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BONE SARCOMA INDUCTION BY 224 Ra IN BEAGLES: AN INTERIM REPORT

Abstract -_ During 1963-1968, 20 young adult Beagle

dogs were given a single intravenous injection of PRINCIPAL rmVESTIGATORS

224Ra that was unintentionally contaminated with C. W. Hays*

21OPb nd 228Th. All of these dogs have died, eight G. N. Tylor**

with bone sarcomas. rn addition, 128 Beagle dogs R. D. Lloyd**

were given prified 224Ra in one, ten or fifty week- F. W. Bruenger-

ly injections dng 1977-1979. The acute lothal W. Angus"

dosage (LD50) for a single injection was about 400

kBq 224Ralkg (11 pCi 224Ralkg) . As of September 14, 1987, at the highest skeletal dose o 3 Cy

from purified 224Ra, bone sarcomas OCCULred In of 6 dogs at n erage SD of 2069 ± 302 days

after the start of injections (no survivors), in 4 of 6 do�s at 2485 1,110 days after the

start of 10 injections ( healthy srvivor) and in of dog.-i t 3066 days afte a single

Injection 3 healthy survivors). At 3 y the oxicity C 224Ra relative to 239pu, based n the

ratio of skeletal doses a equal tumor ppearance imes, was 1.0 for 50 injections of 224Ra 07

for 10 injections, nd 04 for one injection. Tn contrast, the effectiveness por y of a

224Ra-equivalent dose from a single injection (,)f 224Ra .ontaminated with 228,rh and 21OPb was equal

to that from 239pu, assuming that the 224Ra-equivalent dose equaled the 224Ra dose plus the 22L3Th

dose pus 0.1 of the 21OPb dose. A possible explanation is that protracted irradiation ftom the

1.91-yr half-life 228Th and the 22.3-yr half-lJfe 21OPb may have aivated" residual damage from

the short-lived, 362 day half-life 224Ra, possibly by stimulating the division of dmaged stem

cells to replace the bone cells killed by the protracted alpha particle iradiation. An mportant

spinoff from the study is experimental support f the assumption that the bone sarcoma

effectiveness for 21OPb Is similar to that from long-lived, 1600 yr half-life 226Ra.

In 1963, we began a pilot study of 20 Beagle dogs to evaluate the toxicity of 224Ra given in a

single intravenous injection. The study was undertaken for a purely scientific reason: to

contrast the effects of brief irradiation from 3.62 day half-life 224Ra with those of protracted

irradiation from 1600 yr half-life 226Ra. At that time, we were unaware that over 2000 German

patients had received multiple injections of 224Ra, and tat at least 56 would develop bone

sarcomas.1,2 In 1963, we did not realize that the short half-life of 224Ra causes much of its

alpha particle emission within the skeleton to take lace on bone surfaces. Consequently, the

local distribution of alpha particle dose from 224Ra in bone is somewhat similar to that from

239pu. This similarity suggested that the results from te German 224Ra patients might be used to

predict te approximate risk to humans from 239Pu-induced bone sarcoma. In 1963, it was unknown

that a given total dose of 224Ra could produce more bone sarcomas when protracted in time by

repeated injections than when given abruptly.3,4

In 1968, we discovered that the 224Ra used in our pilot study was contaminated, to various

degrees, with 21OPb and some 228Th. As will be shown later, it is possible that the protracted

irradiation from the 21OPb and 228Th may have enhanced te carcinogenic potential of the single

injection of 224Ra, making it similar, per Gy, to repeated injections of 224Ra.

*Radiation Epidemiology Branch, National Cancer Institute, Bethesda, MD.

**Radiobiology Division, University of Utah School of Medicine, Salt Lake City, UT.
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During the period 1977-1979 a new toxicity study was begun consisting of 128 Beagle dogs that

were injected with purified 224Ra. A main purpose of the new study was to evaluate the influence

of dose protraction on the effectiveness of 224Ra in producing bone sarcomas. This brief report

summarizes the results of the pilot study, in which all of the dogs have died, and gives interim

results on the new 224Ra study up to September 14, 1987, when the 76 surviving Beagle dogs were

transferred from the University of Utah to the Inhalation Toxicology Research Institute (ITRI),

Albuquerque, NM, where the experiment will be finished.

In all of the injections described in this paper, the radioactive progeny of 224Ra were

approximately in secular equilibrium with the parent nuclide.

METHODS

Pilot Study

The 224Ra was prepared in our laboratory by elution of 224Ra from a 228Th source on a Dowex-1

ion exchange resin. We obtained tree consecutive stock solutions of 228Th from the Radiochemical

Centre of Amersham, England. Unknown to us at the time, 21OPb contamination was present to some

degree in each of these solutions. In our chemical separation process, the 21OPb was carried

along with the 224Ra, and was most prominent the first time that 224Ra was extracted from a given

228Th stock. The amount of 21OPb and 228Th contamination in the 224Ra injection solution of each

dog was determined in 1968, either by gamma-ray spectrometry of a sample of the residual injection

solution or by total-body counting of the living dog followed by correction of the 21OPb or 2281h

activity back to the time of injection, by using the Pb or lh retention functions obtained from

similar Beagle dogs injected with only one or the other of these radionuclides. In some

instances, only a few residual bones were available for analysis, and the body burdens had to be

constructed from a known fraction of the skeleton.

Doses to the skeleton from injected 224Ra, 21OPb and 2281h were calculated by the methods

given in the references.5-7 For dogs that developed bone sarcoma in the pilot study, the skeletal

dose was also calculated to I yr before death, assuming that radiation during the final year was

received too late to induce an observable bone sarcomas

New Study

To avoid the complications of te contaminated 224Ra used in our pilot study, weekly air

shipments of pure 224Ra chloride were obtained from the Amersham-Buchler firm of Braunschweig,

West Germany. The 224Ra was from the same preparations tat were concurrently being injected into

German patients for treatment of ankylosing spondylitis. The activities of the impurities were

negligible, each typically about 10-7 of the 224Ra activity. We used Amersham-Buchler 224Ra

during 1977 and part of 1978. Subsequently, 224Ra of the same proven radiochemical purity was

prepared within our laboratory.

To evaluate the effects of dose protraction, some dogs received their 224Ra in a single

injection; others received the same total dose in 10 weekly fractions, because most of the 224Ra

treatments of German patients since 1952 have involved 10 weekly injections; still other dogs

received te same total dose in 50 weekly fractions, because the span of injections averaged about

50 wk in the juvenile 224Rd patients. For each protraction span, four dose levels and a control

level were used. Equal numbers of male and female dogs were introduced into the study.

RFSULTS

Table I gives results on the 20, life-span dogs that received a single injection of

contaminated 224Ra in the pilot study. The dog injected with 792 kBq 224Ra/kg died 13 days later
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of acute radiation sickness (purpura hemorrhagica) . Similarly, there was one acute death at 16

days among the four pilot dogs that averaged 338 kBq/kg, and three acute deaths at 9 12 and 16

days among the eight dogs in the new study that received a single injection averaging 382 kBq/kg

of purified 224Ra. Even in the pilot study dogs, nearly all of the dose was from 224Ra and its

radioactive progeny. From these results, the acutely lethal dosage (LD50) for a single

intravenous injection of 224Ra into young adult Beagle dogs seems to be about 400 kBq 224Ra/kg,

which gives a skeletal dose of 30 Gy in 13 days and of 32 Gy beyond I mo.

Table I

Pilot Study of Beagle Dogs Injected With 224Ra Contaminated by 228Th and 21OPb

Days From Skeletal

Injected kBq/kq Injection Dose at Death (Gy)

Dog 224 Ra 228 Th 210 Pb to Death 224 Ra 228 Th 210 Pb Cause of Death

T6Q6 792 1.82 144 13 5.98 0.05 0.44 Purpura hemorrhagica

T4Q5 359 0.181 198 1462 2.91 0.32 32.75 Osteosarcoma; frontal sinus carcinoma

15Q5 355 0.178 195 1638 2.88 0.32 34.95 Osteosarcoma

T/Q5 317 0.032 4.74 2053 2.57 0.06 0.98 Osteosarcoma

TBQ5 319 0.032 4.77 16 2.49 0.00 0.02 Purpura hemorrhagica

T2Q4 108 0.013 25.8 2317 0.87 0.03 5.81 Osteosarcoma

13Q4 108 0.013 25.8 2708 0.87 0.03 6.41 Hemangiosarcoma (ilium)

T9Q4 95 0.048 0.19 1451 0.77 0.08 0.03 Status epilepticus

TIOQ4 95 0.048 0.19 262 0.77 0.02 0.01 Status epilepticus

T15Q4 101 0.204 134 1692 0.82 0.37 24.56 Osteosarcoma

TllQ3 32.7 0.016 0.07 3668 0.27 0.03 0.02 Aortic body tumor

112Q3 32.9 0.016 0.07 4087 0.27 0.03 0.02 lhromboembolism

Tl3Q3 33.7 0.017 0.07 4605 0.27 0.04 D.02 Circulatory failure

T14Q3 32.2 0.016 0.06 4785 0.26 0.03 0.02 Nephritis

T16Q2 11.5 0.023 15.2 3757 0.09 0.05 .4.60 Osteosarcoma

T17Q2 11.5 0.023 15.3 4893 0.09 0.05 5.32 Osteosarcoma and chromophobe adenoma

118Q2 11.3 0.023 15.1 4961 0.09 0.05 5.26 Cylindroma (salivary)

T19QI 1.76 0.004 2.34 4675 0.01 0.01 0.79 Kidney failure and mammary carcinoma

T20QI 1.75 0.003 2.32 4717 0.01 0.01 0.79 Chromophobe adenoma

121QI 1.65 0.003 2.20 4211 0.01 0.01 0.71 Thromboembolism

Eight of the 20 pilot study dogs died with bone sarcoma as a consequence of the combined

radiation from 224Ra, 21OPb and 228Th. Table 2 shows the individual doses from each of these

radionuclides at yr before death with bone sarcoma. Also shown in Table 2 are the 224Ra

equivalent doses. These were calculated as follows. (1) It was assumed that 22BTh, which decays

partly on bone surfaces and partly within bone volume, is similar in effectiveness per Gy to

224Ra, which also decays partly on bone surfaces and prtly within bone volume; the accuracy of
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th is ass umpti on is not cri tic a I bec: au se te 228Th dose was minor compared to the 224Ra dose.

(2) Skeletal 21OPb is believed to decay mainly within the volume of mineral bone, and therefore to

be similar dosimetrically to long-lived 226Ra. As shown later in Figure 1, the effectiveness per

Gy of 226Ra is about 0.1 times that of 2281h. Thus, 21OPb was also assumed to be 0.1 times as

effective as 224Ra. To provide additional information on the effectiveness of 21OPb, Table 2

includes data on two beagles that developed bone sarcoma after injection of pure 21OPb at Utah.

Table 2

Skeletal Doses in Pilot Study Beagle Dogs With Bone Sarcoma

Individual Doses (Gy) 224Ra Equivalent Doses (Gy)

Days From at I Yr Before Death at I Yr Before Death

Injection 224Ra 2281h 21OPb

Dog to Death 224 Ra 228 Th 210 Pb x 1.0 x 1.0 x 0.1 Total

14Q5 1462 2.91 0.28 26.98 2.91 0.28 2.70 5.89a

15Q5 1638 2.88 0.29 29.50 2.88 0.29 2.95 6.12a

17Q5 2053 2.57 0.06 0.86 2.57 0.06 0.09 2.72a

12Q4 2317 0.87 0.02 5.19 0.87 0.02 0.52 1.41a

13Q4 2708 0.87 0.03 5.85 0.87 0.03 0.58 1.48a

T15Q4 lb92 0.82 0.34 20.86 0.82 0.34 2.09 3.25

116Q2 3758 0.09 0.05 4.34 0.09 0.05 0.43 0.57

T17Q2 4893 0.09 0.05 5.11 0.09 0.05 0.51 0.65

1IL5b 1497 - - 53.01 - 5.30 5.30

T31_5b 1100 - 42.56 4.26 4.26

aIn te first five dogs, 47% to 95% of the total equivalent dose was from
224Ra. In te last five dogs, b4% to 100% of the total equivalent dose was
from 21OPb.

bTo augment our evidence on 21OPb toxicity, results from two dogs injected
with 396 kBq 21OPb/kg were added.

Figure I displays average time to bone sarcoma vs. average skeletal dose at yr before death

with bone sarcoma for groups of young adult, Utah Beagle dogs injected with 239pu, Mlh or 226Ra

before 1971. There is a tendency for the time-to-tumor to decrease as the dose increases. Thus,

time to death with bone sarcoma is a useful biological endpoint. Plutonium-239 and �28Th were

about 10 times as effective as 226Ra, based on the ratio of skeletal doses at equal time to

tumor. The toxicity ratios of 239pu/226Ra and 22BIh/22bRa remained about 10 for times to tumor of

between 1500 and 3500 days.
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FAure 1 . Time to bone sarcoma in Beagle dogs injected with 239pu, 22BTh, 226Ra or 224Ra. The

22 Ra-equivalent dose for each pilot-study dog was taken as the sum of the 224Ra dose plus the

228Th dose plus 0.1 of the 21C)Pb dose. Pilot-study dogs with bone sarcoma were plotted when their

224Ra dose exceeded 47% of their total equivalent dose. Also plotted were the new study dogs with

bone sarcoma from the highest dose level that received 50 injections of purified 224Ra. lhe 224Ra

dogs were plotted individually as solid symbols, whereas averages for each group of 239pu, 2281h

and 226Ra dogs were plotted as open symbols, with the number of dogs with bone sarcoma shown by

the open symbol for each group. Based on the ratio of keletal doses at equal time to tumor, the

toxicity of 224Ra in producing bone sarcomas was similar to that of 239pu and 28Th, but about 

times greater than that for the bone-volume seeker, 226Ra.

The individual times to tumor vs. 224Ra-equivalent doses are plotted as solid symbols for

224 Ra dogs with bone sarcoma. The five dogs from the pilot study whose total equivalent doses

were 47-95% from 224Ra are shown as solid, inverted triangles. The solid discs indicate the five

dogs with bone sarcoma that received 50 weekly injections of pure 224Ra at the highest dose level

- the only group in the new study in which all of the dogs have died. For these 10 animals, the

toxicity of 224Ra was similar to that of 228Th and of 239pu. Furthermore, the toxicity of a

single injection of short-lived 24Ra, followed by continuous irradiation from longer-lived 2281h

and 21OPb seemed similar to that from 50 weekly injections of purified 224Ra.

Table 3 shows the design of the new study and its status as of the time the 76 survivors were

transferred from Salt Lake City to Albuquerque. At the highest dose level (about 3 Gy) , 50, 

and I injections of 224Ra into 6 6 and dogs, respectively, produced bone sarcomas in 5, and I

dogs.

Figure 2 shows the cumulative incidence rate of bone sarcomas after exposure to about 3 Gy for

the three injection spans in the new study. The method of Kaplan and Meier9 was used to correct

for incomplete follow-up and losses from death. The average times to death with bone sarcoma SD

were 2069 ± 302 days from 50 injections, 2485 -L 1110 clays for 10 injections and 3066 days for I

injection. The difference between 2069 302 days and 3066 days was significant < .01). At 3

Gy, the 50 injections of 224Ra caused bone sarcomas to occur much earlier than did the same total

dose given in a single injection. Plotting these average times to bone tumor for each injection

span, as in Figure 1, the indicated toxicity of 224Ra t about 3 Gy, relative to that from 239pu

at the same time to bone sarcoma, was 1.0 for 50 injections of 224Ra, 07 for 10 injections and

0.4 for I injection. If future bone sarcomas occur in the one survivor receiving 10 injections or

among the three survivors receiving injection, the verage time to tumor for the 10-injection

group or the 1-injection group will increase further, thereby further decreasing the indicated

toxicity of 224Ra in the 10- or the 1-injection groups relative to 239pu, based on the ratio of

doses at equal time to tumor.
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Table 3

New Study of Pure 224Ra in Beagle Dogs

(Status as of 914/87)

Summed 224Ra Skeletal Bone

Injection Dose Injected Dead Sarcoma

(kBq/kq) (Gy) Dogs Dogs Dogs

50 Weekly Injections in 1977 343 2.78 6 6 5

117 0.95 6 5

38 0.31 12 6 1

13 0.10 12 6

0 0 6 4

Subtotal 42 27 6

10 Weekly Injections in 1979 352 2.85 6 5 4

121 0.98 6 1

40 0.33 12 3 2

13 0.11 12 1

0 0 6 1

Subtotal 42 11 6

1 Injection in 1977, 1978 or 1979 381 3.00 8 5 1

121 0.98 6

42 0.34 12 4

13 0.11 12 4

0 0 6

Subtotal 44 13 1

10TAL 128 52 13

50 Weekly n. 10 Weekly .
100 

I

UJ 80- Figure 2 Bone sarcoma cumulative tumor rate

a: I in Beagle dogs receiving a skeletal dose of
a: 60 - about 3 Gy from purified 224Ra. Average times0

to tumor were 2069 days for 50 weekly injec-
tions, 2485 days for 10 weekly injections and

uj 40 - 3066 days for I injection. The 50 injections

1 Injection produced bone sarcomas much earlier than the
-J single injection (p < 0.01).
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DISCUSSION

In this preliminary analysis, the effectiveness of rotracted irradiation from 224Ra for bone

sarcoma induction appears to be similar to that from lng-lived 239pu. This similarity to 239pu

effectiveness was also found for a single injection of 224Ra followed by protracted irradiation

from the contaminants 21OPb and 228Th. One explanation for this observation might be that

protracted irradiation from the long-lived contaminants may have "activated" latent damage from

the short-lived 224Ra, possibly by stimulating the division of damaged stem cells to replace te

bone cells killed by the alpha particle irradiation. Other explanations are possible.

It seems premature to predict what the influence of 224Ra protraction may be at skeletal doses

of Gy or lower in Beagle dogs, except to point out that two bone sarcomas have already occurred

at 2602 and 3032 days among the 12 dogs at 033 Gy that received 10 weekly injections. It is very

important that this unique study on the protraction effect and dose response of 224Ra in Beagle

dogs be carried forward to a successful completion. At the present time, it is ucertain whether

studies of this type may ever be repeated.
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