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ABSTRACT

Estimates of incidence of early effects in people after exposure to

radionuclide releases in hypothetical light water reactor accidents are

necessary for benefit risk analysis of various energy sources. Because no

human data exist which directly apply to this problem, estimates must be made

from experimental data in animals. This report makes such estimates based on

hypothetical releases and radiation doses estimated in WASH-1400 and experi-

mental data derived from Beagle dogs exposed to various radionuclides.
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ESTIMATES OF MORTALITY DUE TO RADIATION PNEUMONITIS

AND PULMONARY FIBROSIS AFTER EXPOSURE TO RADIONUCLIDE

RELEASES IN HYPOTHETICAL LIGHT WATER REACTOR ACCIDENTS

by

F. F. Hahn

INTRODUCTION

Irradiation of the lung may occur either from external sources, such as

x-ray therapy or 60Co machines, or from internally-deposited radionuclides

such as inhaled radioactive particles. The radiation dose patterns to the

lung from these two types of exposures are quite different and therefore not

easily compared, but in sufficiently high doses, either can cause radiation

pneumonitis (inflammation or irritation of the lung) which may lead to pulmo-

nary fibrosis (scarring of the lung). Death due tO cardiopulmonary insuffi-

ciency (malfunction of the heart and lungs) may occur within days after

exposure due to radiation pneumonitis or as long as many months after exposure

due to radiation pneumonitis and/or pulmonary fibrosis. The sequence of

events may proceed even though the time of actual radiation exposure is brief

and/or the radioactivity is no longer present in the body.

Factors which influence the development of radiation pneumonitis include

the total dose of radiation, the fractionation of the radiation dose, the

type of radiation, the volume of lung affected, pre-existing diseases and

modifying drugs.

REVIEW

Considerable data concerning radiation pneumonitis have been reported

from studies related to radiation therapy of tumors arising in the lung or

other thoracic structure. Radiation pneumonitis was first described as a

clinical entity by Groover et al. 1 They recognized it as an untoward effect

associated with irradiation of thoracic tumors.

Warren and Spencer2 described the pathology of radiation pneumonitis.

They divided the reaction into three stages: acute, late and late with

superimposed acute radiation pneumonitis. They also noted that probably the

earliest effect is one of mild injury to the alveolar lining cells and capil-

lary endothelium. This suggestion has since been confirmed by numerous
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studies with electron microscopy. 3’4 Edema, swelling, necrosis and prolifera-

tion of endothelium and alveolar epithelium follow. With severe or repeated

injury and attempts for repair, chronic changes such as fibroblastic prolifera-

tion occur within alveolar walls. The changes are not unique to the radiation

reaction but very prominent edema and enlarged epithelial and endothelial

cells in the absence of much exudate are suggestive of radiation pneumonitis.

Rubin and Casarett 5 described the clinical course of patients receiving

thoracic irradiation and used the clinical categories of acute, subacute and

chronic. These three periods are separated mainly on the basis of time after

exposure and overlap one another. Typically, the onset occurs I to 3 months

after completion of a 4 to 6 week course of x-irradiation, but may be delayed

6 months or ~onger. The acute clinical period may be clinically silent

depending on the degree of pulmonary involvement. As the volume of injured

lung increases, dyspnea and coughing become apparent. When more than 75% of

the lung reacts to irradiation, respiratory distress is severe and death may

occur from cardiopulmonary insufficiency. The respiratory system does not

exhibit a distinctly recognizable subacute clinical syndrome in the radiation

reaction as is encountered in other organ systems, but generally it blends

into the chronic period. Symptoms may be seen in this period 6 to 12 months

after irradiation if secondary pulmonary infections are present. The chronic

clinical period occurs about I year after exposure. Symptoms are directly

related to the degree and extent of lung damage. Scarring limited to 50% of

one lung is well tolerated and rarely symptomatic. Progressive changes

involving extensive portions of the lung may lead to right heart failure

or severe chronic dyspnea.

The time dose factors involved in the production of radiation pneumonitis

in man from therapeutic irradiation of the thorax are difficult to derive

because exposure of the lesions is maximized and exposure of the normal lung

is minimized. Generally, doses to the lung cannot be accurately calculated.

Several studies, however, have been reported which involved irradiation of

the entire thorax in treatment regimens for metastatic tumors in the lung.

Baeza6 found that 9 of 39 patients with tumor doses (which approximate lung

doses) greater than 1500-2000 delivered rads in 2-3 weeks had radiation pneu-

monitis (Table I). The average time of onset after exposure, was 2.7 months

for the entire group of patients. Newton7 found that two patients receiving
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3000R thoracic irradiation in two weeks at a rate of 300R per day died with

radiation pneumonitis.

A quantitative approach to time dose factors for the production of

radiation pneumonitis has been published. 8 They studied the incidence of

radiation pneumonitis in a series of 51 patients treated with irradiation of

at least 75% of one whole lung for metastatic pulmonary disease. Using

probit analysis, they determined the dose response curve for development of

radiation pneumonitis as determined by clinical symptoms and radiographic

changes. These data are shown in Table I and indicate that the nominal

standard dose (NSD) which will produce radiation pneumonitis in 50% of those

exposed, is about 1050 rets. The NSD is a mathematically derived term repre-

senting the extrapolation of the dose time relationship back to a single

fraction, taking into account the number of fractions and the total time

separately 9. The NSD is expressed in "rets," or rad equivalent therapeutic.

It is used to compare doses from multiple exposures with those of single

exposures.

Only a few studies of the effects of inhaled radionuclides in man have

been reported. The exposures have either resulted in no effects being ob-

served I0’II or late effects seen and related to metaplasia and neoplasia.12’ 13

One exception is a report of a case of a radium plant worker developing

radiation pneumonitis presumably caused by inhalation of radon and radon

daughters. 14 This early report contains few details and little quantitative

information can be obtained from the paper.

Numerous animal studies describing radiation pneumonitis after external

irradiation have been published and reviewed. 15 Davis 16 was the first to

publish extensive experimental studies designed to determine the histologic

reaction of normal lung to radiation. Using dogs and rabbits, he determined

that the reactions seen in animals were similar to man. Engelstad 17 used

rabbits to study the temporal sequence of the pulmonary lesions after thora-

cic irradiation, He described stages similar to those seen in man.2 Gen-

erally, similar findings have been reported in rats. 18 dogs,19 Syrian ham-

sters 20 and mice. 21 More recent studies of the ultrastructural lesions at

early times after irradiation show focal lesions in many types of lung paren-

chymal cells,22 including the pulmonary capillaries 3 and granular pneumocytes.23
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Several quantitative dose response studies have been reported in animals
24

exposed to thoracic irradiation. Hansen et al. determined the LD50/30 for
single upper body exposure of dogs to x-rays to be 1775 rads. These dogs

died with pulmonary congestion and fibrinous pneumonia but also had other

complicating factors such as neuroendocrine abnormalities and infection.

Sweany et ai.25 exposed the thorax of dogs to single doses of x-rays ranging

from I000 to 2900 R. All 8 of the dogs were dead within 2.5 months. Dogs

were also exposed to 15 fractions in 105 days resulting in a radiation dose

of 3000 to 4800 R. Four of 7 dogs died within 6 months. The NSD calculated

for these dogs was 930-1500 rets. Tyree et ai.26 reported a study in which 5

of 5 dogs exposed to 1250 rads thoracic radiation were dead within 3 months.

They commented, however, that secondary infections were an important compli-

cating factor in the death of these dogs. These data are shown in Table I.

Phillips and Margolis 21 have developed a dose-response relationship for

mice exposed to thoracic x-radiation. The LD50/160 was determined to be 1350
± 50 rads. They also used fractionated doses over a period of days to more

closely compare the findings with radiation therapy patients. In these

studies the NSD ranged from 1438 to 1596 rets. Field and Hornsey27 reported

an LD50/180 for thoracic irradiated mice to be about 1170 ± I00 rads.

Experimental studies of radiation pneumonitis after inhalation of radio-

nuclides have been reported. Lesions have been described in a dog after

inhalation of 144Ce02,28 144Ce in fused clay particles,29 or 90y in fused

clay particles 30", in rats after inhalation of 144Ce OH31 or intratracheal

injection of 144CEC1332; and in dogs after inhalation of 239pu02.33 Radiation

pneumonitis induced by these internally-deposited radionuclides is, in

general, similar to that induced by external irradiation. Pulmonary lesions

consist of (I) alveolar accumulations of fibrin, red blood cells, hemosiderin,

macrophages and cellular debris, (2) alveolar septal thickening due to accumu-

lations of inflammatory cells and hypertrophy and hyperplasia of alveolar

lining cells, (3) interstitial accumulations of chronic inflammatory cells

around vessels and airways, (4) bronchiolar epithelial injury characterized

by focal denudation and hyperplasia, (5) vascular changes characterized 

fibrous subintimal proliferations in elastic pulmonary arteries, fibrinoid

necrosis in muscular pulmonary arteries and perivascular fibrosis, (6) pulmonary
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fibrosis characterized by fibrillar thickening of alveolar septae of pleura

and large dense scars which obliterated the normal alveolar pattern, and (7)

focal emphysema related to large scars or thrombosis of small muscular

arteries. The time and tissue distribution of these lesions may differ from

those seen in externally irradiated animals because of nonuniform localiza-

tion of the radionuclide in the lung, dose distribution of its emitted

radiation, and the half-life of the material in lung which determines the

time over which the radiation dose is delivered.

Quantitative dose response studies with dogs that have inhaled various

beta gamma emitting radionuclides have been reported. 29’34’35 Groups of

Beagle dogs received single, nose-only exposures of 90y, 91y, 144Ce or 90Sr

incorporated into aerosols of relatively insoluble particles. These particles

with their incorporated radionuclide were retained in the lung wherein the

varying physical half-lives of the 4 radioisotopes resulted in varied effective

half-lives in the lung ranging from 2.6 days for 90y to about 400 days for
90Sr. Because of the protracted irradiation of the lung with 144Ce and 90Sr

very high radiation doses to lung were accumulated by the time of death.

Maximum cumulative doses ranged from 9000 rads for the short half-life isotope
90y to 140,000 rads for the long half-life isotope 144Ce. In general, dogs

exposed to 90y and 91y had shorter survival times than those exposed to 144Ce
or 90Sr. The doses which produced death from radiation pneumonitis and/or

pulmonary fibrosis are shown in Table 2.

Animals dying at relatively early times after inhalation exposure (< 500

days) had various degrees of radiation pneumonitis and pulmonary fibrosis and

succumbed because of respiratory insufficiency. Pulmonary lesions induced by

all 4 radionuclides were generally similar except for the short-lived isotope

(90y) which caused squamous metaplasia in bronchioles and the long-lived

isotope (90Sr) which caused generally more severe lesions.
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Table 2

Radiation doses to lung and time of death after exposure for dogs dying with
radiation pneumonitis after inhalation of various beta-emitting radionuclides.

Radionuclide Time of death after
(inhaled in relatively exposure
insoluble form) (days)

Median Range Median

90y 99 7- 903 16,000

91y 181 113-1011 29,000

144Ce 211 143-410 57,000

90Sr 262 159-477 60,000

Dose to lung at
death
(rads)

Range

9,300 - 70,000

8,300 - 60,000

28,000 -140,000

40,000 - 96,000

Catastrophic light water reactor accidents may result in the release of

radioactive materials and expose the general population to both external

radiation and airborne radionuclides. The magnitude of hypothetical releases

and the resultant radiation doses to various organs of individuals in the

hypothetically exposed population are estimated in Reactor Safety Study, WASH-

1400. 36 The highest predicted doses to lung as a result of a "maximum"

release are shown in Table 3. They are based on estimates of irradiation of

the lung from external sources, inhaled radioactive particles and gases and

from inhaled and deposited radionuclides.

Table 3

Predicted radiation doses to lung as a result of a "maximum"
release nuclear accident.

Days after exposure Dose to lung (rads)

2 16,000

7 21,000

30 30,000

180 35,000

365 38,000

-7-



The temporal radiation dose pattern to the lung from this exposure can be

seen in Figure 1 which shows the percent of the total radiation dose absorbed

at various times after exposure. Initially, the dose is accumulated very

rapidly. To achieve 38,000 rads infinite dose to the lung with this dose

pattern the initial dose rate is about 7000 rads per day.

Estimation of the morbidity and mortality due to radiation pneumonitis

and pulmonary fibrosis resulting from hypothetical exposure of people to

predicted releases in nuclear reactor accidents is difficult. There are no

human data relating effects to pulmonary dose from irradiation due to inhala-

tion of radioactive particles. There is only one case reported of radiation
14pneumonitis after inhalation of radionuclides but doses to lung are unknown.

Studies of radiation therapy patients cannot be applied directly to the problem

since both the temporal and spatial radiation dose patterns are very different.

Mortality estimates can be made for dogs exposed to the estimated maximum

releases in a nuclear reactor accident. The temporal radiation dose pattern

to the lung is somewhat similar to the radiation dose patterns in the studies

described by McClellan et ai.29 and Hobbs et ai.30 for 90¥ or 91y in fused

clay particles shown in Figure 1. Because the early effects of inhaled 90y in

fused clay particles are usually more severe than those of 91y in fused clay

particles due to the more rapid delivery of the dose to the lung, 90y was
chosen for estimates of death from radiation pneumonitis or pulmonary fibro-

sis. Figure 2 shows the cumulative incidence of death from radiation pneumo-

nitis and pulmonary fibrosis to 365 days after exposure of dogs to 90y in

fused clay particles. Incidence rates were determined using a procedure based

on life table methods.37 Doses to lung to 365 days after exposure (infinite

dose) of 20,000 rads or greater resulted in 100% cumulative incidence of

radiation pneumonitis. A similar analysis of dogs exposed to aerosols of 91y
in fused clay particles (Figure 3) shows that pulmonary doses of 30,000 rads

or greater resulted in 100% cumulative incidence of radiation pneumonitis.

Thus, it can be predicted that 100% of dogs receiving the pulmonary dose

(38,000 rads in I year) calculated from a maximum release accident would 

dead from radiation pneumonitis and/or pulmonary fibrosis at the end of I

year. Mortality incidence estimates for lower doses can also be made from

Figures 2 and 3.

-8-



I I I ’

I--
Z
W

n~

LIJ
Q_

I I I
0 I00 200 300 365

DAYS AFTER EXPOSURE

Figure 1. Dose accumulation in lung for man for a hypothetical maximum

release from a nuclear reactor accident and for dog from inhalation

exposure to 90y and 91y in fused clay particles.

I

0
0
0

.0

~~< 5,~~00-9,900 rads
Orods = No deaths

/

200 300

0

I
0 I00 365

DAYS AFTER EXPOSURE

Figure 2. Cumulative incidence of deaths from radiation pneumonitis
and/or pulmonary fibrosis in dogs after inhalation of 90y in fused

clay particles (doses to lung at 365 days after exposure).
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Estimates of morbidity due to radiation pneumonitis can be determined

from studies by Mauderly et al. 38 They found that 3 dogs exposed to 90y in

fused clay particles, which resulted in lung doses of 4900 to 5700 rads,

developed radiation pneumonitis 2 to 3 months after exposure as evidenced by

subclinical functional impairments. The defects were transient and could be

determined only by dead space tolerance or treadmill exercise testing. All 3

dogs survived to I year after exposure. These results indicate that dogs with

pulmonary doses of 5000 to 9900 rads (Figure I) may well have had subclinical

radiation pneumonitis even though they survived to I year after exposure.

Therefore, the estimates of morbidity, from radiation pneumonitis for dogs in

the 5000 to 9900 rad dose group may be considered 100%. No studies have been

conducted on dogs with pulmonary doses appreciably smaller than 5000 rads.

There are scant quantitative data on which to compare the pulmonary

response of man and the dog, however, some general statements can be made

concerning predictions for man derived from animal derived data. Radiation

pneumonitis in many species is generally qualitatively similar although there

are certainly many minor variations in response. For example, the sequence of

lesions in radiation pneumonitis and the recognition of early and late stages

were initially derived from studies with rabbits.17

Also, various species require doses within a range of about 2 times each

other to produce radiation pneumonitis. For example, the LD50/160_180 for
thoracic irradiation in mice is 1170 to 1350 rads,21’27 which is close to the

effective dose needed to produce radiation pneumonitis in 50% of people ex-

posed to 1050 rets. 7 The quantitative response of the dog to external

thoracic irradiation is similar to that of mouse and man. Pulmonary radiation

dose causing 50% death from radiation pneumonitis in dogs is from 1200 to 1775

rads. 24’25 Although the dose calculations are not exactly the same and the

endpoints (clinical radiation pneumonitis vs. death from radiation pneumonitis)

are not identical, the doses required to produce these endpoints do not vary

by more than a factor of two. Thus, based on available data, the extrapolation

of results from dog to man is reasonable and should fairly accurately predict

the early effects of inhaled radionuclides in man.
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