependent action for all levels of thorium when combined
with a low level of 2*’Ac, i.e., a shorter latent period was
observed with increasing >>’Th dose, as shown in Fig. 7. In
other words, the effect of a particular dose from actinium
on osteosarcoma induction by thorium depends on the dose
from thorium. These relationships were confirmed by the
significant log-rank values (p; in Table IV).

The corrected cumulative osteosarcoma incidence was
the same in the groups treated with 185 kBq/kg thorium
alone at 4 or 12 weeks, although the unadjusted percentage
of tumor-bearing animals was higher in the younger group,
but the time to tumor appearance in the older group was
somewhat shorter, resulting in a similar age at appearance
of the tumors (Tables II and IV). This effect has been de-
scribed previously (I7). Actinium alone also resulted in the
same tumor incidence in both age groups, but in a longer
time to tumor appearance in the older animals. Combina-
tion of the two radionuclides resulted in a “canceling out”
of the opposing effects; in other words, the tumor appear-
ance time after administration of a combination of the two
radionuclides was the same in both age groups. The effects
of age on tumor induction have been discussed in more de-
tail in a recent paper (/8).

The results of these experiments show that the combined
incorporation of two a-emitting radionuclides at the levels
of radioactivity studied has a lower biological effect than the
sum of the effects of the components administered singly.
However, the effect of adding a low level of a long-lived
component to a higher level of a short-lived component is
variable, and depends on the level of the short-lived compo-

nent. The less-than-additive effect observed is in good
agreement with experiments dealing with incorporation of
a mixture of B-emitters, in which the effects are also less
than additive (19, 20).

Thus our results show that the recommendation of the
ICRP (1), which is known to be conservative for -emitters,
1s also conservative in the case of a-emitters, at least at the
levels of radioactivity studied.
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