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Abstract

The incidence of tumors was studied in mice injected with *°Sr
only or with **Sr in combination with high amounts of '*'I. The
high 3'I-dose to the thyroid gland was necrotizing to the glandu-
lar tissue and the main aim of the investigation was the possible
effects of the thyroidal destruction on the formation of bone
tumors. After correction for competing mortality, no significant
difference in the frequency of bone tumors could be found be-
tween ®Sr-treated and (*Sr + *'I)-treated mice. The incidence
rate of bone tumors, however, was higher in mice with radiogeni-
cally destroyed glands than in those with intact glands. The
limitations of using the concept of ‘actuarial tumor incidence’ in
correction for competing mortality in animal experiments are
discussed. Large numbers of lymphatic tumors were found in all
animal groups. The frequencies of such tumors were independent
of the radiation doses but their incidence rates were shortened in
a dose dependent manner. Other, directly or indirectly radiation
induced tumors were observed.

Key words: Radiobiology; mice, high '*!I doses, *°Sr—°Y
tumorigenicity.

Persons exposed to recent radioactive fallout from det-
onation of a nuclear weapon or nuclear reactor accidents
may incorporate amounts of **Sr corresponding to those
producing bone tumors in animals. The levels of 'I
simultaneously incorporated in such cases may then be as
high as to destroy the thyroid tissue completely.

Several hormones may affect the biologic behaviour
and tumorigenic capability of the bone-seeking radionu-
clide *Sr and its daughter nuclide Y (17-21).

Calcium (and bone) metabolism is regulated by different
hormones, e.g. parathyroid hormone (PTH), calcitonin
(CT), thyroxine (T,4). The influence of Ca-regulating hor-
mones on the tumorigenic effects of internally deposited
2Sr and ?Y is not yet elucidated.

The present studies are primarily aimed at the possible

influence of high '*'I-doses to the thyroid gland on the
development of osteosarcomas by concurrently adminis-
tered *°Sr-°°Y. Other *Sr-induced tumors are also dis-
cussed.

A comparative study in which two groups of mice were
injected either with a *°Sr-tumorigenic amount alone or in
combination with a thyroidectomizing amount of '*'I did
not reveal changes in the skeletal concentration of *°Sr
due to the thyroidal destruction (26), however, the 'I-
injected group showed a slightly reduced *°Y concentra-
tion in the skeleton during the first weeks after the nuclide
injection. This small dose reduction could, however, not
be expected to have an observable effect on the formation
of bone tumors. Nevertheless, we considered it interest-
ing to see whether the loss of thyoroid hormones and
calcitonin due to the thyroidal destruction would have any
effects on the sites and frequencies of *Sr induced osteo-
sarcomas.

These investigations were divided into two parts called
expt. A and expt. B. Since the *'I-amounts injected in
expt. A, 1.1 MBq, did not cause total thyroid destruction
as intended, a second experiment was performed, expt. B,
injecting 2.2 MBq of "*!I. The interval of time between
commencements of both experiment was one year.

Material and Methods

The experimental animals were male C 57 Bl/S mice, 6
to 8 weeks old at the beginning of the experiments. The
animals were conventionally bred and kept at the animal
colony of the Unit of Radiological Oncology, University
of Stockholm. They were maintained on an iodine-defi-
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cient diet (Astra-Ewos) for 14 days prior to intraperitoneal
injections of the nuclides. The iodine-deficient diet was
replaced by a normal, standard one (Astra-Ewos) the day
following that of treatment. The mice were kept under
controlled temperature, humidity and light conditions
throughout the study. Water was supplied ad libitum. The
radionuclides used were from Amersham International
(England).

At the start of the experiments each one of the groups in
expt. A, A-2, A-3, and A-4, consisted of 50 mice (Table 1).
The number of mice in the control group, A-1, was 41.
The corresponding number in expt. B were 35 in B-1 and
20 in each of the groups B-2 and B-3. The number of mice
as given in Table 1 refers to those surviving more than 100
days after nuclide injections.

All mice found dead or killed, by means of cervical
dislocation when reaching a moribund state, were exam-
ined by dorsoventral radiography in order to locate tu-
mors of the hard tissues. Routine histological studies were
performed on the spleen, liver, lungs, kidneys, heart,
testicles, adrenals, thyroid, parathyroid, lymph nodes,
and salivary glands. All macroscopic hard and soft tissue
lesions, tumors and roentgenologically suggested bone
tumors were fixed in Stieve’s fluid. The heads were divid-
ed longitudinally along the midline, and were fixed togeth-
er with the brain left in situ whenever lesions were found
or suspected. Hard tissues were decalcified in 20 % formic
acid. The histological sections were stained with haema-
toxylin and eosin, or by the van Gieson method.

Statistical methods. The mortality rate caused by bone
tumors has been examined for differences in cumulative
tumor rates by means of a logrank test (1). The numbers
of tumor bearing mice in A-2 and B-2 were compared with
the expected numbers of mice with tumors in the two
groups under the acceptance of the null-hypothesis, i.e.
the tumor frequencies in A-2 and B-2 were considered
identical with those in A-3 and B-3 respectively. From this
comparison a Z-value was derived and tested against the
standard normal distribution (e.g. if Z<1.96 equality of
the tumor rates in the two groups was rejected with a two-
side error probability of equality less than 0.05),

Z |n1i*-ﬁ|i| _0.5
Vo

where ny; is the number of merely *Sr-treated, tumor
bearing mice observed on day t; and ij; is the expected
number of such mice. If N; is the corresponding number
of surviving mice on the same day and if index 2 denotes
the corresponding values for the group of comparison, we
should obtain:

Z.:

_ Nyni+ny)
i

Ny;+Ny;

For X|n;~fi;|<0.5, Z; is given the value zero. For

Table 1

Experimental design

Experiment No. of Treatment
group mice
9OSr IJII
kBg/mouse MBg/mouse
A-1 41 - _
A-2 47 370 _
A-3 49 370 1.1
A-4 48 740 1.1
B-1 33 - -
B-2 19 370 -
B-3 18 370 2.2

* The groups in expt. A consisted originally of 50 mice each, and
in expt. B of 35, 20, and 20 mice respectively. The lower numbers
in the table are due to deaths at the very beginning of the
experiments.

YX(n;—ny;)<0, Z; is negative and for positive differences,

Z; is positive. The term 0.5 is a continuity correction. The

estimated variance (of a hypergeometric distribution) is:
Ny Noi(ny;+0y) (N + Ny —ny;—ny)

o= '
(Ny+N,) (N + Ny~ 1)

The number of mice with tumors has been corrected for
competing mortality by a quantity (actuarial incidence)
which can be obtained in terms of the Kaplan-Meier prod-
uct limit estimate (9, 11):

i(t)=1—H(l——%—>; =<t

The standard error of (1) is:

SE(M = (1-1)- 4/ E% ;=)

I(t) is the probability (corrected for competing mortality)
of an animal at risk up to the time t to have incurred a
tumor. The validity of these quantities is discussed in the
paragraph ‘Statistical considerations’.

The ‘mean time-at-tumor’, <t>, is the mean time (cor-
rected for competing mortality) that has elapsed from the
radionuclide exposure to the point of time at which tumor-
bearing mice are observed (7)

. o (L=Tip) -t
<t>=2———(' : )5 4,=0)
i=1

m
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Fig. 1. a) Experiment A. Mortality rate (MR) in mice treated
with 370 kBq *Sr (A-2 @) 370 kBq *°Sr + 1.1 MBq ' (A-3 A)
and 740 kBq *°Sr + 1.1 MBq "'l (A-4 W). The time for the
detection of the first tumor in the skeleton is denoted by BT. b)
Experiment B. Mortality rate (MR) in mice treated with 370 kBq
%Sr (B-2 @) and with 370 kBq *°Sr + 2.2 MBq '*'I (B-3 A). The
time for the detection of the first tumor in the skeleton is denoted
by BT.

Results

Rates of mortality and induction of bone tumors. The
mortality rate (MR) is defined as the slope of the curves in
Fig. 1 and its values have been determined by the least
square method. The survival curves were clearly biphasic
in expt. A which was not the case in expt. B. Mean
survival times, mortality rates, non-adjusted number of
tumors, and number of animals with tumors are given in
Table 2.

The bone tumors found in the present work were pre-
dominantly of osteoblastic type, and the histological char-
acteristics were generally similar to those previously re-
ported in the literature (4, 13). The crude number of
tumors (i.e. number not adjusted for competing mortality)
as well as the crude number of mice with tumors in A-2
were higher than those in A-3 and A-4, and the mean
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Fig. 2. Frequency of osteosarcomas (H), lymphoreticular tumors
(O) and other types of tumors (8). Percentage of mice affected by
each type of tumor in the different groups.

survival times for mice with bone tumors were higher in
A-2 and A-3 than that in A-4.

The crude number of tumors and number of mice with
tumors did not significantly differ between the two irradi-
ated groups in expt. B (B-2 and B-3).

The relative frequencies of osteosarcoma, lymphoretic-
ular tumors, and other tumor types found, are presented
in Fig. 2.

Anatomical location of bone tumors. Femora were the
commonest location for osteosarcoma in mice injected
with 370 kBq of **Sr. However, after 740 kBq *°Sr the
vertebrae and the bones of the skull were the predominant
sites. As suggested by Table 3, there is a tendency to
higher frequencies of head tumors and to lower frequen-
cies of pelvic tumors in groups A-2 and B-2 as compared
to the corresponding frequencies in A-3 and B-3 respec-
tively.

Lymphoreticular tumors (LR-tumors). LR-tumors were
most commonly located in the spleen, lymph nodes and
bone marrow, but metastatic infiltrations were also seen
in other organs, e.g. liver, lungs, kidneys, skeletal mus-
cles, meninges, salivary glands and heart.

The incidence of LR-tumors was high both in controls
and in treated groups (Table 4). The crude frequencies of
LR-tumors did not exhibit any dependence on the
amounts of adminstered *°Sr but the mean incidence time
for such tumors decreased at increasing *°Sr-doses (Table
4).

Pituitary tumors. A high incidence of pituitary tumors
was found. They appeared mostly in the groups that re-
ceived '*'I. One single case was found in a mouse treated
with *°Sr only (Table 5). The first pituitary tumor from
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Table 2

Mean survival times, mortality rates, and crude mean bone tumor incidence rates

Expt. Mean sur- Mortality rates, day ' Mice Tumors Mean number of
group vival time, with tumors per tumor-
days (SD) Phase 1 Phase 2 tumors bearing mouse
A-1 649 (140)
A-2 422 (94) 0.0695 0.196 33 57 1.73
A-3 359 (82) 0.0808 0.261 20 28 1.40
A-4 274 (53) 0.0822 0.616 21 35 1.67
B-1 700 (198)
B-2 405 (94) 0.083 0.083 16 31 1.63
B-3 353 (50) 0.102 0.102 16 28 1.56
Table 3
Location of osteosarcomas
Location Group
A-2 A-3 A-4 B-2 B-3
No. % No. % No. % No. % No. %
Femur 18 31.6 8 28.6 4 11.4 7 22.6 7 25.0
Tibia 12 21.0 4 14.3 1 2.9 2 6.5 5 17.9
Humerus 5 8.8 3 10.7 5 14.3 5 16.1 3 10.7
Vertebral column 7 12.3 4 14.3 11 314 5 16.1 5 17.9
Pelvic bones 2 3.5 3 10.7 0 0 2 6.5 4 14.3
Head 9 15.8 1 3.6 12 34.3 8 25.8 2 7.1
More than one bone 4 7.0 5 17.8 2 5.7 2 6.5 2 71
Table 4 Table 5
Incidence and mean incidence times of lymphoreticular tumors Incidence of pituitary tumors
Group Affected mice Mean incidence time Group No. of pituitary Pituitary glands
(days £SE) glands available for presenting tumor
No. % histologic study
. No. %
A-1 21 51.2 666+19
A-2 25 53.2 426+20 A-1 8 - -
A-3 18 36.7 323+24 A-2 15 1 6.7
A-4 24 50.0 259+13 A-3 17 13 76.5
- *
B-1 16 48.5 638+47 A4 2 3 217
B-2 12 63.1 390+21 B-1 21 - -
B-3 11 61.1 354+13 B-2 17 - -
B-3 16 15 93.7

the (*Sr + *'T)-series was seen 290 days after the radio-
nuclide treatment and the single one from the *Sr groups
after 498 days.

Other neoplasias. Thirty-three mice bearing 36 neo-
plasms other than osteosarcoma, LR-tumors and pituitary
tumors were found. The majority of these tumors ap-
peared in groups treated with both **Sr and '*'I (52.8 per

* Number of tumors significantly lower than that of A-3
(p<0.001).

cent), while 27.8 per cent were detected in the *°Sr
groups, and 19.4 per cent in the controls. The different
types of tumors found are presented in Table 6.

The commonest neoplasia among these other types of
tumors was squamous cell carcinoma, 61 per cent of them
being found in group A-4 and the remaining 39 per cent
among other *°Sr groups. All the tumors of this type
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Table 6

Neoplasias other than osteosarcomas, LR-tumors and pituitary tumors that were found affect-
ing 33 mice

Type of tumor Group

Total

A1 A2

A-3

A-4 B-1 B-2 B-3

Squamous cell carcinoma
Carcinoma of the lung 1
Thymoma

Thyroid adenoma
Thyroid carcinoma
Salivary gland adenoma 1
Hepatocellular adenoma
Bile duct carcinoma
Ganglioneuroblastoma
Malignant melanoma
Anaplastic sarcoma
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Table 7

Test values from the intergroup comparisons of the actuarial incidence of bone tumors (f), mean
times to tumor incidence (<t>), and cumulative bone tumor rates (Z)

Group  Treatment i (SE) i(SE) <t> (SE) Z
for mice for
with tumors tumors
A-2 20Sr 0.738 (0.069) 0.943 (0.021) 452 (17)
A-3 208r+131] 0.554 (0.095) 0.696 (0.078)** 419 (9) —2.41*
B-2 28r 0.433 (0.118) 0.642 (0.099) 426 (22)
B-3 PSr+131] 0.464 (0.116) 0.609 (0.103) 352 (13)** —2.55*%

* p<0.02, ** p<0.01.

affected the nasal mucosa and the oral mucosa covering
the hard palate and areas of the mandible and the upper
jaw in close contact with the teeth. One thyroid carcinoma
was detected in a **Sr-treated mouse of about 600 days of
age. The tumor, small in size, was composed of large oval
cells proliferating from the thyroid follicles in an infiltra-
tive way without any follicular or papillary arrangement.

Other histologic findings. Apart from the tumors al-
ready described different non-neoplastic changes were
found, such as aplasia of the bone marrow, extra-medul-
lary haemopoiesis (spleen and liver), degenerative pro-
cesses in various locations, and necrotizing and fibrosing
lesions in the thyroid gland of mice treated with '*'I. The
thyroids of '*'I-treated mice displayed histologic charac-
teristics similar to those seen in other experiments (3, 24).

Intergroup comparison. From Table 2 it is evident that
the control groups hold exclusive positions as to the mean
survival times and to the absence of bone tumors. It is
also clear that the tumors in group A-4 appeared earlier

than in the other groups of irradiated animals, although
the crude number of tumors is not deviating from that in
A-3.

However, the question whether the incidence rates and
risks of tumors differ between the groups A-2 and A-3 or
between B-2 and B-3 cannot be directly answered on basis
of the crude values given in Table 2. It is thus necessary to
correct for competing mortality and to take into consid-
eration that the tumors appeared at different times in
these groups.

The actuarial bone tumor incidence, (), the adjusted
mean time elapsed from the start of exposure to tumor
incidence, (<t>), and the test values for intergroup com-
parisons of the cumulative bone tumor incidence (Z), are
given in Table 7 for the groups A-2, A-3 and B-2, B-3. The
actuarial tumor incidence has been calculated up to the
level of 10 surviving mice and the intergroup comparison
from the first appearing tumor to the last surviving mouse
in any of the groups under comparison.
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There was a tendency of lower actuarial incidence rates
with regard to the bone tumors in mice with '*'I-de-
stroyed thyroid glands as compared to those with intact
glands but, as pointed out in the Discussion, this tendency
may be accidental.

The logrank test of the cumulative incidence of bone
tumors indicates a significantly slower bone tumor inci-
dence rate in mice with intact thyroid glands than in those
with destroyed glands. However, the mean times to tumor
incidence in the groups A-2 and A-3 do not differ signifi-
cantly.

Discussion

The observation that the femur was the most frequent
location for osteosarcomas agrees with VYE et coll. (23)
who also pointed out the importance of the geometry of
individual bones in relation to the absorbed radiation dose
and the further development of tumors. NiLsson (13,
15) reported long bones to be preferentially affected
in CBA mice that had received doses similar to those in
A-2 and B-2, and showed a shift from long bones to
vertebrae and flat bones when the dose of *°Sr was in-
creased. The finding by FINKEL et coll. (4) that more bone
tumors were located in the vertebral column than in the
long bones in similarly treated CF, and CBA mice dif-
fered, accordingly from those by Vye, Nilsson and by us.
The reason for this difference is not known.

The finding of large numbers of LR-tumors in all experi-
mental groups was not unexpected since C 57 Bl mice are
reported to have a high incidence of spontaneous LR-
tumors (10). It has been proposed that all strains of labo-
ratory mice carry leukemogenic viruses and that the in-
duction of leukemia varies with an as yet undefined
threshold of susceptibility (8). The incidence of LR-tu-
mors among our groups was variable and a correlation
between the type of treatment and incidence could not be
established (Table 4). LR-tumors evidently occurred later
in the controls than in the treated groups. Thus, as inter-
preted from the present evidence, radiation does not in-
crease the crude number of LR-tumors in C57 B/S mice,
but shortens the exposure-incidence time, apparently in a
dose-dependent manner (Table 4).

Pituitary tumors are readily induced by a combination
of hormonal derangement and ionizing radiation, or other
carcinogenic agents (6). Pituitary tumors of the TSH-type
(angular type) develop when the response of the thyroid to
TSH is deficient or fails to occur, as in cases when the
thyroid tissue is destroyed by high doses of radioiodine (5,
2, 25). The radiation dose from *Sr deposited in bones,
adjacent to the pituitary gland has been shown capable of
inducing pituitary tumors in rat fetuses (22), but it is
doubtful whether this is the case in the adult mouse.
NiLssoN et coll. (17) have shown in adult CBA mice that
the induction of pituitary tumors caused by oestrogen
administration is synergistically enhanced by injections of
%0Sr prior to oestrogen injections.

The capacity of **Sr to induce carcinomas in epithelial
tissues adjacent to bones is a wellknown phenomenon (14,
16). In the present investigation squamous cell carcino-
mas were detected in the *°Sr-treated groups, being more
common when high **Sr amounts were used.

The thyroid carcinoma detected in one mouse treated
with Sr seems to be an uncommon type of tumor in C 57
Bl mice. With the exception of the CBA/S mouse (25)
tumors of the thyroid gland in mice are rare (10, 12).

Statistical considerations. In animal experiments, var-
ious procedures have been suggested to correct for com-
peting risks, i.e. intercurrent mortality not related to the
damage under study.

In the present investigation we have used a frequently
recommended quantity called actuarial tumor incidence or
incidence of tumors corrected for competing risks, that
can be derived in terms of the Kaplan-Meier product limit
estimate (9).

The formula for the actuarial tumor incidence rate, i(t),
contains the expression I1(1—-ny/N;), where n; is the num-
ber of tumorbearing animals observed on day t; and N;
the corresponding number of survivals. This implies that
in experiments where the tumor frequency is high, the
terminal member of the product would be given an unrea-
sonable weight. If the last surviving animal has a tumor,
the actuarial incidence would be 1 and its standard devi-
ation 0. The calculations have thus to be interrupted at a
predetermined stage of the experiment. Several possibili-
ties for such an interruption may be chosen. We decided
to stop the calculations at a point of time when ten mice
were still alive. Other decisions regarding when to stop
the calculations may give somewhat different results,
which demonstrate the vagueness of the concept of actu-
arial tumor incidence in cases where the number of tu-
mors is not negligible in comparison with the number of
surviving animals.

The results given in Table 7 refer to the number of mice
with tumors. Several of the mice had, however, multiple
tumors. Multiple tumors are seldom considered in con-
ventional analysis because of the possible correlation be-
tween the formation of tumors in one and the same ani-
mal, which may make the standard deviations less conser-
vative. On the other hand, the mean number of tumors per
animal may be very elucidative of the ‘strength’ of a
carcinogenic agent in cases where the tumors are not
interrelated. In the present experiments, the distribution
of the numbers of bone tumors per mouse was very close
to a Poisson distribution and the ratio between observed
and expected tumors did not exhibit any positive trend.
The actuarial bone tumor incidences based on the total
number of observed tumors have therefore been included
in Table 7. However, the above mentioned vagueness of
the concept of actuarial incidences when used in experi-
ments like the present one, makes it impossible to draw
any conclusions from the tendency of the figures in Table
7 to a depression in actuarial incidences of bone tumors in
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mice with 3'I-destroyed thyroid glands as compared to
the corresponding numbers as found in mice with intact
glands.

The logrank test is not equally sensitive to high tumor-
survival ratios as is the actuarial incidence, so the conclu-
sion that the destruction of the thyroid glands did give rise
to an earlier tumor incidence seems to be valid in spite of
the non-significant reduction of the mean tumor incidence
time in experiment A. This ‘accelerated’ incidence in
animals with destroyed thyroid glands is obviously not a
result of the changed radiation doses to the bones but
probably a consequence of losses of thyroidal hormones.
The mechanism for such a hormonal effect on the inci-
dence rate of bone tumors is, however, unknown.

In conclusion: the somewhat lower *Sr-doses to the
skeleton in combination with the reduced production of
thyroid hormones and calcitonin in mice exposed to "!I-
doses high enough to necrotize the thyroid glands, did not
result in significantly fewer bone tumors than in mice
solely injected with ®Sr. Although the contrary was not
true either, the logrank test indicated that the tumors
appeared earlier in mice exposed to both *°Sr and "'l
than in those only exposed to *°Sr. The high crude occur-
rence of tumors in the group A-2 can thus essentially be
ascribed to the long survival of the animals in this group.
No less than 27 out of the 57 tumors in A-2 appeared after
the day at which the last mouse in A-3 died.
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