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TOXICITY STUDIES OF INHALED BETA-EMITTING RADIONUCLIDES - STATUS REPORT

Abstract - The effects of beta-emitting radio-

nuclides Inhaled In either a relatively soluble form PRrNCIPAL INVESTIGATORS

(90SrCl2, 144CeC13, 91YC13, or 137CsCl) or in a F. F. Hahn

relatively insoluble form 90y, 91y, 144Ce or Sr B. B. Boecker

in fsed aluminosillcate particles API) have been N. A. Gillett

studied in laboratory animals. The results showed W. C. Gri ffith

that the total beta dose and the dose-rate pattern D. L. Lundgren

can modify both the neoplastic and non-neoplastic R. 0. McClellan

effects of inhaled beta-emitting radionuclides. B. A. Muggenburg

In addition, the solubility and chemical character- M. B. Snipes

Istics of the radionuclides influence which or-

gans are affected. Rffects are seen primarily in organs where the radionuclide Is ultimately

accumulated, e.g., lung, bone, liver, or tracheobronchial lymph nodes. in addition, effects may

be seen in organs where there is little accumulation, but where the radiation dose may still be

high, e.g., nasal epithelium and heart. Studies of inhaled Z44Ce-FAP In four different species

showed that, compared to mice and dogs, lung tumor risk factors are very low for Syrian hamsters

and high for rats. Studies of mice, Syrian hsters, rats, and dogs repeatedly exposed to

aerosols of 144Ce-FAp showed that lung tumor incidence correlates better with cumulative dose to

the lung than with dose rate. Most of the studies In this program are nearing completion and full

analyses are in progress.

The objective of these studies is to determine dose-response relationships resulting from

inhalation of selected quantities of beta-emitting radionuclides in various physical and chemical

forms, by animals of different species and ages. The fission product radionuclides being studied

are present in substantial quantities in many processes involving nuclear reactor fuel, and thus

are potential airborne pollutants. Equally important, the radionuclides and forms chosen present

a broad range of physical and effective half-lives in the body. It is impossible to simulate,

with laboratory animal exposures, all of the potential dose patterns from inhaled beta-emitting

radionuclides that might be encountered in accidents. Thus, a more basic approach is being used

in which the relationship of radiation dose to biological response is being studied for a few

selected dose patterns that span the likely range of patterns that could be encountered. The dose

patterns are achieved by exposing laboratory animals to radioactive aerosols having different

physical and chemical characteristics and radionuclide contents. In this manner, the importance

of several radiation dose parameters on the dose-response relationships for long-term effects, and

the relative radiation sensitivities of various organs can be evaluated.1.2 Extrapolation of this

information to man helps determine safe operating procedures and exposure limits essential to the

orderly development and use of nuclear energy.

DOSE AND DOSE-RATE EFFECTS

The dose-response, life-span studies with beta-emitting radionuclides that have been completed

or are in progress are shown in Table 1 . Particle solubility in body fluids has a definite effect
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Table I

Dose-Response Life-Span Studies in Laboratory Animals

Exposed by Inhalation to Beta-Emitting Radionuclides

Whole-Body

Effective Age at Organs Receiving Substantial

Retention Inhalation Radiation Doses

Aerosol and Forma Half-Life Exposure Lung Skeleton Liver Whole Body TBLNb

Beagle Dogs

137CSC1 30 days 13 months ++c

91YC13 59 days 13 months ++ ++ 1+

144CeC13 284 days 13 months ++ ++ +f+

9OSrCl2 5-10 years 13 months +i+

90Y FApd 2.5 days 13 months ++ +

91Y FAP 53 days 13 months +-++ ++

144Ce FAP = 200 days 13 months ... + + +++

9OSr FAP = 500 days 13 months f++ + + 41+

144Ce FAP = 200 days 3months +++ + + if+

144Ce FAP = 200 days 8-10 years ... + +

Syrian Hamsters4

144CeO2 = 63 days 3 weeks +++ + + 4i+

144CeO2 = 63 days 12 weeks 4-14 + + 4f+

144CeO2 = 63 days 31 weeks ... + + +4+

Mice5.6

90Y FAP = 2.6 days 6- 8 weeks f++ + +

144CeO2 = 21 days B-10 weeks ... + + +i+

144CeO2 = 21 days 15-20 weeks 1++ + + H+

144CeO2 = 21 days 64 weeks ... + + +++

Rats7

144CeO2 = 85 days 12 weeks +4+ + + 1++

144CeO2 = 85 days 64 weeks I +-+ + + +4+

aAll polydisperse aerosols.

bTracheobronchial lymph nodes.

CRelative magnitude of dose received.

dFused aluminosilicate particles.

4,5,6,7 = See reference list.

on the translocation of radionuclides from the lung, and influences which organs receive

significant radiation doses. For the purposes of this report, 9Sr, 137CS, and 144Ce refer to

equilibrium mixtures of 9Sr-90Y, 137CS-137MBa. and 144Ce-144Pr, respectively. Inhaled 9SrC12 Or

137CsCl are absorbed rapidly from the lung and deposited in other organs (skeleton or whole-body,

respectively), producing a significant radiation dose to these tissues. Inhaled 91YC13 and

144CeC13 are absorbed from the lung at a slower rate, resulting in a significant radiation dose to
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the I ung, as well as to the organs in which these radionuclides are deposited (liver and

skeleton). The four radionuclides inhaled in relatively insoluble, fused aluminosilicate

particles are retained in the lung and irradiate primarily the lung and associated thoracic

structures, such as the heart and tracheobronchial lymph nodes.

The different effective retention patterns in the lung for these aerosols are illustrated in

Figures and 2 These differences result from effective half-lives in lung that range from - 2

days for 90Y to - 500 days for 9Sr. In Figure 1, the expected change in radiation dose rate as a

function of time is shown for the levels of exposure selected to produce initial dose rates of 100

rad/day (I Gy/day). The dose patterns in Figure required assignment of similar activity levels

for initial lung burdens (ILB) because the beta energies are similar for the four radionuclides.

For the same ILB, different dose-rate patterns result in marked differences in the long-term

cumulative radiation dose to the lung. Differences in radiation dose patterns among the different

radionuclides are demonstrated in Figure 2 where cumulative dose curves resulting in infinite

doses of 2000 rad 20 Gy) to the lung required 1300 yCi 48 MBq) at 530 rad/day 53 Gy/day)

initially for 90Y to 71 VCi 026 MBq) at 57 rad/day 0057 Gy/day) initially for 9Sr.
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Figure I Calculated absorbed beta dose rate to the lung for Beagle dogs for various inhaled
radionuclides normalized to 100 rad/day (1 Gy/day) initial dose rate (110 g lung). FAP = fused
aluminosilicate particles.

Results of studies using different laboratory animal species are shown in Table 1. These

studies allow extrapolation of dose-response relationships among species, and provide the basis

for projection of effects to humans exposed to these or similar radionuclides. Experimental

details of these studies in dogs are given in the following section of this document. A tabular

summary of the studies involving dogs is shown in Table 2 Studies involving other species have

been published.3-6

Comparisons have been made using results from life-span studies in which dogs, rats, mice, or

Syrian hamsters were exposed to aerosols of relatively insoluble 144Ce.7 These four species

differed in their responses to the inhaled radionuclides. Syrian hamsters appear to be an

inappropriate model for studying lung carcinogenesis with inhaled radioactive materials because
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few malignant lung tumors developed after inhalation of radionuclides. The mouse, Beagle dog, and

rat all developed significant numbers of malignant lung tumors after inhalation of 144Ce in

insoluble particles. In the mouse and dog, the number of lung tumors per unit of radiation dose

decreased as the total dose increased. In rats, however, the number of lung tumors per unit dose

was constant with radiation dose. In addition, the absolute tumor incidence rate in the rat was

higher than it was in the dog or mouse. It was about a factor of 2 higher at doses below - 4000

rad 40 Gy) and increased to a factor of higher than in Beagles and a factor of 10 higher than

in mice at 25,000 rad 250 Gy). Unfortunately, the estimates of the number of lung tumors per rad

are not reliable below 2000 rad 20 Gy) for any of these species. Below this dose level, it has

not been possible to distinguish the incidence of malignant lung tumors in the exposed animals

from the natural incidence observed in control animal groups. This problem is being addressed in

a dose-response study with large numbers of rats exposed to low doses that is now in progress

(1986-87 Annual Report, LMF-120, pp. 308-312).

Studies have also been conducted with mice, Syrian hamsters, rats, and dogs repeatedly exposed

to aerosols of a relatively insoluble form of 144Ce. Repeated exposure, every 2 mo for 15 to 50%,

of the animals' life spans, results in complex dose patterns to the lung, mimicking repeated or

chronic exposures that may occur in people in occupational situations. In studies with rodents,

lung tumor incidence correlated better with cumulative dose to the lung than with the protractior

of the dose rate resulting from repeated exposure.4-7 Results from the study with dogs indicated

that lung tumors seen after repeated exposures occurred later in life and involved different tumor

types than tumors seen after single exposures.

For dogs exposed once, there was a general relationship between survival time distribution for,

death from early effects and the specific radionuclide exposure pattern. For a particular,

cumulative dose, each radionuclide had a different initial dose rate and response.8 For example,

the earliest deaths from radiation pneumonitis and pulmonary fibrosis were observed with 90Y.

These animals received initially high dose rates that decreased rapidly. Dogs that received

similar total lung doses from 91Y, 144Ce, or 9Sr, with lower initial dose rates and a longer

protraction of dose, lived longer. Likewise, at times when deaths from each of the four,

radionuclides were noted (150 to 250 days), 90Y-exposed dogs died with the lowest doses, the

91Y-exposed dogs died with intermediate doses, and the 144Ce- and 9Sr-exposed dogs died with the

highest doses.
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Table 2

Observed Biological Effects in Life-Span Studies of Beta Emitters Ihaled by Beagle Dogs

(Status as of 930-88)

Number Current Age

Organs of Dogs of Survivors Number

Aerosol Receiving Major in Early Effects Intermediate Effects Late Effects (yr after of

and o Radiation Dose Stud - (to I yr) IT to 2 yr) (over 2 r) exposure) Survivors

137CSCI Whole body 66 Narrow aplasia Neo 'a 0
Miscealla.eous rgans

91YC13 Skeleton 58 Narrow aplasia Nasal neoplasms 0
Lung Lung neoplasms
Liver

144CeCI3 Skeleton 70 Narrow aplasia Liver degeneration Liver neoplasms 0
Liver Liver degeneration Pulmonary fibrosis Bone neoplasms
Lung Radiation pneumonitis Nasal neoplasms

Leukemias
Lung neoplasms
Liver degeneration

9(SrC12 Skeleton 88 Marrow aplasia Leukemia Bone neoplasms 0

90Y FAPd Lung 101 Pulmonary vasculitis Pulmonary fibrosis Lung neoplasms 0
Radiation pneumonitis
Pulmonary fibrosis

91Y FAP Lung 108 Pulmonary vasculitis Pulmonary fibrosis Lun neoplasms 0
Radiation pneumonitis TBL Nb neopl asms
Pulmonary fibrosis

144Ce FAP Lung 126 Pulmonary vasculitis Pulmonary fibrosis Pulmonary fibrosis 0
Radiation pneumonitis Lung neoplasms
Pulmonary fibrosis Bone neoplasms

Liver neoplasms
Nasal neoplasms
TBLN neoplasms

9OSr FAP Lung 124 Radiation pneumonitis Radiation pneumonitis Pulmonary fibrosis 13.8 13.9 3
Pulmonary fibrosis Pulmonary fibrosis Lung neoplasms

Heart neoplasms
Lung neoplasms TBLN neoplasms

Nasal neoplasms

al'used aluminosilicate particles.

bTracheobronchial lymph nodes.

The pattern by which radiation dose is accumulated also influences the incidence of lung

tumors.9 Protracted irradiation of the lung from 9Sr or 144Ce resulted in a relatively high

cumulative radiation dose and produced more total lung tumors, but fewer lung tumors per rad, than

less protracted irradiation from 90Y or 91Y. At 10 yr after inhalation exposure, the risk per rad

for the different dose patterns was different by a factor ranging from 4 to 8, indicating that the

different radiation dose patterns from inhaled beta emitters do influence lung tumor risk factors,

at least at high > 20,000 rad or 200 Gy) doses to the lung. In addition, at high radiation

doses, more hemangiosarcomas of the lung were found than carcinomas, which were more prevalent at

lower doses. Further analyses of these studies have shown that the relative risk coefficients for

lung cancer induction following chronic irradiation from 9r-FAP are 13 the risk from chronic

irradiation from 90Y-FAP, regardless of dose. In addition, the risk coefficient for 95r-FAP is

1122 the risk coefficient for lung cancer in atomic bomb survivors.10

BIOLOGICAL TARGET ORGANS

The observations from these studies are important in identifying unrecognized target organs

for the late effects of inhaled beta emitters. Hepatic degeneration occurred in a number of dogs

that inhaled 144CeCl3. This degeneration appears to be a dose-related phenomenon. Degenerative

changes are not emphasized as late effects of chronic irradiation. In the case of 144Ce, which is

translocated to the liver, however, degenerative changes may represent important health effects.

Liver tumors, primarily hemangiosarcomas, have been found in dogs that inhaled soluble or

insoluble beta emitters.11 Twenty-two liver tumors were seen in exposed dogs, and two in

controls. The rate of liver cancer was calculated to be 90 liver cancers per million rad 14

Gy). Using comparisons with liver cancer risk factors in people exposed to Thorotrast and in dogs

injected with alpha-emitting radionuclides, it was estimated that the risk of liver cancer from
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inhaled beta-emitting radionuclides in people may be about 30 liver cancers per million-person rad

(104 person-Gy).

The tracheobronchial lymph nodes have been identified as a primary site for tumor induction

with chronic beta irradiation. Blood vascular tumors (hemangiosarcomas) were found in the

tracheobronchial lymph nodes, but not in other tissues of two dogs exposed to aerosols of 144C in

fused aluminosilicate particles. The tumors had not metastasized, but one was anaplastic in

appearance. This lends further evidence that hemangiosarcomas may arise in these nodes and that

many of the mediastinal hemangiosarcomas originated from them.12

Additional analyses have shown that the risk per unit of radiation dose for induction of

malignant neoplasia by 144Ce deposited in the tracheobronchial lymph nodes is 40% of that for lung

cancer. Based on this result, it was concluded that the tracheobronchial lymph nodes are not as

sensitive as the lung to neoplasia induced by beta irradiation.13

Nasal carcinomas, seen in dogs after inhalation of 91Y, 144Ce, or 90sr in soluble or insoluble

forms, arise from the respiratory epithelium lining the maxilloturbinates. Focal concentrations

of radionuclides can be found in nasal epithelium beyond the time for normal upper respiratory

tract clearance and may be one of the significant factors in the induction of nasal tumors.14

One study has shown that the inhalation route for 9SrCI2 results in dose distribution and

health effects that are generally similar to those seen by the injection route. At the higher

levels of exposure, there was a profound depression of the function of the bone marrow.15 At

lower levels of exposure, bone tumors developed that had a distribution and histologic type

generally similar to those seen after injection of 9SrCl2- 16 The risks from inhaled lanthanides,

however, are not similar to those of injected lanthanides because of differences in tissue

distribution after the two routes of exposure.

Only a few dogs are still alive. The results of these inhalation studies are being compared

with results from other studies of internally deposited, beta-emitting radioisotopes conducted at

Argonne National Laboratory, the University of California-Davis, and the University of Utah, in

which other routes of administration were used. At Argonne National Laboratories and the

University of California-Davis, the health effects of fallout radionuclides have been studied in

dogs either fed or injected with radionuclides. At the University of Utah, the health effects of

strontium and the transuranic actinides deposited in bone have been studied for direct comparison

with a human population exposed to radium, the radium dial painters. Correlation of these studies

will make a stronger base for predicting health effects in potentially exposed humans.
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