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Abstract

NON-NEOPLASTIC CALCIFIED TISSUE PATHOLOGIES AMONG RADIUM WORKERS AND
PLUTONIUM INJECTEES.

Two human studies of deterministic effects of radium and plutonium are summarized.
Histopathology data from femurs of New Jersey radium workers demonstrate effects of radium at ~0.8
Gy skeletal dose. Toxicity ratio data from beagles suggest equivalent histopathological effects from
B9Pu may occur in humans at skeletal doses of-0.12 Gy in compact bone or at -0.01-0.02 Gy in
spongy bone. These results support observations that subjects injected with plutonium in the 1940s
showed bone changes typical of alpha radiation exposures, extensive osteoporosis with related fractures,
and hearing disorders or vertigo relatable to bone damage and/or middle ear inflammation, all findings
suggested by the clinical radium literature. A probable case of extensive pathologic calcification from
a plutonium injection also occurred. In two cases suspect findings occurred at skeletal doses of ~ 0.05
Gy. It is hypothesized that subjects with collagen disorders and uremic insufficiencies, as well as
females late in life, form subpopulations susceptible to non-stochastic effects of internal alpha-emitters.
In general, bone fractures late in life secondary to osteoporosis are associated with increased disability,
increased risk of institutionalization, and with diminished survival rates.

1. INTRODUCTION

William Looney predicted in 1958 [1] that the then current maximum permissible concentration
of 0.1 microgram (3.7 kBq) of radium would be inadequate to prevent 'appreciable bodily injury.1

Skeletal damage and roentgenographic changes were considered less difficult to project downward than
bone tumor induction, and Looney emphasized the effect of accumulating dose beyond 40 years, and the
increasing atrophy of the skeleton and its decreasing ability over time to repair skeletal damage. Looney
suggested that the characteristic histopathological changes in bone specimens of radium subjects
indicted that the "roentgenographic changes considered 'nondeleterious' may represent more extensive
bone damage than is now appreciated."

William Sharpe presented first qualitative [2] then quantitative [3] evidence of histopathological
effects in the bones of New Jersey radium workers, seeing characteristic pathology in nearly all subjects
with preterminal ^ R a burdens above his minimum detectable burden of 0.016 kBq. Reanalyses of
Sharpe's data have yielded more precise quantitative estimates of the radium burden at which
osteonecrosis can clearly be seen, and have demonstrated the clear statistical significance of the findings
even in the lower dose range. These observations, conjointly with plutonium toxicity ratios from Jee et
al. [4] for bone effects, suggested that plutonium is likely to damage human bone at quite low skeletal
doses. These estimates of the sensitivity of human bone to plutonium damage supported new clinical
observations on the plutonium injectees exposed in 1945-1947 [5]. These effects included specific and
nonspecific bone changes, calcification, and hearing loss, changes also consistent with the clinical
literature on radium poisoning [6, 7]. In this report we summarize briefly the findings of both the study
of radium osteonecrosis and the related medical findings in the plutonium injectees.
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2. LOW-DOSE RADIUM OSTEONECROSIS

2.1 Prediction of the necrosis ratio

Sharpe [3] accepted three findings in 25 radium-exposed individuals as characteristic of
radium-related osteonecrosis: (1) bone and marrow "infarcts"; (2) increased quantities of fibrous tissue
within the marrow, especially immediately adjacent to the endosteum; and (3) abundant granular
basophilic calcification, often focal, associated with marrow or vascular space fibrosis. Sharpe's data
were abstracted, as were updated radium dosimetry data [8]. Sharpe's primary dependent variable was
the "necrosis ratio," the number of blocks of femur tissue containing osteonecrosis divided by the
number of tissue blocks studied. In this analysis that ratio was used as the dependent variable in
conventional linear regression models for critical dose-response estimates because of limitations of a
Poisson model near its origin. For statistical inference, however, a Poisson regression approach was
used, where the number of blocks with necrosis is the dependent variable, and the total number of
blocks is the "offset." Dosimetry data were based on measurements of preterminal 226Ra burden,
estimates of ^ R a and ^ R a intake, and estimates of lifetime skeletal dose. There was little difference in
statistical significance levels using the three alternative independent variables. The present analysis
differs from that of Sharpe [3] in being restricted to the twelve females, exposed as radium dial workers.
Males, primarily radium refinery workers, appear to have shown similar effects from radon progeny
exposure rather than from 226Ra body burdens. This presentation also excludes results for 228Ra except
as one source of total skeletal dose. Additional details are found in the primary report [9].

Poisson regressions for both preterminal 226Ra burdens and skeletal radiation dose from both
^ R a and 228Ra among the twelve female radium dial workers were quadratic in form, with all terms
statistically significant at the 0.001 level. The corresponding conventional regression estimates of the
necrosis ratio are: 0.04160 x ^ R a burden - 0.0004647 x ^ R a burden2 (kBq); or, 0.02233 x dose -
0.000125 x dose2 (Gy).

Four subjects had high preterminal 22€Ra burdens, averaging 40 kBq with estimated skeletal
doses averaging 72 Gy. Excluding these, the 5 females with necrosis ratios above zero had average
preterminal 226Ra burdens of 0.73 kBq, and estimated skeletal doses of 1.7 Gy. The three showing no
radium osteonecrosis had preterminal burdens of 0.37 kBq and estimated skeletal doses of 0.26 Gy. In
this range the dose-response relationships were linear. Both the constant and linear terms in the Poisson
regression remained statistically significant at the 0.01 level. No intercept models were used for the
conventional linear regression estimates in this low dose range. The equations are: 0.09816 x 226Ra
burden (kBq); and 0.05066 x dose (Gy).

2.2 Extrapolation to plutonium effects

Although the supralinear quadratic relationship of radium osteonecrosis on radium body burden
or skeletal dose is of interest, in the context of concern for low doses of radiation the low-dose
prediction equations are more relevant. The lowest observed non-zero necrosis ratio was 0.025; three
additional values were in the range 0.038 to 0.041. For convenience, 0.04 was taken as the necrosis
ratio corresponding to the level where bone damage is empirically observable without doubt. This point
corresponds to the effect expected from ~0.8 Gy skeletal dose, or a preterminal burden of ~0.4 kBq
226Ra. These estimates are from subjects exposed in early adult life as healthy workers, and may
overestimate doses required to cause damage in susceptible subjects.

The data of Jee [4] on bone vasculature in beagles suggest toxicity ratios per unit skeletal dose
of-6.6:1 for 239Pu relative to226Ra, and ~6:1 for injected 239Pu in spongy bone versus compact bone.
These toxicity ratios suggest that histologically observable damage to compact bone in humans may be
expected from 239Pu at ~0.12 Gy, and that equivalent damage would occur in spongy bone at skeletal
doses of ~O.0I-O.02 Gy. This supports the observations of bone effects in the plutonium injectees.
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3. CALCIFIED TISSUE EFFECTS AMONG PLUTONIUM INJECTEES

Medical findings potentially related to plutonium burdens in 18 subjects injected while ill
between 1945 and 1947 in a study of plutonium retention in man [5] were reviewed [10, 11]. Seven
subjects dying less than one year after injection were excluded from study; five others had inadequate
records. Useful medical and research records for six subjects existed, two of whom had died in their
second year post-injection and had been exhumed. Reports of a radiologist experienced in reading
radiographs of radium workers were available for three cases. Five persons had been injected with ~ 11
kBq 239Pu; of these, subjects not dying in their second year had skeletal doses in 1975 of ~0.7-1.4 Gy;
the two short-lived cases had skeletal doses of-0.05 Gy. The skeletal dose in one case injected with 3.5
kBq ^ P u was estimated at -0.1 lGy in 1975.

Calcified tissue pathology consistent with plutonium effects occurred in all six cases. All three
radiographs read by the experienced radiologist were suspect. A Black male with ^ P u exposure had
trabecular changes in the humeri and acromions and abnormal trabeculae in the mandible consistent
with radium deposition. His reduced x-ray score of "3" corresponded on average to that from a
preterminal burden of 7-13 kBq m R a [12]. An exhumed male dermatomyositis case showed some
intracranial densities and irregular mandibular trabeculations "possibly" due to radiation. A third young
female Cushing's disease case was found on exhumation to have numerous very small very dense
deposits on the surfaces of a number of bones, ascribed by the radiologist to the plutonium exposure.
This case, with kidney damage, was at risk of pathologic calcification; it is proposed [11] on the basis
of Selye's [13] studies of thorium that plutonium acted as a calciphylactic agent. Selye considered the
collagen diseases dermatomyositis and scleroderma seen in this series as related to calciphylaxis.

Of the three subjects with only clinical data relating to bone changes, an abnormal metallic
density of the metacarpal had been noted in 1950 in the one male, consistent with dense necrosis found
in radium cases [12]. Consistent with the greater risk in females of osteoporosis, one female had severe
degenerative changes and osteoporosis ultimately resulting in hip fracture prior to death, and the second,
a long-standing scleroderma case, had two compression fractures of the spine. Disability resulted in
both cases. The first of these also had increased radiographic density of the vault of the skull and in the
region of the mastoid air cells, suggesting that plutonium had effects in that region similar to radium. In
addition to this pathology in the mastoid region in one case, a second case developed vertigo about 7
years post-injection, and -20 years prior to death was diagnosed as having bilateral conduction
deafness, probably due to otosclerosis

With respect to the bone damage seen in these cases, two of three seen by the radiologist
familiar with radiographs of radium workers showed patterns consistent with specific effects of radium,
coarsened trabeculation and mandibular effects. Non-specific effects indistinguishable from
osteoporosis were seen. Although Evans [12] described this as the simplest sign of alpha-irradiation of
bone, it remains poorly studied. That radium poisoning could cause spontaneous fractures, often of the
hip, was recognized early [6, 12]; again this outcome has not been adequately quantified in the
literature. Hearing loss was found to be excessively common among radium workers studies by Sharpe
[7], and loss of bone conduction was common. Aub et al. [6] had reported on two dial workers with
hearing impairment due to temporal bone damage.

A case study of medical findings neither complete nor collected for research purposes cannot in
itself be conclusive. In the context of occupational or environmental epidemiology such a "case study"
at best demonstrates that findings are consistent with those expected on the basis of the literature, hi
this study there fortunately was a relevant clinical literature, that on radium, to furnish expectations.
Numerous findings are fully consistent with the bone effects expected from alpha-emitter exposure.
While one cannot conclude in each case that plutonium was the major, or even a significant
contributory, cause, one certainly cannot conclude that no effects of the plutonium exposure occurred.
Even in the two cases with short survival and skeletal doses of-0.05 Gy possible or probable effects of
the plutonium exposure were seen.
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4 CONCLUSIONS

Histopathological effects on human bone at skeletal doses down to 0.12 Gy from B9Pu in
compact bone and 0.01-0.02 Gy in spongy bone are expected. Trabecular changes characteristic of
alpha-emitter exposure was seen at ~0.11 Gy in an injectee given ^Pu , and "possible" trabecular
abnormalities were seen in a collagen disease case surviving less than two years with a bone dose -0.05
Gy. Probable plutonium-induced pathologic calcification was also seen at a bone dose of-0.05 Gy.
Two female plutonium injectees with skeletal doses in the 1-2 Gy range suffered skeletal fractures
typical of severe osteoporosis. That persons with collagen diseases, and females exposed late in life, are
particularly susceptible to bone effects of alpha-emitters seems likely.

A proper perspective on risk from early bone damage requires evaluations of disability, of costs
of institutionalization, and of decreased survival in the last years of life [ 11,14]. Osteoporosis or loss
of bone strength is a major risk factor for bone fractures in the elderly, which are associated with 6-20%
excesses of all-cause age-specific mortality for up to two years post-fracture. In one study survival was
decreased nearly 20% for those with vertebral fractures. Assessment of risk from radionuclides should
therefore include estimation of increments to age-specific risks of disabling events very late in life, and
their contribution to premature mortality. Since these outcomes are non-specific and multifactonal, the
task will be far more difficult than that of projecting bone cancer risks to low doses and late times.
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