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COMPARISON OF BONE TUMORS INDUCED BY BETA-EMITTING

OR ALPHA-EMITTING RADIONUCLIDES: SCHEMES OF PATHOGENESIS

Abstract - Life-span studies In Beagle dogs have

documented the ocurrence of bone tumors following PRiscrPAL INVESTIGATORS

exposure to bone-seeking alpha- or beta-emitting N. A. Gillett

radionuclides administered by dfferent routes of B. A. Muggenburg

exposure. Bone tumors from dogs in four different R. R. Pool*

life-span studies were analyzed according to tumor F. F. Hahn

phenotype, tumor location, radiographic appearance,

incidence of metastasis, and association with radiation osteodystrophy. Markpd differences in

these parameters were observed that did not correlate with differences in radionuclide type, route

of exposure, or duration of radionuclide uptake. Radiation osteodystrophy, which is postulated to

be a preneoplastic lesion, was not a significant component In one of the studies. Analysis of the

data from these four studies suggests that t least two dfferent mechanisms of bone tumor

pathogenesis occur for radiation-induced bone tumors.

Life-span studies have been conducted in Beagle dogs at the Inhalation Toxicology Research

institute and other DOE-sponsored laboratories to determine the dose-response relationships and

biological effects following exposure to various radionuclides. Depending upon the radionuclide

and the route of exposure, these studies have demonstrated that several radionuclides act as

"bone-seekers", resulting in the production of bone tumors as the primary biological effect

observed. A major question that has evolved from these observations is the delineation of the

pathogenesis of bone-tumor induction following exposure to a bone-seeking radionuclide. Inherent

in this question is identification of the cells that are at risk and the sites of origin of the

bone tumors. Because the original studies were designed to address specific questions that

required life-span observation, tissue samples are not available from early timepoints after

exposure that might aid both in identification of the cells at risk and in understanding the

progression of the lesion from early preneoplastic changes to the ultimate neoplasm. Therefore,

we have chosen to investigate the pathogenesis of bone tumors in these studies by examining

different parameters of studies in which bone tumors were the primary endpoint, such as incidence,

skeletal location, histological phenotype, and etc. These parameters can then be compared among

the studies to determine what similarities and differences can be identified, and whether these

differences can be correlated with key differences within the design of the study, such as route

of exposure, radionuclide type, and etc. This preliminary report describes our comparison of bone

tumors occurring in four life-span studies that involved bone deposition of 9SrCl2 or 238 PuO2

(conducted at ITRI) and 9Sr or 226Ra (conducted at the Laboratory for Energy-Related Health

Research at the University of California, Davis).

METHODS

Details of the experimental design and methods employed in these studies have been previously

described.1-3 Briefly, in the studies performed at ITRI, purebred Beagle dogs, 12-14 mo of age

*University of California, Davis, CA.
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were exposed once by inhalation to graded airborne concentrations of either 9SrCI2 or 238 PuO or

to a control aerosol. After exposure, serial observations on all dogs included physical

examination, serum and hematologic parameters, and complete radiographic surveys. Clinical care

and treatment were administered on an individual case basis following accepted veterinary

treatment, with the exception that treatment was not performed that would alter the clinical

course of neoplasms induced by the radionuclide.4 A detailed postmortem examination was performed

at the time of death or when euthanasia was performed based on humane considerations. Tissue

sections from all major organ systems and all lesions were taken for histologic evaluation. Bone

sections were decalcified with the use of a hydrochloric acid-formic acid solution prior to tissue

embedding in paraffin. Tissue sections from all organ systems were stained with hematoxylin and

eosin by standard histologic techniques. To obtain the necessary information for this report, one

veterinarian reviewed clinical records from all dogs in conjunction with a review of pathology

reports and histopathology performed by a pathologist. This was done to minimize the variability

inherent in a study encompassing many years and involving several clinicians and pathologists.

Bone tumors were classified according to the scheme outlined by Pool.5

Bone tumors were also the principal biological endpoints observed in two life-span studies

conducted in Beagle dogs that were performed at LEHR. In one study, young adult Beagle dogs were

administered eight intravenous injections of graded doses of 226Ra at biweekly intervals,

beginning at 435 days of age and ending at 540 days of age. In the second study, Beagle dogs were

exposed by ingestion to graded doses of 9Sr, beginning with maternal exposure during midgestation

and continuing after birth until 540 days of age. In these studies also, the dogs were observed

for life span, and were monitored by physical examination, hematology and serum chemistry, and

radiographic examination. Bone tumors arising in dogs exposed in these studies have been examined

in detail by one of the authors of this report (R. Pool). Bone tumors from dogs in the ITRI

studies have been examined by both N. Gillett and R. Pool to ensure uniformity in diagnosis of

histological subtypes.

RESULTS AND DISCUSSION

In both the 9SrC12 and 238 PU02 studies conducted at ITRI, bone tumors were the primary

biological endpoint. As shown in Table 1, the bone tumors induced by 9SrC12 were more malignant

than those induced by 238 PuO2, with a higher percentage resulting in the death of the animal and a

higher rate of metastases observed. In addition, radiation osteodystrophy in nonneoplastic bone

Table 

Comparison of the Biological Characteristics of Bone Tumors

in Dogs That Inhaled Aerosols of SrCl2 or 238 PuO2

9OSrCl2 238puO2

Bone Tumors 45 in 31/66 111 in 100/144
Exposed Dogs Exposed Dogs

Cause of Death 96% 69%

Metastasis 46% 19%
(Lung - 76%) (Lung - 71%)

Associated with 15% 61%
Radiation
Osteodystrophy
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adjacent to the bone tumors was more frequently observed with 238P1,102-induced than with

9OSrCI2-induced bone tumors. The distribution of histologic phenotype, shown in Table 2 was

markedly different between the two studies. The 238Pu bone tumors were predominantly

well-differentiated osteoblastic osteosarcomas. In contrast, a large percentage of the 9Sr bone

tumors were hemangiosarcomas, indicative of a vascular origin for some of these tumors. Figure 

contrasts the skeletal distribution of the bone tumors in these two studies. Bone tumors in dogs

exposed to 238pu were primarily located in the vertebra and proximal humerus. Dogs exposed to

90S rC12 had bone tumors located primarily in the flat bones of the skull, the pelvis, and the ribs.

Table 2

Distribution of Histologic Phenotype of Bone Tumors

in Dogs That Inhaled Aerosols of SrC12 or 238 PuO2

Bone Tumor Typea 9OSrCl 2 238puO 2

Osteosarcoma

Osteoblastic

Productive - 40%

Moderatively Productive 15% 15%

Nonproductive 7% 10%

Chondroblastic 4% 11%

Fibroblastic 2% 10%

Combined 15% 5%

Giant Cell 2% -

Telangiectatic 11% 5%

Poorly Differentiated - 4%

Hemangiosarcoma 31%

Fibrosarcoma 7%

Myxosarcoma 2%

al'otal Number of Bone Tumors
9OSrCl2 - 45
238PU02 - 11

Skull
Sr-24%
Pu-4% Vertebra

Pu-5 1 % Pelvis

U-10%

capu a r-4
-97-1 1% Pu-5%

Pu-4%

Humerus
Sr-7%

Pu-24%

FiLb i i
§r-7%
Pu-2%

Figure 1. Skeletal distribution of bone tumors in dogs exposed to aerosols of SrCl2 or 238 PU02-
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As noted in the tables and figures discussed above, bone tumors in the 238Pu and Sr studies

differed markedly in the degree of malignancy, histologic phenotype, skeletal location, and

association with radiation osteodystrophy. However, these studies also differed in several

exposure factors that may have resulted in the differences observed. Strontium-90 is a beta

emitter that is a volume seeker, replacing calcium in the bone matrix. Strontium inhaled as SrC12

is rapidly translocated from the lung and deposited in the skeleton; thus, inhalation exposure to

9OSr in this chemical form mimics an intravenous injection of the radionuclide. Plutonium-238 is

an alpha emitter that deposits on bone surfaces; when inhaled as 238 PuO2 particles, fragmentation

of the particles occurs over time, leading to the gradual dissolution and translocation of

solubilized 238pu to the skeleton. The duration of uptake of plutonium in the skeleton is

approximately 45 years. it is difficult to determine, on the basis of these two studies, whether

the difference observed in the bone tumors is an effect of the radionuclide chemical form,

duration of uptake of the radionuclide into the skeleton, radiation type, or some other factor.

Therefore, additional data drawn from the 9Sr and 226Ra studies conducted at LEHR were

compiled. Comparison of bone tumors in all four studies is shown in Table 3 Differences among

these four studies are apparent in tumor location and histological phenotype. However, the

radionuclide type or the duration of uptake does not appear to be the sole explanation for the

differences observed.

Two theories of bone tumor pathogenesis following radionuclide exposure have been proposed by

investigators.6-8 Based on studies of the bone tumors from dogs exposed to injected 226R or

ingested 9Sr, Pool has postulated that the cell at risk is the osteoprogenitor cell of the bone

remodeling unit filling cone.6.7 He suggests that radiation osteodystrophy represents an

Table 3

Comparison of Biological Characteristics of Bone Tumors in Dogs

After Internal Deposition of Alpha- or Beta-Emitting Radionuclides

9OSrCl 2 9OSr 226Ra 238puO2

Route of Exposure Inhalation Ingestion Injection Bx Inhalation

Duration of Uptake 4 Days 1.5 Years 4 Months 4.5 Years
into Bone

Radionuclide Volume Volume a - Volume Surface
Type of Deposi-
tion in Bone

Lesions
Compact Bone

Radiation + + +
Osteodystrophy

Neoplasia + +

Cancellous Bone

Radiation + +
Osteodystrophy

Neoplasia + + + +

Bone Tumor Poorly- Well- Well- Well-
Phenotype Differentiated Differentiated Differentiated Differentiated

Osteosarcoma; Osteosarcoma Osteosarcoma Osteosarcoma
Vascular Tumors
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uncoupling of the bone metabolic unit; the cutting cone is not affected by the radiation because

its effector cell, the osteoclast, originates in the bone marrow. In contrast, the filling cone

is the probable site of radiation damage because the osteoblast progenitor cell arises from the

primitive mesenchyme surrounding the capillary tuft. The bone tumors of compact bone observed in

the studies of injected 226Ra and ingested 9Sr are postulated to arise from these sites of

disturbed remodeling.

Investigators at the University of Utah have postulated that the cell at risk for bone tumor

induction following intravenous exposure to 239pu is the endosteal osteogenic cell of cancellous

bone. They have correlated bone tumor induction in bones with a high rate of cancellous bone

turnover, and have also demonstrated a high rate of deposition of he radionuclide on cancellous

bone surfaces.8 The bone tumors occurring in cancellous bone in the 226Ra and 238pu studies

correlate with this theory. However, radiation osteodystrophy was also observed adjacent to these

bone tumors, and may act as a promoting environment, enhancing the development of bone neoplasia.

The difference in results between the 9OSr study performed at ITRI and the 9Sr study

performed at LEHR is not satisfactorily addressed by either scheme of pathogenesis. The lack of

radiation osteodystrophy in the ITRI study argues that this syndrome is not a necessary precursor

for the development of bone tumors. In addition, the histologic phenotype, i.e., hemangiosarcomas

and telangiectatic osteosarcomas, suggests that a less differentiated stem cell other than the

endosteal osteogenic cell may be the cell at risk for these neoplasms. We have postulated that

these tumors may arise from a multipotent mesenchymal cell capable of various morphologic

expressions dependent on local environmental factors.

In summary, comparison of these studies shows that different types of bone-seeking

radionuclides administered by various routes produce distinct patterns of bone tumor phenotype and

skeletal distribution. Analysis of data from these studies suggests that at least two different

mechanisms of pathogenesis are occurring. Correlation of similar data derived from studies

conducted at the University of Utah may aid in the interpretation of these findings, findings

which emphasize the need for correlation of microdosimetry data with biological effects data to

explain the lesions observed.

REFERENCES

1. Gillett, N. A., B. A. Muggenburg, B. B. Boecker, W. C. Griffith, F. F. Hahn, and R. 0.
McClellan. Single Inhalation Exposure to 9SrCl2 in the Beagle Dog: Late Biological Effects,
J. Natl. Cancer Inst. 79(2): 359-376, 1987.

2. Hahn, F. F., J. A. Mewhinney, B. S. Merickel, R. A. Guilmette, B. B. Boecker, and R. 
McClellan. Primary Bone Neoplasms in Beagle Dogs Exposed by Inhalation to Aerosols of
Plutonium-238 Dioxide. J. Natl. Cancer Inst. 67(4): 917-927, 1981.

3. Raabe, 0. G., S. A. Book, N. J. Parks, C. E. Chrisp. and M. Goldman. Lifetime Studies of
226Ra and Sr Toxicity in Beagles - A Status Report, Radiat. Res. 86: 515-528, 1981.

4. Kirk, R. W. Current Veterinary Therapy. VIII. Small Animal Practice, Saunder, Philadelphia,
1983.

5. Pool R. R. Tumors of Bone and Cartilage, in Tumors in Domestic Animals (J. E. Moulton,
eds.), 3rd Ed., University California Press, Berkeley, CA, in press.

6. Pool, R. R., R. J. R. Williams, and M. Goldman. Induction of Tumors Involving Bone in Beagles
Fed Toxic Levels of Strontium-90, Am. J. Roent., Radium Therapy. Nucl. Med. Vol. CXVIII(4):
900-908, 1973.

7. Pool, R. R. J. P. Morgan, and N. J. Parks. Comparative Pathogenesis of Radium-induced
Intracortical Bone Lesions in Humans and Beagles, Health Phys. 44(l): 155-177, 1983.

8. Wronski , T. J. J. M. Smith, and W. S. S. Jee. The Microdistribution and Retention of
Injected 239pu on Trabecular Bone Surfaces of the Beagle: Implications for the Induction of
Osteosarcoma, Radiat. Res. 83: 74-89, 1980.

4 


