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INTRODUCTION

The mission of the Inhalation Toxicology Research Institute (ITRI) is to address significant

problems that concern the effects of airborne noxious particles and gases on man and his environment.

Within this broad mission, the prime objective of the Institute continues to be the development of

knowledge that will contribute to an improved understanding of the biological consequences of in-

haling radionuclides, such as might be released in the event of nuclear accidents. The ultimate goal

is to establish the relationship between the radiation dose pattern resulting from various levels

and types of exposures and the resulting biological response. Secondary objectives relate to the

development of knowledge on other noxious aerosols that may be present in man’s environment.

The major stimulus for development and continuation of the research program stems from concern

for nuclear industry operations that may result in potential accident situations with release of

radioactive aerosols. In the past, major attention has been directed toward investigations with

fission product radionuclides that are of interest relative to nuclear power reactor and associated

fuel reprocessing operations. More recently, increased attention has been directed toward research

with plutonium and transplutonium radionuclides recognizing their importance in the future, especi-

ally with development and broad use of breeder reactors.

Studies are being conducted to evaluate the importance of the many factors influencing the

toxicity of inhaled radionuclides. These include: (1) the radiological characteristics of radio-

nuclides such as half-life, emissions (alpha, beta and gamma), and energies; differences that result

in a spectrum of radiation dose patterns and dictate concern for (a) relative effectiveness of al-

pha, beta and gamma radiation, (b) radiation dose rate, (c) total radiation dose, and (d) the 

of nonhomogeneity of irradiation of the tissue, especially lung; (2) the size distribution of the

aerosol particles; (3) physical and chemical characteristics of particles, such as density and solu-

bility; and (4) the physiological characteristics of the animals that influence retention of inhaled

materials. All of these factors are important in determining the ultimate toxicity of an inhaled

radioactive aerosol.

The ultimate aim of the program is to develop information that will be relevant to man. In the

absence of information on ,Jan himself, it is necessary to conduct animal experiments with a view

toward making extrapolations to man. To this end, several experimental animal species are being

routinely used, including mice, Chinese hamsters, Syrian hamsters, rats, Rhesus monkeys, ponies, and

Beagle dogs, attempting to capitalize on unique characteristics of each species as appropriate. Ex-

tensive use is made of the Beagle dog for several reasons including; (i) its moderately long life-

span, which may be of importance in extrapolating findings to man; (2) its size, which allows each

animal to be studied intensively as a clinical subject much as a human patient; and (3) the desir~

to make use of the wealth of information being obtained in other long-term radiation toxicity pro-

grams using the Beagle dog, and to develop information that will complement the findings of these

programs.

Papers within the report are grouped in 9 sections; 8 of which correspond to the programmatic

areas that have been delineated for budget purposes. Section ! reports research directed toward de-

veloping an improved understanding of the nature of radioactive aerosols, including their production

and characterization for use in animal exposures. During the past year, major attention has been

given to research with transuranic elements and is reflected in 2 of the papers included in this

section. The first paper describes studies with 241Am, a radionuclide which is of imporLance due



to its abundance in the breeder reactor fuel cycle. Of special interest are the results on the in

241Am02"
vitro solubility of The production technique developed in the work was used to produce

aerosols for animal exposures. A second paper reports preliminary results on the characterization

of plutonium aerosols in an industrial mixed-oxide fuel fabrication facility. This research is

noteworthy because it provides an important bridge from work with laboratory aerosols back to the

real world. The third paper in this section reviews information concerning the alveolar microen-

vironment, the first point of contact for many inhaled materials. This paper discusses factors in-

fluencing the retention and transport of inhaled material into the blood from the alveoli.

Section II contains 12 papers describing research directed toward obtaining an improved under-

standing of the radiation dose pattern resulting from inhalation of aerosols of beta-gamma and

alpha-emitting radionuclides. The lead paper in this section is an analysis of the dosimetry and

cellular risks for plutonium particles in the lung, an area of substantial concern relative to the

developing breeder reactor program. Other reports in this section provide information relating to

radiation dose ranging from those concerning initial deposition patterns to long-term retention,

organ distribution and microdosimetry for inhaled radioactive particles. The last two papers in

this section provide information relative to current problems: one discusses the relative importance

of gastrointestinal tract vs. respiratory tract injuries following inhalation of radioactive aero-

sols, a topic of special interest to the Rasmussen study and the other is a preliminary analysis of

models used to develop risk estimates for the Liquid Metal Fast Breeder Reactor.

Section III relates research that is the major thrust of the total program and includes reports

on a series of studies directed toward establishing the relationship between exposure to various

levels and types of radioactive aerosols and the resulting biological effects. Included are progress

reports on a series of sequentially interrelated studies in which Beagle dogs, exposed to a few

carefully selected radioactive aerosols that produce significantly different radiation dose patterns,

are being followed for their total lifespan so as to provide an assessment of the various parameters

of radiation dose that influence dose-response relationships for inhaled radionuclides. These in-

clude four longevity studies in which young adult (12-14 months of age) Beagle dogs have been ex-

posed to relatively soluble forms of radionuclides, gOsrcI2, 144CEC13, 91yc13, and 137CSCI; four
studies in which dogs of similar age have been exposed to relatively insoluble forms of beta-emit-

ting radionuclides which have different effective half-lives of retention in lung; 90y, 91y, 144Ce
and 90Sr in fused clay, and two studies in which young adult dogs have been exposed to two differ-

monodisperse aerosols of 238pu02. Two additional studies are being conducted with aent sizes of

view toward evaluating potential age-related differences in the toxicity of inhaled radionuclides

by studying Beagle dogs exposed at 3 months or 8 to 10.5 years of age for comparison with dogs ex-

posed as young adults. Other reports in this section detail complementary studies being performed

in rodent species with a view toward providing a broader base of information for extrapolating ex-

perimental animal data to man. Where appropriate, the title of the longevity study reports includes

a Roman numeral suffix representing the number of progress reports prepared for that particular

study.

Section IV relates research being conducted to develop an improved understanding of the patho-

genesis of radiation-induced disease, especially as produced by internally deposited radionuclides

that enter the body via inhalation. The studies reported in this section range from the biochemical

level, i.e. connective tissue and lipids in the lung to the chromosomal level to the system level,

i.e. studies of pulmonary function. Of special note are several papers in the section reporting the

results of studies with internally deposited plutonium. The first paper relates the very low fre-

quency of chromosome aberrations in the blood lymphocytes of Chinese hamsters and Rhesus monkeys

following inhalation of very large quantitites of 238pu02, a finding which suggests caution in at-
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tributing chromosome aberrations observed in plutonium workers to low level plutonium burdens. A

second paper addresses the current raging controversy over the "hot particle" by reporting the pat-

terns of chromosome injury that occur following uniform versus non-uniform alpha irradiation in the

liver. A second research area described in this section relates to lymphocyte destruction and func-

tional impairment produced by varying radiation dose patterns associated with inhaled, relatively

insoluble beta-emitting radionuclides. The results raise the question of the importance of local

immunosuppression to the development of late-occurring neoplasms. Finally, a number of papers de-

tail the basic biochemical reactions related to pulmonary lipid and connective tissue metabolism,

both in normal and chronically irradiated pulmonary tissue.

Section V reports research directed toward development of effective therapeutic procedures for

treating individuals accidentally exposed to radioactive aerosols. All 5 papers in this section

address the use of bronchopulmonary lavage for removing inhaled particles from the lung. The first

paper summarizes an experiment in which the effectiveness of bronchopulmonary lavage and DTPA treat-
ment for removing inhaled 239pu of varied solubility was evaluated. The results indicate the effec-

tiveness of lavage for removing plutonium particles prepared at several temperatures and the useful-

ness of DTPA for aerosols generated at low temperatures. Of special note was the indication of the

usefulness of in vitro solubility data for guiding the selection of the regime. The last paper in

this section describes a method of lung lavage using a single lumen endotracheal tube. Based on

experimental data developed at ITRI, this method has been recently used successfully at another in-

stitute in treating alveolar proteinosis in a young child.

Section VI of the report, Respiratory Tract Deposition Models, involves research being conducted

for and supported by the National Institute of Environmental Health Sciences (NIEHS) under an inter-

agency agreement between the NIEHS and the U. S. Atomic Energy Commission. The first paper in this

section provides valuable information on the anatomy of the respiratory airways of several animal

species including man. This information has provided a basis for developing mathematical models to

describe the deposition of particles in the respiratory tract. These studies should )rovide an im-

proved basis for the extrapolation of experimental animal results to man.

Section VII reports on repeated inhalation exposure studies, an area of increasing experimental

activity within the Institute. This research is considered to be of particular importance, recog-

nizing that current radiation standards are by and large based on the results of studies with single,

acute inhalation exposures and represent mathematical extrapolations to the repeated or chronic ex-

posure situation. Thus, it is important to evaluate the correctness of the assumptions inherent in

this extrapolation. In addition, it is important to recognize that there are exposure situations

assocated with both normal nuclear facility operations as well as accidents that can give rise to

repeated exposures and thus it is of importance to determine the biological effects that may be as-

sociated with such exposures.

Section VIII on aerosolized consumer products contains a single paper relating to this new area

of activities for the Institute. This research with aerosolized consumer products is particularly

needed in view of the very large quantities of aerosolized consumer products being used today and

numerous uncertainties concerning their potential health hazard. It is jointly supported by the

Food and Drug Administration and the Consumer Product Safety Commission under an interagency agree-

ment with the U. S. Atomic Energy Commission.

Section IX contains two papers which describe activities of vital importance to many of the re-

search projects of the Institute. The first of these describes a computer system currently being

implemented to meet the needs of the Institute and the second provides an evaluation of the Insti-

tute’s Beagle dog closed colony; a colony which provides all of the dogs used within the research

program.

°°°
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Although not specifically detailed in the report, it is worthwhile to point out certain educa-

tional features of the Institute. During the past year, 34 individuals participated in the research

effort as Graduate Fellows or Student Participants under the auspices of the Associated Western Uni-

versities, Inc. or as short-term employees. Included were students in the basic biological and

physical sciences as well as individuals enrolled in dental, medical or veterinary medical schools

from a total of 16 different institutions. The objectives of this effort were multifold; first, an

attempt was made to have the student work closely with a doctoral-level staff member se that the

student could gain a first-hand impression of science and assess his or her interest in pursuing a

career in science; second, the students provided valuable assistance in conducting the research pro-

gram of the Institute; and third, as is frequently the case, the presence of students served as a

stimulus to the permanent staff, by continually questioning the "why" and "how" of the research un-

der way.

Because of the multidisciplinary and long-term nature of the effort, the research reported here

is the product of the entire staff. Nonetheless, it is desirable to provide the outside reader with

an indication of the principal investigators associated with particular aspects of the research pro-

gram in the event the reader should desire to contact an investigator for additional information.

This has been done by listing the principal investigators associated with each effort. It should

be emphasized that these listings are rarely comprehensive in acknowledging all the individuals wha

have made important contributions to the research. In the unnamed category are the many highly

skilled technicians, animal caretakers, maintenance, shop, administration and secretarial personnel

whose efforts are essential to the continuation of a productive and meaningful research program. A

roster of the staff is shown in Appendix E.

An aerial view (above) of the Inhalation Toxicology Research Institute located 10 miles south 
Albuquerque, New Mexico on Kirtland Air Force Base East. The facility, operated by the Lovelace
Foundation for Medical Education and Research for the Division of Biomedical and Environmental Re-
search, U. S. Atomic Energy Commission, was constructed in several increments starting in June 1962.
The facility now consists of (1) a central laboratory and office building which includes a specially
designed and equipped inhalation exposure complex for research with beta-gamma emitting radionu-
clides, (2) a veterinary hospital and facilities for detailed clinical observations on experimental
dogs, (3) a canine metabolism building, (4) a small animal barrier-type building, (5) 12 
buildings, 9 capable of housing i00 dogs each and 3 of housing 120 dogs, (6) exposure facilities for
research with alpha-emitting radionuclides, (7) purchasing, food preparation and storage building,
(8) aerosolized consumer products laboratories, and (9) sewage lagoons.
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SECTION I

NATURE OF RADIOACTIVE AEROSOLS

PRODUCTION OF MONODISPERSE RESPIRABLE AEROSOLS OF 241Am02. AND EVALUATIONOF

IN :VtTBC DISSOLUTION

ABSTRACT

A method is described for the production of monodisperse
PRINCIPAL INVESTIGATORS

(~g < 1.2) particles of 241Am02 for use in inhalation
experiments with dogs and rodents. The effects of physical H.A. Boyd

O. G. Raabe
and chemical factors on the production of polydisperse P.K. Peterson

241Am02 ~aerosols of were studied and evaluated. _he best

aerosol was achieved when a suspension of americium hydroxide with 2.5 mg Am~ml at pH = 7.3 was

aerosolized and passed through two heating col~ns in succession, the first at 300°C and the second

at I050°C. The particles were roughly spherical and had densities near 8 9nl/cm3; the aerosol AMAD

and ~ were about 1.5 ~m and 1.7, respectively. Monodisperse particles were separated and collected
g

with the Lovelace Aerosol Particle Separator (LAPS) and subsequently suspended in deionized water

with pH adjusted to 10.2 with NH3 for nebulization to produce monodisperse aerosols for inhalation

exposures. Particles collected on filters during inhalation experiments were used for evaluation

of in vitro dissolution rates with two systems anxi various forms of a lung fluid simulant. The

important role of phosphate ions in such dissolution systems was demonstrated, suggesting the

potential for the equally important role of free phosphate in retarding dissolution of AmO2 particles

in the lung.

INTRODUCTION

With the increased availability and usage of americium and its compounds, the potential in-

creases for accidents involving inhalation exposure by humans, especially of the common insoluble

form, americium dioxide. Information available concerning the biological fate of inhaled americium

dioxide is limited. Thomas et al I showed that the behavior of inhaled 241Am02 may vary markedly

from the behavior of inhaled PuO2, emphasizing the pitfalls of assuming that various actinide com-
pounds are similar in chemical behavior and demonstrating a need for further investigation.

The purpose of this study was to develop the chemical and physical procedures for the prepara-

tion of both polydisperse and monodisperse aerosols of 241Am02 in the respirable size range for in-
halation studies with experimental animals. Part of this research was an evaluation of the physical

properties of these aerosol particles such as density and shape and the chemic~l oroperties such as

dissolution rate in in vitro systems which might aid in predicting or explaining the dissolution

behavior in the respiratory tract after inhalation deposition.

MATERIALS AND METHODS

Chemical Preparations

Suspensions to be used for polydisperse aerosol production were prepared as shown by the flow

241Am02, obtained from ORNL, was dissolved in concentrated hydrochloric acid.sheet in Figure 1.

The solution was diluted to an acid concentration of approximately 2M and filtered to provide the

basic stock solution. Aliquots of the stock solution were withdrawn as needed, filtered and



converted to the hydroxide by addition of 3M NH4OH.
The precipitate was washed repeatedly with water,

added to dilute HNO3 and suspended by vigorous
stirring. Various acid concentrations were studied

to determine the combination which provided AmO2
particles of satisfactory shape and density.

Aerosol Generation and Particle Separation
I

The basic principles used for the generation I

of polydisperse aerosols with separation and

collection of particles in monodisperse fractions l

Jand the details of the hardware employed in these
2

studies have been reported.

Primary polydisperse aerosols of 241AmO2 were I

produced using methods similar to those described
by Raabe et al 4 but with specially developed

chemical procedures for americium. A suspension

containing 241Am was nebulized with a Lovelace

nebulizer and the resultant droplets were passed

in succession through two quartz heating columns

maintained at 300 and 1050°C. This heat treatment

converted the droplets to roughly spherical oxide

particles of nearly uniform density. The genera-

tor suspension concentration (2.5 mg 241Am/ml) was

selected to yield a particle distribution covering

the range 0.5 ~m to 3 ~m in aerodynamic diameters

(AD). Polydisperse aerosols were separated aero-

dynamically and collected upon a stainless steel

foil with a previously calibrated Lovelace Aerosol

Particle Separator. 4 After collection the foil

was cut into 23 segments to provide different size

groups of monodisperse particles with coefficient

of variation less than I0%.

241Am02

241Am+3 -12M HCI °

241Am+3 -2M HCI

241Am Stock Soln

241Am(OH)3-NH4CI 

Filter241Am(OH)3 NH4C1 I

I
x~ wash ppt. with H20

241Am(OH)3 

241Am(OH)n (N03)3_n

2.5 mg 241Am/ml

12 M HCl

- H20

7,1<pH<7.5

NH40H

= Discard

Figure 1. Block diagram showing basic
sequence of chemical procedures used to
prepare aqueous mixtures of 241Am for
nebulization to generate 241Am02 aerosols.

0.01M HNO3

Production of Monodisperse Particles for Inhalation Experiments

Long LAPS separation times were required to yield quantities of monodisperse aerosols suffi-

cient for inhalation exposure experiments, Each segment of the LAPS foil was analyzed by y-counting

and stored in a plastic centrifuge tube. Particles were resuspended by ultrasonic agitation in

distilled water containing a small amount of a particle stabilizing agent. Each suspension for

nebulization was prepared so as not to exceed the maximum number concentration (MNC) of particles
which will yield 95% single monodisperse particles during nebulization. 2 For ease of analysis, the

maximum number concentration (3.8 x 108 particles/ml for the Lovelace nebulizer) has been expressed

in units of mCi/ml. The final suspension of monodisperse particles was transferred to a Lovelace

nebulizer which was operated in a small ultrasonic agitator containing an ice water bath. The out-

put of the nebulizer was passed through a 85Kr discharger, through a 400°C heating column and to an

exposure chamber where diluting air (20-30 I/min) was added. Filter and cascade impactor samples

were collected from the chamber during exposures for subsequent aerosol characterization.



Solubility Rate Determinations

Particle solubility rates were investigated using two basic systems, a parallel flow system
5and a static system similar to those described by Kanapilly et al. Both systems involved placing

a filter sample between two 47 mm diameter, 100 mum pore-size, membrane filters in a plastic or

lucite filter holder. In some experiments, a 47 mm diameter 10 mum pore-size membrane filter

sandwich was used for comparison. The parallel flow filter holder allowed a continuous flow of

solvent to pass through the filter holder and across the face of the sandwich. In the static

system, the filter bolder with sample was submerged in 200 ml of solvent contained in a 450 ml

plastic vessel; each vessel was sealed with Parafilm, capped and allowed to stand in a water bath

at 37~C. Activity in the solvent was determined by y-counting of the 60 key emission using a

NaI(Tl) crystal. Assay of solvents derived from the parallel flow studies was usually by analysis

for m-activity by liquid scintillation counting of aliquots.

The standard solvent (S.S.) used in these studies was made using a serum simulant recipe
described by Kanapilly et al 6 to simulate the chemical constituents of lung fluid. Experiments

were also conducted with solvent modifications (such as variations in phosphate or citrate concen-

trations). The normal concentration of phosphate and citrate in the standard solvent were 1.2 mM/l

and 0.2 mM/l, respectively. The pH stability of the solvent system in the parallel flow system was

7.3 ± 0.1 and was maintained by a 5% C02-N2 atmosphere. The pH of the solvent in the static system
was checked by blank samples of solvent collected daily. The average and standard deviation for 30

consecutive 24 hour blanks was 7.5 + 0.14.

RESULTS AND DISCUSSION

Generation of Polydisperse Aerosols of 241Am

Results of tests of the various chemical preparations and thermal degradation temperatures are

summarized in Tables I and 2. Table I shows that the density of particles was increased when the

Table i

Influence of Thermal Treatment on Particle Density

Low High
Temperature Temperature

Column Column AMAD
cg

P*
°C °C :jm g/cm3

90 -- 1.47 1.68 3.1 ± 0.7

300 -- 1.61 1.71 3.9 + 0.4

300 650 I. 49 1.73 5.7 + 0.4

300 1050 1.61 1.59 6.8 ± 0.2

Average density value for particles deposited 8,
15, 30 and 40 cm on a LAPS foil for an americium
hydroxide suspension prepared at an original pH
of 6.6 (see Table 2).

Table 2

Influence of pH of Generator Preparation on Particle Density

gm cm-3

LAPS Deposition Site
pH Range 8 cm 15 cm 30 cm 40 cm Mean

7.1 <pH <7.5 6.8 + 1.4 8.0 ± 0.9 8.0 + 0.8 7.6 ± 0.7 7.6 + 0.6

pH <7.0 3.9 ± 1.6 5.4 -+ 1.7 7.1 ± 1.0 6.2 -+ 0.8 5.7 ± 1.4



degradation temperature was raised from 90% to 1050°c. Empirical selection of the two-stage heat

treatment of 300 and I050°C was made based on evaluation of the physical appearance, density and

degree of monodispersity of particles with respect to geometric size. Variation of the pH of the

generator solution using the standard 300/1050°C heat treatment affects particle density as shown

by Table 2. The density of particles greater than 1.5 um AD was significantly lower when the pH of

the generator solution was less than 7.0. Generator suspensions of pH > 7.5 were found to be

unsuitable because of suspension instability and poor particle quality (rough physical appearance).

Based upon these results, a procedure was developed to provide a suitable suspension with pH

about 7.3 for generation of the 241Am02 primary polydisperse aerosol. The moist americium hydroxide

precipitate which was formed with NH40H and washed was added to a 0.01M HNO3 solution on a one-to-
one millimolar basis and suspended by stirring. The resulting mixture contained about 2.5 mg of
241Am per ml and had a pH of 7.3 ± 0.2. Resulting polydisperse aerosol distributions had activity

median aerodynamic diameters (AMAD) of about 1.5 ~m and geometric standard deviations (Og) about 

Particle Separation

grams of 241Am, polydisperse aerosols of 241Am02 were separated ontoStarting with about 1.5

two LAPS foils, each representing about 30 hours of separation time. The results summarized in

Table 3 show the activity collected for each foil, the Mass Median Diameter (MMD), the Activity

Median Aerodynamic Diameter (AMAD) and the maximum number concentration for monodisperse suspensions

for particles on each LAPS segment. Several samples of monodisperse particles were analyzed by X-

ray diffraction. Results indicated only the dioxide with a lattice parameter of about 5.38 A was

present; there was no evidence of AmO, Am203 or Am407. (Kindly performed by Dr. R.N.R. Mulford and

associates, CMB-5, Los Alamos Scientific Laboratory, Los Alamos, New Mexico.)

Monodisperse Aerosol Generation

Using both Beagle dog and rodent inhalation exposure systems, monodisperse aerosols have been

generated with the 241Am02 particles for deposition and retention studies. Cascade impactor samples

indicated geometric standard deviations less than 1.2 for the activity distributions of partic]es

ranging in size from 0.75 to 3 ~m AD. The preparation of stable aqueous suspensions of monodisperse

particles is important in generating monodisperse aerosols by nebulization. Various agents, usually

organic surfactants, have been used in the past as particle stabilizers. In general, the use of

these materials is undesirable because additional thermal treatment which may affect the particles

is necessary to degrade the surfactant, and a background aerosol is produced by the droplets with

surfactant which do not contain the monodisperse particles. A new approach was developed for 241Am02

particles; particles were suspended in 0.001M NH40H (pH about I0). Because of the volatility

of NH3, no additiona] heat treatment is necessary when generating aerosols with these suspensions.

In Vitro Dissolution Studies

To evaluate the potential dissolution mechanism for monodisperse and polydisperse 241Am02

particles as might be observed in the lung after inhalation deposition, in ~C~o studies were

Samples of the polydisperse aerosol of 241Am02 treated at 300/I050°C were run in theconducted.

parallel flow system using the standard solvent. Results indicated the material to be relatively

insoluble with a dissolution rate of less than 10-4 fraction per day. These results conflicted

with data available from two inhalation experiments with Beagle dogs showing the total activity in

the liver, skeleton and urine to be 36% and 20% of the initial lung burden, respectively, for the

two dogs, only 16 days after exposure. A preliminary set of experiments was conducted to measure

241Am02 aerosol samples in the static system with (I) normal saline, (2) standard solvent minus

phosphate and (3) 0.2 mM citrate in a pH 7.3 tris buffer solution. For the normal saline and

citrate solvents, the dissolution rate was less than 10-4/day but the solubility rate in the serum

simulant containing no phosphate was more than an order of magnitude greater.



Table 3

Summary of Measured and Calculated Values of the
Characteristics of Monodisperse Particles of 241Am02

Produced in This Study. Values are Given for the Middle
of the LAPS Foil Segment at the Centerline of the Foil.

A Degree of Monodispersity with Geometric Standard
Deviation (~g) = i.I and a Particle Density (p) of 7.6
g/cm3 are Assumed. Barometric Pressure is 62 cm Hg and
Temperature is 25°C. The Maximum Number Concentration

(MNC) of 3.5 x 108 Particles per Milliliter for the
Lovelace Nebulizer has been Expressed as mCi/ml.

Aerodynamic Diameters are Given Using the Lovelace
Definition. 2 CMAD and AMAD are the Count Median and

Activity Median Aerodynamic Diameters, Respectively, and
MMD is the Mass Median Geometric Diameter.

Segment CMAD MMD AMAD MNC Foil #1 Foil #2
Number (~m) (~m) (~m) mCi/ml (mCi)

1 4.28 1.49 4.39 14 0.10 0.19

2 3.88 1.35 3.98 10 0.23 0.37

3 3.55 1.22 3.64 7.5 0.40 0.65

4 3.28 1.12 3.37 5.8 0.70 1.00

5 3.00 1.02 3.08 4.3 1.07 1.67

6 2.70 0.91 2.77 3.0 1.59 2.32

7 2.46 0.82 2.52 2.2 1.96 2.09

8 2.27 0.75 2.33 1.7 2.31 2.58

9 2.05 0.67 2.10 1.2 3.05 2.62

I0 1.85 0.59 1.90 0.85 2.57 2.43

11 1.66 0.52 1.70 0.58 2.86 2.58

12 1.50 0.46 1.53 0.40 2.01 1.83

13 1.39 0.42 1.42 0.31 1.79 1.45

14 1.30 0.39 1.33 0.24 1.52 1.32

15 1.22 0.36 1.25 0.19 1.26 1.15

16 1.13 0.33 1.16 0.14 1.65 1.47

17 1.02 0.29 1.04 0.095 1.43 1.25

18 0.92 0.25 0.93 0.061 1.31 1.14

19 0.82 0.21 0.84 0.039 0.92 0.81

20 0.75 0.19 0.76 0.026 0.75 0.68

21 0.68 0.16 0.69 0.017 0.58 0.53

22 0.62 0.14 0.63 0.011 0.48 0.43

A series of experiments was carried out with the static system to obtain more information

relative to the role of phosphate in limiting the solubility of AmO2 in the lung fluid simulant.
Figure 2 shows the solubility rate data for a sample of a 1.7 um AD monodisperse aerosol collected

during an exposure experiment. The data were obtained with the static system using standard solvent

with (a) 0.2 mM DTPA added, (b) with 1.2 -4M phosphate and ( c) w itho ut phosp hate. Numer ous

other samples have been studied and repeatedly the dissolution rate proved to be inversely related

to the total phosphate concentration in the standard solvent.
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Figure 2. Summary of in vitro (static system) cumulative dissolution data for sam-
ples of a monodisperse aerosol of 241AmO2 (1.7 vm aerodynamic diameter) collected
during inhalation experiments showing the results with the standard solvent (S.S.)
both with and without phosphate and with added 0.2 mM DTPA per liter.

SUMMARY

For the purpose of comparison, solubility rate constants, k{gm cm2d-1) have been calculated

241Am02. These values together with k values for other actinide oxides, if known or if suffi-for

cient data are available to permit estimates, are compiled in Table 4. In calculating an estimate

of k from in vivo data, the aerosol particles were assumed to be spheres of 0.7 times the theoreti-

cal density. Furthermore, the fraction of the initial lung burden found in the skeleton, liver and

accumulated in the urine at 16 days post-exposure was used as a measure of the soluble fraction.
Then by assuming a rate law dm/dt = -ks and using the methods of Mercer9, a value for k was calcu-

241Am02 determined in vitro using the parallel flow system and standardlated. The k value for
solvent was in poor agreement with the value obtained from in vivo data. The best agreement is

between the in vivo 241Am02 data and the in vitro data obtained in the static system using the

standard solvent without P043-.

Methods have been developed and implemented for the preparation of both polydisperse and mono-
~1

disperse respirable aerosols of-~ AmO2 for use in inhalation and other experiments. The chemical

form has been verified by X-ray cystallography and these AmO2 particles have been determined to
average about 8 gm/cm3 based upon the aerodynamic properties of the aerosol particles.

In studies of the in vitro dissolution of the 241Am02particles using as a basis a standard
recipe for a lung fluid simulant, the important role of free phosphate in inhibiting dissolution

was identified. Also the addition of complexing agents such as citrate or DTPA to the solvent in-

creased dissolution showing the competition of complexing agents with phosphate in the dissolution

process.



Table 4

Solubility Rate Constants for Selected Actinide Oxides

Aerosol
Parameters

Oxide AD or AMAD k

Heat/Treat um ~9 9 cm-2day-1 System Reference

241AmO2 1.5 1.6 1.4 x 10-6 Beagle Dog This work

I050°C 1.5 <I.2 8.2 x 10-7 Beagle Dog This work

Variable <1.2 1.9 x 10-10 Parallel Flow This work
Serum Simulant

Variable <1.2 1.2 x 10-8 Parallel Flow This work
w/o PO43-

Variable <1.2 5 x 10-7 Static This work
w/o PO43-

241AmO 0.9 =1.5 2.3 x 10-6 Beagle Dog Thomas et al1
600oc 2

244Cm0 0.5 1.6 1.1 x 10-6 Beagle Dog McClellan, et al7

(~500)x

238pu0 Variable <1.2 1.2 x 10-8 Parallel Flow Raabe, et al8
(1150)2 Serum Simulant

239pu0 Variable <1.2 6.5 x 10-11 Parallel Flow Raabe, et al8
(1150)2 Serum Simulant
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PREPARATION OF MONODISPERSE GALLIUM-67 LABELED ALUMINOSILICATE AEROSOLS FOR

DEPOSITION AND EARLY PARTICLE CLEARANCE STUDIES IN LABORATORY ANIMALS AND MAN

ABSTRACT

A system has been designed, constructed, tested and used to

produce monodisperse (qg < 1.2) submicrometer particles 

67Ga-labeled aluminosilicate spheres for inhalation deposi-

tion studies in man and ex?erimental animals and other

experiments where short-lived, radioactive, monodisperse

aerosols are useful. Aerosol generation and particle
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with V = volume of each sphere

p = density of the aluminosilicate = 2.3 gm/cm3

mass/ml = V x p x 3.5 x 108 particles/ml

~D3 x 2.3 x 3.5 x 108
6

= 4.215 x 10-4 gm/ml

separation equipment for preparing the monodisperse particles is housed in a system of five stainless

steel glove boxes. The primary polydisperse aerosol of 67Ga-labeled clay particles is passed via a

quartz tube through a high temperature furnace ~1200°C) where the clay is converted into insoluble

aluminosilicate spheres entrapping the 67Ga in the particles. Two Lovelace Aerosol Particle Separators

are used to separate the polydisperse aerosol into monodisperse fractions and collect them onto

stainless steel foils. Monodisperse particles are then suspended in water and nebulized to provide

monodisperse aerosols in the respirable size range between O. 6 Cm and 3.5 pm aerodynamic diameter.

INTRODUCTION

Data from inhalation deposition and particle clearance studies in laboratory animals are used

to evaluate the inhalation toxicity of a variety of potentially toxic aerosols to which man could

be exposed. Since the extrapolation of experimental animal data to man is not precise, a useful com-

parison is made in studies of the same aerosol in laboratory animals and man. Ideally, an aerosol

for human deposition studies should be: monodisperse, insoluble, easily detected, of low toxicity

and reproducible in the size ranges of major interest. To this end, we have developed a system for
generating monodisperse, insoluble aerosols of aluminosilicate spheres labeled with 67Ga. These

aluminosilicate particles have biological retention halftimes in the lung on the order of one year

or more attesting to their insolubility in body fluids. Gallium-67 decays with a 78.1 hr. half-
life by electron capture to stable 67Zn and has no particulate emissions (excepting Auger electrons).

Gallium-67 decay is accompanied by emission of three major gamma photon groups at 92, 182 and 300

keV with 69, 24 and 22~ yields respectively. These gamma photons have an average energy of 150.5

keV and could deposit a maximum dose to a 1000-gm human lung of 36 mrad/pCi. Gallium-67 is made by
a 68Zn(p,2n)67Ga reaction in an accelerator.

Consider the mass and activity concentration of 67Ga-labeled aluminosilicate spheres of 1 pm

geometric diameter with a specific activity of 0.5 Ci/gm clay and a maximum number concentration

of 3.5 x 108 particles/ ml in an aqueous suspension. The maximum number concentration (MNC) 

the maximum concentration in the nebulizer suspension (usually expressed in activity or mass per unit
volume) that will yield 95% singlets using a Lovelace nebulizer.1’2



Activity/ml = massml x activity mass = 4.215 x 10-4 gm/ml x 0.5 Ci/gm

= 2.107 x lO-4Ci/ml

Using the above calculations, mass and/or activity concentrations for any particle size of

interest can be obtained by multiplying the results by the cube of the diameter in micrometer units.

Table 1 lists parameters of interest for various particle sizes for both dog and human exposures.

Table 1

67Ga-Labeled, Monodisperse Aluminosilicate Spheres for
Inhalation Studies With Dogs and Humans

Expected
Generator Pulmonary

Concentration 8 Geometric Deposition
~Ci/ml at 3.5 x 10 Aerodynamic (Real) in a Dog

Particle/ml Diameter a (um) Diameter (um) ~Ci/min

1400 3.00 1.88 2.5

383 2.00 1.22 0.67

211 1.66 1.00 0.37

18 0.80 0.44 0.03

6 0.60 0.31 0.01

Expected
Pulmonary

Deposition
in a Human
~Ci/min

5.3

1.4

0.79

0.07

0.02

6Lovelace Aerodynamic (Equivalent) Diameter as discussed by Raabe, et al.

METHODS AND RESULTS

Preparation of Gallium-67

Using procedures developed at this institute, montmorillonite clay was prepared as described by
McKnight and Norgon.3 Basically, the procedure consists of treating a raw clay sample with concen-

trated H202 until no reaction occurs, decanting the finely divided clay suspension, "packing" the
exchange sites with sodium, dialysis with running water to remove the excess sodium, allowing the

cation of interest to exchange with the sodium ions, filtering and washing the labeled clay. The
67Ga-labeled clay suspension is then aerosolized and heat treated to fuse the clay particles as

described by Raabe, et al. 4 Preliminary tests using I0 mci 67GAC13 (Amersham Searle, Chicago,
Illinois) yielded a 3% activity exchange into 200 mg clay. Since the exchange capacity of the clay

is 1.3 mEq/gm, 200 mg of clay should have a capacity of 5.81 mg of 67Ga. The specific activity

was listed as 104 Ci/gm Ga(Ill) therefore other cations competing for the clay exchange sites were

assumed to be present indicating the necessity for separating 67Ga(Ill) from the zinc target material

and other possible impurities.

Gallium-67 was extracted from 6 M HCI solution into isopropyl ether as the chlorocomplex

H+GaCI~ as described by Morris and Freisser. 5 Under these conditions, Zn(II) was not extracted.

The 67Ga from the organic phase was stripped by shaking with 0.04 M HNO3. Gallium-67 thusly obtained

was carrier free and was used directly for exchange into clay.

Since the production of usable quantities of 67Ga-clay monodisperse particles would require

handling 100 mCi to 200 mCi of 67Ga, the system of solvent extraction and clay exchange was modified

to permit manipulator cell operations. Figure i is a schematic diagram of the procedures. The
entire production procedure was tested using 10 mCi 67Ga plus 0.5 mg carrier (Ga(III))to simulate 

100 mCi to 200 mci production run. The following list indicates the relative losses in the solvent

extraction and clay exchange process:



Aqueous phase after organic solvent extraction = 0.6%

Organic phase after back extraction into HNO3 = 0.2%
Filtrate after cation exchange and filtration = 16.7%

Amount exchanged into clay = 82.6%
The total slightly exceeds 100% due to counting statistics.

Organic Phase Sample

t
67GAC13 in 6 M HCI

-~ i0 ml
in Screw Top Vial

Aqueous Phase Sample

t

Add 10 ml
Isopropyl Ether
Shake 5.0 min.

Pour into 25 cc
__ Separatory Funnel

Allow Phases
to Separate

Aerosol Production ,

Organic Phase Sample

Aqueous Phase Sample H

~ Organic Phase

Aqueous Phase

Aqueous Phase ~ P°ur int° 25 co ~ Organic Phase Int° ~Separatory Funnel Screw Top Vial +(contains 67Ga) Allow Phases 10 ml 0.04 M HNO3Exchange Into Clay
To Separate Shake 5 min.

Figure 1. Flow chart of 67Ga solvent extraction and clay exchange

Generation of Aerosol

After preparation of the labeled clay, the clay suspension is placed in a Lovelace nebulizer

in an aerosol production system housed in a series of five connected stainless steel glove boxes

described by Raabe, et al. 6 The first glove box in the assembly line houses the generator and a

low temperature (-350°C) heating column used to enhance drying of the aerosol droplets. The second

box contains a high temperature tube furnace (1200°C) to fuse the clay aerosol into spherical

aluminosilicate particles entrapping the 67Ga. The third glove box contains the sampling chamber

from which the LAPS samples are drawn and other samples as needed. Routine samples taken include

point-to-plane electrostatic precipitator samples for electron microscopy, cascade impactor samples

for aerodynamic size determination and a continuous filter sample for activity concentration assays.

A lead-shielded, concentric electrostatic precipitator collects all particles net sampled. The

fourth glove box houses two LAPS units that sample the resultant polydisperse aerosol and collect
particles on stainless steel foils according to their aerodynamic parameters. 7 The fifth box is

used for cutting the collection foils into segments and preparing the segments for individual storage.

Monodisperse Aerosol Generation

Generator suspensions to produce monodisperse aerosols are prepared by suspending a monodisperse

fraction of the aerosol collected on a foil segment in 0.01M NH40H using ultrasonic agitation. The
aerosol is passed through a 85Kr deionizer heated to 70°C to reduce the charge on the particles and



to enhance drying of the droplets. The dry aerosol

is then mixed with clean, dry, diluting air and

passed into an exposure apparatus.

Preliminary tests indicate that 100 to 200
mCi 67Ga can be exchanged into 40 mg of clay. The

clay suspension could be aerosolized in I to 4

hours and the subsequent resuspension would

require approximately 2 hours. Total production

of the monodisperse particles would require 6 to

12 hours. Figure 2 is an electron micrograph of

monodisperse aluminosilicate particles labeled
with 67Ga. The geometric standard deviation of

these particles ranged from 1.02 to 1.10.

CONCLUSION

The production of monodisperse 67Ga labeled

aerosols of aluminosilicate spheres has been

described. The particle size ranges to which

human inhalation deposition experiments could be
done are 3.0 pm to 0.60 ~m aerodynamic (equivalent)

diameter. The maximum time required to achieve a

0.5 ~Ci ILB is 25 to 50 min for the smallest

particle size.

Figure 2. Electronmicrograph of monodisperse
67Ga clay particles on a diffraction grating
replica (0.833 um ruling).
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ELECTROSTATIC CHARGE DISTRIBUTION OF 198Au-LABELED MONODISPERSE GOLD AEROSOLS

ABSTRACT

Knowledge of the electrostatic properties of an aerosol may

be essential in assessing its potential inhalation hazard.

In inhalation studies with radioactive aerosols, the aerosol

charge status may chxnge in the course of transport due to

the emission of alpha, beta or gamma radiations. E~ectro-

static properties of an aerosol may also affect the perfor-
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mance of aerosol sampling devices and lead to false interpretation of the aerosol characteristics.

This paper describes a study of the self-c~mz%Jing of i98Au-labeled aerosol of monodisperse gold

spheres due to the beta particles emitted by the label. A miniature aerosol charge and electrical

mobility spectrometer was used. Some preliminary results are presented indicating that specific

activity of the aerosol can affect the charge distribution.

INTRODUCTION

Important properties of aerosols which may affect the performance of sampling devices or deter-
mine particle deposition in the respiratory tract during inhalation are the electrostatic charge and

the electrical mobility distributions for the aerosol particles. These properties are of special

interest for radioactive aerosols used in inhalation experiments because the aerosol charge status

may change during transport due to radioactive emissions. In laboratory experiments involving aer-

osols, it is often desirable to use an aerosol neutralizer to bring the electrostatic charge distri-

bution associated with particles closer to Boltzmann equilibrium, so that charge effects can be

minimized. It has been generally assumed that after Boltzmann equilibrium has been obtained, the

charge distribution of aerosol particles will not change without use of a charging device, even for

radioactive aerosols. The argument has been that the charge gained by either alpha or beta emissions

and the ejection of valence electrons from atoms due to these emissions will be compensated by

neutralization from ion pairs produced from these radiation emissions. This paper describes a study
of the charge distribution of 198Au-labeled aerosols after neutralization.

APPARATUS AND EXPERIMENTS

A miniature aerosol charge spectrometer described by Yeh et al (1972-1973 Annual Report, LF-46,

pp. 16-20) was used in this study. Previous calibrations have shown good agreement with theoretical

expectations. The theoretical expression for calculating the electrical mobility or number of

elementary charges associated with particles can be written as

(1)Zp =

where
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n =
P
e =
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~=

r =
k
u
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electrical mobility of the particle (cm2/volt-sec)

number of elementary charges on the particle
electron charge (4.8 x I0 -I0 e.s.u.)

Cunningham slip correction (dimensionless)

fluid viscosity (poise)

particle radius (cm)

mean flow velocity inside the spectrometer chamber (cm/sec)

half the interplate distance (cm)

particle deposition distance from the nozzle (cm)

potential difference between the plates (statvolt)



Therefore, with monodisperse aerosols of known rp and experimentally measured xo, one can estimate
the number of charges associated with these particles from equation (i). The quantitative deposi-

tion of 198Au-labeled gold particles at various distances, xo, from the nozzle were determined by
cutting the aluminum collection foils on the plates into predetermined segments and beta particle

counting with a proportional counter.

The 198Au-labeled monodisperse aerosol particles were prepared as previously described (1972-

1973 Annual Report, LF-46, pp. 31-36). The aerosol was produced by nebulization of a suspension of

monodisperse particles, passed through a heating column (40°C), diluted with dry clean air and drawn

through an aerosol chamber. The aerosol sample was then drawn from the aerosol chamber through an
aerosol neutralizer containing 2 mCi of 85Kr and finally into the spectrometer. Liu and Whitby3 re-

ported that in order to bring charge distribution to Boltzmann equilibrium, the Nt product must be
on the order of 106 ion-sec per cc or larger, where N is the ion concentration, t is the residence

time in neutralizer. In our experiments with aerosol sampling rates of approximately I00 cc/min,
the Nt product is estimated on the order of 109 ion-sec per cc. Distributions close to Boltzmann

equilibrium were observed in our previous studies with test aerosols passed through this neutralizer.
RESULTS

Three experiments were conducted at intervals of 3 to 4 days to study the electrostatic charge
distribution on particles, after neutralization, in an aerosol of 198Au-labeled monodisperse gold
spheres of 0.53 ~m geometric diameter. Since 198Au has a half-life of about 2.7 days, the gold

aerosol particles had a specific activity reduced by a factor greater than two in each experiment

from the previous one. In each case, the particles were nebulized from the same aqueous suspension

of gold spheres with the same nebulizer under identical experimental conditions. Only the specific

activity of the aerosol particles was changed by physical decay. The disintegration rate per par-

ticle was calculated from the thermal neutron capture cross-section and neutron irradiation time,

using gas flow proportional beta counting.

The results are shown in Figure i as the observed frequency density distribution for the three

specific activities of 28.73, 13.13 and 4.74 disintegrations per minute per particle, respectively.

Also shown is the theoretical charge distribution based on Boltzmann’s law for the same particle

size. One observes that the charge distribution has been shifted and its range changed with dif-

ferent particle specific activities. The higher the specific activity of the aerosol particles, the

greater the observed displacement of the charge distribution toward increased numbers of postively

charged particles with means of + 10.6, + 4.8 and + 1.9 respectively, and the greater standard

deviations with values of 9.0, 6.5 and 3.7 respectively. The mean positive charges observed are

about proportional to the particle specific activity. One also notes that when activity decreases,

i I i i 198Alu i

~ Boltzmonn Equilibrium dp:0.529/=m

.74 DPM / Pgrticle

15.07 DPM/Porlicle.~

[ 5 bO 15 20 25 28o NUMBER OF CHARGES,np

Figure I. Particle charge
distribution of 198Au
labeled aerosols.
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the charge distribution approaches the Boltzmann equilibrium. The results clearly implicate the
beta decay process as the cause of particle charging.

DISCUSSION

Contrary to the intuitive belief that the charge distribution of any aerosol after neutraliza-
tion will stay close to Boltzmann equilibrium, the present results show that, for 198Au-labeled

monodisperse gold aerosols, the charge distribution has been shifted to a net positive charge which
is higher with higher specific activities. The beta emission of 198Au has a maximum energy of 0.96

Mev. Assuming that all energy is used in producing ion pairs in air and the specific ionization

with path length is roughly constant for the whole range, then it can be estimated that about 90 ion

pairs are produced per cm path length per beta emission. The average path length of a beta particle
in the 1.5 cm diameter, 40 cm long transport line, which connects the 85Kr neutralizer and the spec-

trometer, and in spectrometer is about 2.6 cm. With an aerosol sampling rate of 200 cc/min and

aerosol concentration of about 15/cc, the ion concentration in the transport line and spectrometer
is estimated on the order of 3.5 x I03/cc and 2 x I02/cc, respectively. The residence time of the

particle in the transport line is estimated to be 23 seconds and the residence time inside the spec-
trometer is about 1.2 seconds. Therefore, the Nt product is on the order of 8 x 104 ions per cc

sec and 2.4 x 102 ions per cc sec, respectively, which are far below the concentration reported by

Liu and Whitby I for effective charge neutralization. Hence, the self-discharge mechanism believed

by most investigators does not apply to this case, even assuming the maximum ion pair production.

On the other hand, the aerosol particle from which a beta is emitted may gain positive charges by

the loss of the beta itself and the ejection of valence electrons from atoms near the surface of

the particle as the beta particle is released. From the estimated residence time mentioned pre-

viously and Figure I, one may conclude that the majority of positive charges gained by the particle

is due to the loss of betas, while the ejection of valence electrons plays a minor role.

For nonradioactive monodisperse aerosols, the particles will deposit as a series of discrete

bands on the plates, because a particle cannot have a fraction of a charge. For radioactive aer-
osols, like 198Au-labeled monodisperse aerosols, the deposits will be continuous, as the data shown

because of the continuous changes of the charge status. Therefore, the number of charges associated

with these particles as shown in Figure I, is the average value in the time period between the

particle leaving the nozzle and depositing on the plates. In other words, Figure i shows the lower

limit of the charge distribution.

Rosinski et al 2 in their study of coagulation using 198Au-labeled aerosols, reported that the

coagulation constant of nonradioactive gold aerosols was found to be about five times larger than
that of slightly radioactive gold aerosols. The authors attribute the reduction of coagulation

constant of slightly radioactive gold aerosols to self-discharging. It is well known that the

coagulation constant of unipolar charged aerosols is much less than non-charged aerosols. There-

fore, the reduction of coagulation constant of slightly radioactive gold aerosols found in their

experiments may also be explained by the unipolar self-charging of the aerosols due to beta emis-

sion. Before final conclusion of self-charging due to radiation emissions can be made, more data

are needed and a series of studies have been planned for the coming year.
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ALVEOLAR MICROENVIRONMENT AND ITS RELATIONSHIP TO THE RETENTION AND TRANSPORT

INTO BLOOD OF AEROSOLS DEPOSITED IN THE ALVEOLI

ABSTR£CT

Pertinent infor~ation from the literature is critically reviewed
PRINCIPAL IfJVEST[GATOR

to obtain a corrlprehensive view of the nature of the alveolar
G. M. Kanapiily

microenviror~ent, with emphasis on the properties which may affect

the retention kinetics of inhaled m~terials in the alveoli. The

ultrastructure of the air-blood-barrier, its permeability characteristics and the nature of the

~lveolar fluid are exam.ined, indirect evaluation of the general solute concentrations, pH, precip-

itating and chelate forming agents of the alveolar fluid were made. Based on this information,

possible mechanisms for the retention kinetics in the lung of inhaled, water soluble trivalent ma-

terials are discussed.

INTRODUCTION

The retention and transfer of materials from the alveolar region may depend upon the ultra-

structure, permeability characteristics and the nature of aqueous environment of the alveolio The

initial interaction of an aerosol of water-soluble material may be affected by the site of deposi-

tion, the degree of instantaneous spreading or dispersion, and the chemical nature of the microen-
vironment. Transformation of ionic or molecular aerosol material into a secondary form, either sol-

uble or relatively insoluble, may greatly depend on the nature of the aqueous environment in the

alveoli. Therefore, pH, ionic strength and temperature of this aqueous environment as well as the

concentrations of precipitants and ligands are of considerable interest. This information, except

for the temperature, is not available.

The structural components of the alveoli, their permeability characteristics for small mole-

cules, ions or macroaggregates, and the dynamic aspects of fluid flow in the pulmonary region are

among physiological factors affecting not only the retention and transport of deposited materials

from the alveoli but also the nature of the aqueous environment in the alveoli. Therefore the avail-

able information on the ultrastructure of the air-blood-barrier, its permeability characteristics

and the dynamics of the alveolar fluid circulation is critically reviewed. Indirect information on

the general solute concentrations, pH and some other chemical constituents of the alveolar fluid is

discussed. Based on this information, possible mechanisms for the lung retention kinetics of in-

haled water-soluble trivalent cations are discussed.

A. Air-Blood Barrier

The air-blood barrier (ABB) is composed of an alveolar epithelium and a capillary endothe-
lium, separated by an interstitial framework of basement membranes and connective tissues. 1 The

alveolar epitherlium is composed of Type I and Type II cells. 1’2 Although Type II cells are more

numerous than Type I cells, 95% of the alveolar surface is made up of the flat Type I cells. 2 The

thickness of the ABB may vary from 0.2 to I0 ~m, with an arithmetic mean thickness of 1.3 pm and
harmonic mean thickness of 0.5 ~m.I The harmonic mean thickness is more closely related to the

overall diffusion path of the barrier. In addition to the above-described structures, there is an
acellular layer at the air alveolar interface. 3’4 This alveolar lining layer consists of a surfac-

tant film of about 0.01 pm thick and a hypophase of about 0.2 pm thick. Thus the overall diffusion

barrier at the air blood interface is no more than i um thick.



B. Permeability of the Air-Blood Barrier

Water exchanges across the ABB rapidly. 6 However, the net movement of water from pulmonary

capillaries into the alveolar lumen is small. When introduced into the lung, water is absorbed
rapidly from hypotonic solutions, very slowly from isotonic solutions, while hypertonic solution ab-
sorbs water into the lung from blood. 5’6 Small molecules and ions differ in permeabilities across

the ABB.7 Relative permeabilities across the ABB, in excised dog lung, for Na+, K+, glucose, urea,

dinitrophenol and D? were respectively I, 7.9, 0.43, 3.2 > 55 and > 55. 7 When injected into blood,
5 to 20% of Na+, K+~ I- and phosphate leave the pulmonary during a single circulation. 8 When solu-

tions are instilled into the lung, small ions such as Na+, rapidly pass through the ABB into the
6blood. Inhaled, soluble materials rapidly pass into blood from the alveoli; however, some polyval-

ent metallic compounds, generally soluble in water, are retained for extended periods, after inhala-
tion deposition, in the lung.9’10 The capillary endothelium is considered to be more permeable than

alveolar epithelium, due to differences in pore sizes in the two barriers. II’12 Alveolar epithelial
o

pore diameters are estimated to be about 12 to 20 A and that of the capillary endothelium to be

about i00 to 120 ~.12

Proteins are far less permeable than small molecules across the ABB.6 Intravenously in-

jected horseradish peroxidase (HRP), a protein with molecular weight of about 40,000, passes across

the capillary endothelium, but the alveolar epithelium is impermeable to it during an observation

period of I hr. 11 Horseradish peroxidase introduced into the lung is absorbed into blood through
13pinocytotic vesicles. Serum proteins introduced into the lung of dogs and guinea pigs pass across

the ABB intact with clearance half times of hours. 5’13 Cytochemical studies support the view that

the proteins pass across the ABB by pinocytotic vesicular transport.13

These data indicate that small molecules and ions cross the ABB comparatively rapidly and

larger molecules such as protein, at slower rates by pinocytosis. Permeability characteristics of

the ABB may, therefore, affect the chemical composition of the alveolar fluid and may be relevent

to the transport into blood of materials deposited in the alveolar lumen.

C. Nature of the Acellular Layer

Since the acellular layer, consisting of a surfactant film and a hypophase, is the first

contact between an inhaled aerosol and the alveoli, a detailed examination of the chemical composi-

tion and the dynamic nature of the acellular layer is useful for evaluating the general behavior

of inhaled radionuclides in the LRT. The surfactant layer is known to contain phospholipids and
neutral lipids. 3 Dipalmitoyl lecithin is the major phospholipid and cholesterol and its esters are

the major neutral lipids. 3 Although the presence of lung specific lipoprotein(s) in lung surfactant

material has been reported, this represents less than 20% by weight. 14 This amount of protein in

the lung surfactant will not be sufficient to combine all the phospholipids, unless each molecule of

protein can bind several hundreds of lipid molecules. The composition of the hypophase in the al-

veolar fluid is not well understood. The lung surfactant materials, mucopolysaccharides, lipopro-
teins and possibly serum proteins, such as albumin may be present in this hypophase. 3’14 No reliable

data on the solute concentration and some other properties of the hypophase are currently available.

D. Indirect Evaluation of the Composition of the Alveolar Fluid

Based on experimental results and theoretical considerations, further information on the

composition of the alveolar fluid may be obtained. Some of the properties of the alveolar fluid,

which are of importance in determining the behavior of radionuclides deposited in the alveoli are

the: (I) solute concentrations, (2) pH, (3) dynamic nature of the alveolar fluid, and (4) concentra-

tions of proteins, chelate and precipitate-forming agents.



a. Solute Concentration: The formation of pulmonary edema in dogs is very sensitive to
blood pressure in the pulmonary capillaries and to the colloid osmotic pressure. 15 Since the total

osmotic pressure of blood fluid is about 6000 mm Hg, formation of pulmonary edema, due to a compara-

tively small increase of the net positive pulmonary intravascular pressure, should be considered as

evidence for the nearly equal osmolarity of alveolar fluid and blood. This concept is also consis-

tent with the following observations: (1) the dependency of net water absorption from lung on the

tonicity of the instilled solution, and (2) the ABB is permeable to most of the solutes in the blood.

Thus, the concentrations of solutes in the alveolar fluid may be taken to be similar to that of

blood fluid. Specific cellular secretions, surfactant lipids and other small molecules may also be
present in the alveolar fluid.3

b. The pH of the Alveolar Fluid: The pH of the alveolar fluid may be similar to that

of blood fluid due to the C02-bicarbonate buffer system. The normal partial pressure of CO2 in al-
veolar air and arterial blood is about 40 mm of Hg. Although the bicarbonate concentration in the

alveolar fluid is not known, it may be evaluated from the considerations of the dissolution of CO2
in the alveolar fluid and the passage of bicarbonate from blood into the alveolar fluid. The rapid

equilibration of CO2 with alveolar tissue and relatively high concentration of dissolved CO2 in the
alveolar tissue are ascribed to the enzyme(carbonic anhydrase)-influenced conversion of 2 to HC03.16

When bicarbonate with carbon tracer Was introduced into the lung, the carbon tracer appeared in
blood during a period of minutes even when carbonic anhydrase was suppressed. 6 This suggests that

bicarbonate itself is capable of passing across the ABB. Thus the source of the bicarbonate in the

alveolar fluid may be both the blood HC03 and the alveolar CO2. Since both these sources of alveo-

lar HC03 have large reservoirs, the HC03 concentration in the alveolar fluid may be relatively con-
stant and may be similar to that of arterial blood. Therefore, according to the Henderson-Hassel-

balch equation, the pH of the alveolar fluid should be similar to the arterial blood, about 7.4.

c. The Dynamic Nature of the Alveolar Fluid: The dynamic nature of the alveolar fluid
is of importance as the fluid constitutes only a small volume, about 0.2 ml per m2 of the alveolar

surface. Cyclic transfer of fluid across the ABB due to cyclic changes in pressure balance on each

side of the ABB has been suggested. 3 The pressure balance across the ABB in man is considered be-

low. The colloid osmotic pressure of the blood, ~c (34 cm H20), tends to retain fluids in the blood
capillaries. The pressure components which tend to absorb fluids from the blood capillaries into

the alveoli are (1) the capillary blood pressure, Pb’ (2) the net intrathoracic negative pressure

due to breathing movements, Pi’ (3) the colloid osmotic pressure of pulmonary fluid, ha’ and (4) 

negative pressure due to the surface tension of the alveoli, Ps" The average value of Pb is con-

sidered to be about 14 cm H20.17 During inspiration, Pi is about -7 cm H20 and during expiration,

it is about -3 cm H20.17 The value of ~a is considered to be low, ~ 4 cm H20.15 During the respira-

tory cycle, Ps may vary from -16 cm H20 in a fully expanded alveolus to -4 cm H20 in an alveolus at
the end of expiration. The surface tension of a fully expanded alveolus may be similar to that of

the surfactant film in a trough, about 40 dynes/cm and at the end of expiration, it may be about 10

dynes/cm.

The pressure balance across the ABB during the respiratory cycle may be estimated as

Tc- (Pb + Pi + ~a + Ps)" When the alveoli are expanded, the net pressure is 34 - (14 + 7 + 4 + 16)
= - 7 cm H20 and when the alveoli are contracted, the net pressure is 34 -(14 + 3 + 4 + 4) = ÷ 9 

H20. Thus, expansion of the alveoli favors transudation of fluid from capillaries into the alveoli
and contraction of the alveoli favors the absorption of fluid from the alveoli into the capillaries.

Excessive transudation into the alveoli or complete drying of the alveoli may not occur during the

respiratory cycle because of the short duration and possibly due to the osmotic effects of the so-

lutes in the alveolar fluid, since water passes across the ABB faster than solutes.



d. The Concentrations of Proteins, Chelate and Precipitate-forming Agents: Both transu-
dates from blood and specific cellular secretions in the lung are possible contributory factors in

the makeup of the alveolar fluid. Protein concentration in the pulmonary fluid is considered to be

low, about 0.I to 0.2 g per i00 ml. 15 The low concentrations of proteins, the presence of albumin

and lung specific proteins in the alveolar fluid are consistent with the general permeabilities of
proteins across the ABB.5’11’13 Carboxylic and amino acids are possible chelate-forming small mole-

cules that may be present in alveolar fluid. Significant amounts of acetate, leucine and palmitic

acid move across the ABB in minutes. 3’18 Therefore, alveolar fluid may contain chelate-forming

small molecules, such as citrate, lactate, and amino acids, which are present in the blood. Phos-

phate, carbonate, which is in equilibrium with the bicarbonate, and hydroxide are general precipi-

tating agents for polyvalent metallic ions. The ABB is generally permeable to phosphate and bicarb-

onate and therefore these anions should be present in the alveolar fluid.

E. Possible Chemical Characteristics of Pulmonary Interstitial Fluid

The characteristics of the pulmonary interstitial fluid may influence the composition of

the alveolar fluid; they may also affect the fate of materials entering the interstitium from the

alveolar lumen. Factors which affect the composition of the alveolar fluid may also influence the

composition of the pulmonary interstitial fluid. The general chemical makeup of the two fluids should

be similar except for proteins and specific components present in the alveolar fluid. Since protein
molecules permeate across the capillary endothelium faster than across the alveolar epithelium,13

more serum proteins may be present in the interstitial fluid compared to the alveolar fluid.

F. Interaction of Inhaled Polyvalent Metallic Compounds with the Alveolar Fluid

The alveolar fluid may influence the dissolution and subsequent transport of all materials

deposited in the alveoli. However, water-soluble, polyvalent compounds, such as the halides of lan-
thanides and actinides, show unusual retention in the alveoli after inhalation deposition, 9’10 There-

fore, the behavior of a lanthanide halide aerosol during inhalation and immediately after deposition

as well as its subsequent transformation, retention and transfer into blood were examined to better

understand the general mechanism of retention of these materials in the alveoli.

a. Behavior of a Lanthanide Chloride (LnCI3) Aerosol During Inhalation: When an aerosol
enters the respiratory system, it is humidified rapidly in the nose, up to 90%, and by the time it

enters the lower respiratory region, the humidification is nearly complete. Dry LnCI3 particles
under these conditions absorb water due to hygroscopicity, and may be converted to droplets. There-

fore, LnCI3 deposition in the alveoli is likely to be as droplets. Further, if acid is present in
the aerosol (gas phase), some of it may be absorbed into the droplets containing the LnCI

3"
b. Behavior Immediately After Deposition: Normally, aqueous droplets depositing on a

film of surfactants do not spread rapidly. However, during the respiratory excursion electrolytes

and water may reach the surface from the hypophase and thus a depositing droplet may be dispersed.

Depending on the acidity of the droplet and the nature of the interaction, the Ln(lll) may be trans-

formed into soluble or insoluble forms. Although the droplet volume immediately after deposition

is much larger than the alveolar fluid around the droplet, the content of the droplet and the alveo-

lar fluid may mix together by diffusion process or due to the dynamic nature of the alveolar fluid.

c. Possible Transformation, Retention and Transport into Blood of LnCI3 from the Alveoli:

The Ln(lll) of the LnCI3 droplet, after deposition and dispersion may remain as a simple cation or
undergo one or more of the following reactions: precipitation, chelation or adsorption on cells.

lonic Ln3+ and Ln(lll) chelated with small molecules should be permeable across the ABB, provided

that they are not adsorbed on the cellular components. When Ln(lll) is chelated with albumin, lipo-

protein or surfactant molecules, the permeability of the Ln(lll) may be similar to that of the

18



ligands; all should show short residence time in the alveoli. The lung specific surfactants and
lipoprotein turn over with half times of 2 days. 18 The albumin cross the ABB with half times of

hours.5’13 If the Ln(lll) is adsorbed on cells, it may be desorbed during the continuous contact

with the alveolar fluid similar to the desorption of Ln(lll) from ion exchange resins. Precipita-

tion by reacting with phosphate, carbonate or hydroxide are possible reactions. Precipitation may

depend on the dispersion, acidity, and carrier concentration of the droplet, on the concentrations

of the precipitating agents available in the micro volume of thesolvent, and on the significance

of other reactions. Precipitates may be retained in the alveoli for different durations, depending

upon particle sizes and the chemical nature of the precipitates.

G. In Vivo Data

Examination of the retention kinetics of Ln(lll) in the alveolar region may provide some

insight into the relative importance of the several reactions of Ln(lll) in the alveoli. A consid-

erable amount of data exist on the retention kinetics of CeCI3 deposited in the alveoli.9’10’19’20
Since the retention mechanism in the alveolus of Ce(lll) and other polyvalent cations may be similar,

the retention kinetics of CeCI3 in the alveoli have been examined. Data on the in vivo retention

in the lung of Ce(lll) after inhalation deposition of CeCI3 show some disagreement. Rapid clearance
from the lung into blood, > 80% in 4 days19’20 and relatively slower clearance of higher fraction,

have been reported. 9’10 Inhalation conditions, pH and carrier concentrations of the depositing aero-

sol are possible variables which may have caused these differences. No reliable experimental result

elucidating the pH effect exists. With higher carrier concentration, longer retention of larger
fractions in the alveoli region is observed. 19 If protein binding or adsorption on cellular surfaces

are the major mechanisms of retention of Ce(lll) in the alveoli, no differences in retention pattern

or lower fractional retention with higher carrier concentrations may be expected. The observed

higher retention with higher carrier concentration thus indicate precipitation.

GENEF~L SUGARY AND CONCLUSIONS
Review of the literature shows that the air-blood-barrier is relatively thin, < 1 ~m thick and

the major barrier for the passage of solutes across the ABB into blood may be the alveolar epithe-

lium. Generally the ABB is a semipermeable membrane but differences in permeabilities of small

moleculaes and ions exist. Protein molecules are permeable across the ABB, at a relatively slow

rate, by the pinocytotic mechanism. An acellular layer exists between the epithelium and the air in

the alveoli and this consists of a surfactant film and a hypophase. Both due to diffusional mass

transport and cyclic changes in the pressure balance, transudation from the alveolar capillaries in-

to the alveoli and absorption from the alveoli into the capillaries may take place. The acellular
layer may contain only a small volume of fluid, ~ 0.2 ml/m2. However, it is in dynamic equilibrium

with a large volume of blood. Since the acellular layer is the first contact between a depositing

material and the alveoli, the general chemical composition and physical dimensions of this acellular

layer may have a significant influence on the retention and transport behavior of a depositing ma-

terial in the alveoli. The general composition of the alveolar fluid may be similar to that of blood

ultrafiltrate. This concept is derived from considerations of osmotic pressure balance and the gen-

eral permeabilities of blood constituents across the ABB. From a consideration of C02-HCO~ equili-
brium in the alvoli and the dynamic nature of the alveolar fluid with its intimate contact with the

large volume of blood, it is deduced that the probable alveolar pH may be 7.4. Carrier concentration,

acidity and the dispersion of the depositing aerosol may influence the retention kinetics of the

Ce(lll). From considerations of carrier effect, it is suggested that precipitate formation may 

involved in the alvolar retention of Ce(lll).

Since the aerosols associated with nuclear operations, especially in nuclear fuel processing

facilities, may differ greatly in physical and chemical forms, the development of capacity for pre-

dicting biological behavior of a variety of inhaled materials is required. Therefore, both in vivo



and in vitro studies will be desirable for the evaluation of mechanism(s) of retention and transfer

of inhaled materials deposited in the alveoli. Experiments to test the cyclic transfer of fluid be-

tween alveoli and blood capillaries, as well as the direct determinations of pH, and the concentra-

tions of precipitants and ligands of the alveolar fluid will be useful for (1) evaluating the mech-

anism(s) of retention and transport of materials deposited in the alveoli, and (2) improving 

simulation of alveolar fluids for in vitro studies. Studies on the localization in the alveoli of

inhaled Ln(III) aerosols with different acid and carrier concentrations, in conjunction with data

on the in vitro interaction of Ln3+ with components of alveolar microenvironment, may establish the

relative importance of precipitation, adsorption and chelation of a polyvalent cation deposited in

the alveoli. The transport of mum size particles from alveoli into blood by a pinocytotic mechanism,

similar to the protein transport, may exist. Inhalation experiments using highly insoluble, mum size

particles, such as PuO2, may provide a test for the pinocytotic particle transfer across the ABB.
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In Vitro

ABSTRACT

In vitro precipitations of Ln(III) were studied to provide some

insight into the relative importance of various factors in the

in vivo precipitation of inhaled, alveolar deposited Ln(III).

The effects of precipitants, ligands, carrier and pH on the in

PRECIPITATION BEHAVIOR OF TRIVALENT LANTHANIDES, Ln(lllI

PRINCIPAL INVESTIGATOR

G. M. Xanapiily

vitro precipitation of one or more Ln(III) were studied. Results of the in vitro experiments sug-

gest that the possible precipitation of Ln(III) in the alveoli may be as Ln(IIi) phosphate.

INTRODUCTION

From a consideration of carrier effect, i.e., a larger fractional retention for longer periods

with higher carrier concentration, it was suggested that precipitation is the likely mechanism for

the retention of inhaled, trivalent lanthanides in the lower respiratory tract (this report, pp. 15

- 20). Therefore, studies on the in vitro precipitation of trivalent lanthanides (Ln(lll)) may 

useful in understanding the in vivo precipitation of Ln(lll) in the alveoli after inhalation depo-

sition. Hence, experiments were done to examine the effects of precipitants and ligands on the in
vitro precipitation of 144Ce(III), 90y(III), 169yb(lll) and 171Tm(lll). Effects of carrier 

on the in vitro precipitation of 144Ce(III) were also studied.

MATERIALS AND METHODS

The radioactive, trivalent lanthanides were prepared in 0.I M HCI. Cerium-144 in HCl solution

was treated with S02 to assure the 144Ce(III) oxidation state. Solvents used in this study were

prepared by dissolving reagents in distilled-deionized water. The synthetic ultrafiltrate (SUF)

used in this study had a pH of 7.3 to 7.4. The SUF contained NaCl (0.116 M), NH4CI (0.01M), glycine

(0.005 M), cysteine (0.001M), sulfate (5 -4M), N aHCO3 (0.02 7 M), N 3 ci trat e (2 x 1 -4 M)

NaH2PO4 (1.2 x 10-3 M), CaCl2 (2 x I0 -4 M) and 50 ppm of an antibacterial agent, alkylbenzydi-

methylammonium chloride. The dog blood serum (KeIF) and solutions of bovine serum albumin (Gal-

lard-Schlesinger) were filtered through 0.3 ~m membrane filters before using. The general procedure

consisted of (I) adding of 500 X of Ln(III) solution, drop-by-drop, into 30 ml of stirred solvent,

(2) stirring for 15 min after pH adjustment, (3) filtering through a membrane filter, (4) washing

the filter assembly with 5 to 10 ml deionized water, and (5) determining the fractional retention

of the tracer on the filter radiometrically. This retention on the filter was assumed to be due to

precipitation. Gamma counting technique was used for 169yb and all others were evaluated by beta

counting. All experiments were conducted at room temperature, 23-25°C.

RESULTS AND DISCUSSION

Precipitation of 0.01 mmoles of Ln(III) from Various Solvents at pH 7.3 to 7.4:

A series of experiments was done in which the precipitation of four Ln(III) were studied and

the results are summarized in Table 1. The pore diameters of the membrane filters were 0.3 pm for

the dog serum and 0.1 pm for the other solvents. No significant differences in the fractional pre-

cipitation of 144Ce(III) from synthetic ultrafiltrate were observed when the pore diameter of the

membrane filters were 0.01 ~m, 0.I pm or 0.3 pm. Precipitation of Ce(lll) from various solvents was

studied more extensively using similar experimental conditions; a portion of the experimental results

These experiments were prompted in part by discussions with Drs. Patricia Durbin and R. G. Cuddihy.



Precipitation of Ln(III) 

Solvent

Synthetic Ultrafiltrate (SUF)

SUF without phosphate

SUF without phosphate and citrate

SUF without carbonate and citrate

Dog serum

Distilled water

Table I
pH 7.3 to 7.4 from Various Solvents

% Precipitated

144Ce(III) 90y(lll) 169yb(lll) 171Tm(iil)

95 go 86 87

i 2 3 5

92 86 88 85

98 91 89 97
2 i 3 4

7 12 11 13

Solvent

Table 2

Precipitation of Ce(lll) at pH 7.3 to 7.4 from Various Solvents

0.15 M NaCl

0.15 M NaCI + Glycine

0.15 M NaCI + Cysteine

0.15 M NaCI + Phosphate

0.15 M NaCI + Bicarbonate

0.15 M NaCI + Citrate

0.15 M NaCI + Bicarbonate
+ Citrate

0.15 M NaCI + Phosphate
+ Citrate

% 144Ce
Precipitated Solvent

% 144Ce
Precipitated

14 50% SUF + 50% Dog Serum 3

4 85% SUF + 15% Dog Serum 88

3 SUF + 850 mg Bovine Serum

98 Albumin (BSA) 2

SUF + 600 mg BSA 2296
SUF + 400 mg BSA 83I
SUF + 100 mg BSA 95

I SUF + 50 mg BSA 96

SUF + 30 mg BSA 95
97

are shown in Table 2. Concentrations of the individual reagents in the 0.15 M NaCI solvents were

identical to that of the SUF. Additional experiments, not listed in Table 2, showed that the other

components of the SUF had no effect on the precipitation of Ce(lll) from 0.15 M NaCI solution.

The data presented in the two tables indicate the following: (I) similar precipitation of the

four Ln(lll), (2) phosphate is an effective precipitant for Ln(lll) even in the presence of citrate,

(3) carbonate precipitation of Ln(lll) occurs when citrate is absent, (4) hydroxide is not 

fective precipitant (5) serum proteins at high concentrations prevent the precipitation of Ln(lll),

but at lower concentrations, < 20% of that of the serum concentrations, precipitation of Ln(lll) 

not affected, and amino acids may reduce the precipitation of only the hydroxides of Ln(lll).

Additional studies showed that with a large excess of citrate, i.e. molar ratio of citrate to
Ce > 102, the precipitation of Ce(111) from SUF is prevented, and when the phosphate concentrations

in the SUF were lower than that of Ce, the fractional precipitation of Ce(lll) from SUF was nearly

equal to the molar ratios of phosphate to Ce.

Effect of pH on the Precipitation of Ce(lll): The acid content of the aerosol may be a factor in

the in vivo precipitation in the alveoli of water-soluble Ln(lll) (this report, pp. 15-20). There-

fore, the effect of pH on the precipitation of Ce(lll) as hydroxide, carbonate and phosphate was
studied and the data are summarized in Figure 1 as percentage of 144Ce precipitated at different

values of solvent pH. The results show that Ce(lll) may be precipitated as phosphate at pH > 3, 

carbonate at pH > 5.5 and insignificant precipitation at pH < 9. These studies show that the acidity

may affect the precipitation of Ce(lll) and phosphate is the more likely precipitant at low pH.



Precipitation Behavior of Ce(lll) with Low Carrier Mass: Since aerosols depositing in the alveolus

may contain low carrier mass, experiments were done to study the precipitation behavior of carrier

free to 10 ~g Ce(III) at pH 7.3 to 7.4. The membrane filters used in these experiments were 

0.025 pm pore diameter. The results are sun,narized (Fig. 2) as the percent of 144Ce(III) precipi-

tated against the Ce carrier concentration in pg. Precipitation of carrier free 144Ce(III) is low,

< 5%, in all solvents, except the NaCl-phosphate solvent. Although the phosphate concentration in

the SUF was the same as that in the NaCl-phosphate solvent, relatively higher fractional precipi-

tation of Ce(III) from the later solvent was observed. This may be due to the presence of citrate

in the SUF. At corresponding carrier concentrations, precipitation of Ce(III) was higher from NaCI-

HCO~ solvent than from NaCl solvent but much lower than that from NaCl-phosphate solvent. These

studies show that carrier effect is an important factor in the precipitation of Ce(III) and at low

carrier concentrations, phosphate is more efficient than carbonate or hydroxide for precipitating

Ce(III) at pH 7.3 to 7.4.

I00 1 I

0 0 ,20 ,o 80 8’0 ,oo o , ,6
pH OF THE SOLUTION CERIUM CARRIER (Fg)

Figure 1. Effect of pH on the precipitation Figure 2. Effect of carrier on the precipi-
of 0.01 moles of Ce(lll). The solvent com- tation of < I0 ug Ce(Ill) at pH 7.3 to 7.4.
position is shown in the figure. Solvent composition is shown in the figure.

CONCLUSIONS

In vitro precipitation studies indicate that phosphate may be the most likely precipitating

agent for Ln(llI) and other trivalent cations in the alveolar fluid, especially when carrier con-

centrations and pH are low. However, if chelating agents such as citrate are not present, and

larger carrier concentrations are present, carbonate may also be capable of precipitating the tri-

valent cations in the alveoli. Hydroxide may not be involved in the precipitation of trivalent ca-

tions in the alveoli. Concentrations of carrier and acid in the aerosol, proteins, other chelating

agents and phosphate in the alveolar fluid may significantly affect the retention kinetics of tri-

valent lanthanides and actinides in the alveolar region. It is hoped that the results of this brief

study may provide an improved basis for the design of further experiments, both in vivo and in vitro,

for evaluating the possible precipitation behavior of inhaled, alveoli-deposited materials.
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CHARACTERIZATION OF PLUTONIUM AEROSOLS FROM AN

FUEL FABRICATION FACILITY

ABSTRACT

Samples of the aerosols present in a glove box during a

plutonium oxide and uranium oxide powder mixing operation

were taken with a small seven-stage cascade impactor to

determine the aerodynamic size distribution and concentra-

tion and with a Lovelace Aerosol Particle Separator (LAPS)

to study the characteristics of the particles with respect

to aerodynamic equivalent size. Using alpha spectroscopy, it
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O. G. Raabe
G. J. Newton
R. C. Smitha

C. J. wilkinson
S. V. Teague

was found that about 11% of the alpha activity of the aerosol was associated with 241Am. The size

distributions measured with the cascade impactor had activity median aerodynamic diameters (AMAD)

equal to 1.9 ± 0.3 (S.D.) vm and geometric standard deviations (Og) equal to 1.59 + 0.07 with alpha

activity concentrations best expressed as log-normally distributed with median of 45 nci~1 and

geometric standard deviation of 1.8.

INTRODUCTION

Plutonium aerosols in a variety of physical and chemical forms are produced in various routine

operations in the nuclear industry. In an untoward event these aerosols could be accidentally

released from their normal containment vessels or enclosures and be inhaled by personnel working

near by. A basic knowledge of the physical and chemical characteristics of these aerosols provides

valuable information for evaluation of the consequences of potential accidents. Advance information

concerning basic aerosol forms that are known to be present in a routine operation helps to minimize

the uncertainties that usually exist following an accidental release. Adequate advance knowledge

of the potential aerosol forms could also be used in the evaluation of potential therapy and

decontamination procedures. Also, there is a need to compare plutonium laboratory aerosols, such

as those produced at the Inhalation Toxicology Research Institute (ITRI), with plutonium aerosols

found in the nuclear industry to improve the necessary extrapolation from laboratory studies to

industrial situations. To these ends, a cooperative effort to sample aerosols within glove boxes

at the Westinghouse Hanford Engineering and Development Laboratory (HEDL) at Richland, Washington

was initiated.

MATERIALS AND METHODS

General

Two investigators went to Richland, Washington to sample the atmospheres of glove boxes in which

plutonium and uranium oxide powders were being processed. Using sampling techniques and equipment

developed at the ITRI, samples that were taken included seven-stage impactor samples for measurement

of the aerodynamic size distribution and concentration, Lovelace Aerosol Particle Separator (LAPS)

samples for study of particles with respect to aerodynamic size and point-to-point electrostatic

precipitator (ESP) samples for electron-microscopy. To reduce the electrostatic charge on the aer-

osol particles to Boltzmann equilibrium, most samples were drawn through a concentric Kr-85 dis-

charger (Thermo Systems, St. Paul, Minn.). Special samples were obtained for study of the shape

and density characteristics of the particles by placing electron-microscope sample grids at various

awestinghouse-Hanford Engineering and Development Laboratory, Richland, Washington.



locations on the LAPS collection foils. These particles were sized from electron-micrographs by

measurement of projected area diameter and calculation of count median projected area diameter

(CMD) and geometric standard deviation (~g).

Cascade impactor samples were analyzed by determining the alpha activity on each collector

stage and fitting a log-normal distribution by weighted least-squares to the data. LAPS samples
were analyzed by cutting the collection foil into 23 segments having different particle sizes,

determining the alpha activity and least-squares fitting log-normal functions.

Solubility studies were performed at 37°C on six selected samples from LAPS foils using a lung
fluid simulant prepared with a recipe described by Kanapilly et al. 1 both with, and without, the

phosphate component. Particles from foil segments were suspended ultrasonically in deionized water

which had been treated with NH3 to a pH of 10.2 and collected on a 25 mm diameter, I00 mum pore-size
membrane filter using a vacuum filtration apparatus. Each sample filter was individually sandwiched

between two clean membrane filters, mounted in a special open face plastic holder and submerged in

the solvent for 10 days in individual sealed containers. The filter assembly was assayed for plu-

tonium and americium before dissolution by X-ray counting using a Csl-Nal "phoswich" crystal system

and pulse height analysis. After the ten-day dissolution period, the filter assemblies were removed

and again assayed for plutonium and americium. The observed decrease in radioactivity was assumed

to be proportional to the amount dissolved. All six samples of the dissolution fluid were filtered

to verify that no particles had been released from the filter assemblies. Routine radiochemical

procedures were used to quantitate the dissolved plutonium.

Samples of particles from the LAPS foils were prepared for alpha-spectroscopy by suspending

particles ultrasonically in deionized water adjusted to pH 10.2 with NH3. The particles were then
collected on 25 mm diameter, 100 m~m pore-size membrane filters using a vacuum filtration apparatus.

These filters were mounted on small planchets and individually placed in a spectrometer vacuum

chamber having a surface-barrier solid-state alpha detector. Pulse height data were collected with

a multichannel analyzer.

Description of Plant Operation

The plant operation chosen for study involved the mixing, sieving and ball milling of oxides

of plutonium and uranium as a preliminary step in the preparation of mixed-oxide fuel pellets for

use in an experimental liquid metal fast breeder reactor (LMFBR). The primary ingredient in the

particular mixture being prepared was plutonium dioxide; about I kg was present in the box during

the operation. The plutonium dioxide had been prepared by precipitation of the oxalate and calcina-

tion of the precipitate at 750°C for several days. Smaller amounts of UO2 powders of both depleted
uranium and 93.5% 235U enriched uranium (about 300 g) were mixed with the PuO~. The isotope com-

o 238position on a mass basis of the plutonium was given as 0.069~ Pu, 86.16% ~39pu, 11.61% 240pu,

1.98% 241pu and 0.18% 242pu. Other radionuclides such as 241Am and fission products were assumed

to be present in trace amounts.

The operation under study was performed in a stainless steel and glass glove box designated
PS-22. The volume of this enclosure was approximately 300 ft.3; the atmosphere was dry nitrogen

metered in and out through absolute filters at a rate of about 25 I/min so as to maintain a negative

pressure of about 2.5" H20 with respect to the room.

The room in which the box was housed was observed to be meticulously clean and free of radio-

logical contamination. Although anticontamination clothing was always worn and respiratory protec-

tion was used as a precautionary measure on occasion, no alpha contamination was observed on

clothing or equipment and air samples taken in the room yielded negative results when counted for

plutonium.



The operation began by the introduction into the glove box of sealed containers containing the

plutonium and uranium oxide powders. The powders were weighed and placed in a pan where they were

carefully mixed by hand with a spatula. The powder mixture was transferred to a mechanical stirring

device and mechanically shaken to allow the granules to pass through a succession of graded screens.

The process was repeated several times with each pan being cleaned with a small brush between steps.

The mixture was then placed in a ball mill which served to grind and mix the powder granules

together. The powder mixture then passed through several additional sieving steps and was further

mechanically mixed in a special hour-glass shaped mixing device.

Although the later steps of the fuel pellet fabrication process were not part of this study,

it should be noted that eventually the powder mixture was transferred to other glove boxes where it

was combined with carbowax, pressed into 0.6 cm D x 1 cm long cylindrical pellets and sintered at

1800% for several hours. The final pellets have a physical density of 8-10 g/cm3. These pellets

are milled to exact specifications and eventually loaded and sealed in long stainless steel tubes

which form the reactor fuel rods.

Sampling Procedures

Access into the PS-22 enclosure was obtained through a 3/4" NPT access port above the glass

windows at the exhaust end of the box. The 3/4" NPT was fitted with standard compression fittings

and a 1/4" O.D. x 4 ft copper tube, the end of which was placed 3 inches from the HEPA exhaust

filter. Three LAPS samples at 270 cm3/min of the

glove box atmosphere were obtained during the

entire mixing operation. LAPS sampling times
were 45 min, 60 min and go min on successive

days, respectively. Three-minute cascade impactor

samples were taken during routine operation of

PS-22 also. Figure I is a photograph of PS-22

showing the portable LAPS in place for sampling.
The cylindrical object above the LAPS is the 85Kr

discharger which was connected to the LAPS (or

impactor) with a 2" long piece of tygon tubing.

Cascade impactor samples were 3 min each at 450
cm3/min. The two cascade impactor samples taken

without the deionizer in the sampling train

showed less than one-tenth the alpha activity.

This discrepancy was probably the result of

electrostatic charge effects.

RESULTS

Table i summarizes the results of the aero-

dynamic sizing with the cascade impactor and the

LAPS of the radioactive aerosols in PS-22.
Impactor samples taken without the 85Kr discharger

yielded incongruously low activity concentrations

with high apparent median diameters; these results

are probably invalid because of electrostatic

effects and have not been used in the following

Figure 1. Portable Lovelace Aerosol Particle
Separator (LAPS) used in this study in posi-
tion alongside the glove box PS-22 from
which the aerosol samples were taken.

summary.



Day-Run

2-2

3-2

3-3

(3-4a

(3-5a

Table I

Data Summary Including Time, AMAD, % and Gross Alpha
Concentration for Samples Collected i’n This Study From

an Industrial Plutonium Glove Box

Sample
Time

(min)
AMAD Conc.
(~m) 09 (nCi/l)

I. IMPACTOR SAMPLES

3 1.70 ± .05 S.E. 1.62 ± .04 S.E. 25

3 2.26 -+ .II 1.63 ± .05 85

3 1.80 ± .06 1.51 ± .04 44

3 5.02 -+ .89 3.20 + .53 2)

3 3.80 -+ .32 2.16 + .14 I)

II. LAPS SAMPLES

1-1 45 1.56 ± .03 S.E. 1.51 ± .02 S.E. 20

2-1 60 1.44 ± .07 1.54 ± .06 41

3-1 90 2.56 -+ .11 1.70 + .05 8
a No 85Kr discharger, samples data not used.

The median gross alpha activity concentration in the box determined with the impactor samples

was 45 nCi/l with a geometric standard deviation of 1.8. The median of all samples was 2g nCi/l

with geometric standard deviation of 2.2. The average activity median aerodynamic diameter was 1.9

± 0.4 (S.D.) ~m with geometric standard deviation (qg) equal to 1.59 ± 0.08 (S.D.) from all samples.

Alpha spectroscopy was done on all LAPS samples of sample number 2-1. These results showed
239-that the alpha activity was associated with two distinct energy peaks, one representing the

240pu (5.1Mev), one representing 238pu and 241Am (5.5 Mev). Using the known plutonium isotopic

ratios, the 241Am activity was calculated to be 11% of the gross alpha activity. The age of the

plutonium since chemical separation was calculated to be 3.2 years based upon the 241Am/241pu

activity ratio.

Examples of particle samples collected with the ESP and at various locations in the LAPS are

shown in Figure 2. Particle density calculations based upon the LAPS-collected particles assuming

the shape factor of spheres are summarized in Table 2. The observed densities of larger particles

were higher than for small particles, also the observed densities were much lower than the

theoretical density of 11.3 g/cm3 for PuO2 indicating that the particles were porous conglomerates
of smaller particles.

Although the in vitro dissolution experiments are not completed, preliminary indications are

that the cumulative plutonium solubility is higher in the standard solvent both with and without

phosphate than observed for laboratory aerosols of 239pu02. The cumulative solubility of americium

in the phosphate free solvent is at least two orders of magnitude higher than that of plutonium but

is much less in the solvent with phosphate as was also observed with laboratory aerosols of 241AmO2
(this report, pp. I-7).

DISCUSSION

The concentrations of plutonium aerosols in the enclosure PS-22 were found to be about 107

times the ICRP maximum permissible air concentration, demonstrating the utility of use of the safety

enclosure in these industrial operations. The aerosols were found to have aerodynamic size distri-

butions in the respirable range with optimum potential deep lung deposition if inhaled (about 20%).
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Figure 2. Electron-micrographs of samples of the plutonium oxide and
uranium oxide aerosols collected in this study including a polydisperse
sample collected with the electrostatic precipitator (ESP) and three
aerodynamically monodisperse sizes collected with the LAPS.

Table 2

Summary of Data Used in Determining the Effective Density (p)
Including Number of Samples (n), Aerodynamic Diameter (AD),
Count Median Projected Area Diameter (CMD) and Associated

Geometric Standard Deviation (~g) for Each LAPS Position With
Appropriate Standard Deviations of Aerosols Collected From

an lndustrial Plutonium Glove Box

LAPS
Position AD CMD p

(cm) (~m) ~ (~m) ag (gm/cm3)

15 1.3 9 0.41 ± .03 1.32 ± .14 7.3 ± i.i

20 1.05 7 0.36 + .04 1.32 ± .11 6.0 ± 1.3

30 0.78 9 0.33 ± .11 1.28 ± .14 4.2 ± 1.7

40 0.64 3 0.27 + .03 1.44 ± .12 3.5 ± 0.6

Overall 28 5.6 ± 1.9

When compared to laboratory aerosols the industrial aerosols of plutonium (and incorporated

americium) oxide had much lower effective physical densities and higher dissolution rates, sugges-

tive of particle porosity and high surface to mass ratios.
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SECTION II

RADIATION DOSE PATTERN FROM INHALED RADIONUCLIDES

AN ANALYSIS OF DOSIMETRY AND CELLULAR RISK FOR PLUTONIUM

PARTICLES IN THE LUNG

ABSTRACT

Current standards use absorbed radiation dose for uniformly

dispersed radionuclide as the basis for defining risk and a PRINCIPAL INVESTIGATORS

maximum permissible lung burden (MPLB). Present data are
M. B. Snipes

insufficient to prove that a uniform dispersion of plutonium A.L. Brooks

in lung tissue is more or less hazardous than a particulate

form where discrete centers of alpha activity yield higher

radiation doses to their surroundings than would occur for

uniformly dispersed radionuclides. Tissue adjacent to and irradiated by these particles may

represent only a small fraction of the total l~g. The implications of a higher dose and dose

rate to these small tissue volumes necessitates the determination of the relative risk to lung

tissue for this pattern of radionuclide distribution. This paper discusses biological and

physical factors associated with particle dosimetry in lung tissue. Data are presented, along

with theoretical examples, which suggest that particulate forms of plutonium in lung tissue are

less hazardous than a uniformly dispersed lung burden. A most important factor in lung dosimetry

for particulate forms of plutonium is cell turnover time. Cells with short turnover times are

at greatest risk from larger plutonium particles, whereas cells with long turnover times are at

greatest risk from small plutoniwn particles. Analysis indicates that, using 200 rads as a

lethal dose to individual cells, particles of 238pu02 from 0.1 pm to 0.3 ~m represent the maxim~

size particles which deliver a sublethal dose to some portion of the dose sphere around the

particle during the time period 10 to 365 days after exposure. Comparable numbers for 239p~02

are 0.6 ~m to 2 Cm, respectively. Particles large enough to produce a radiation dose to surround-

ing ce~ls greater than 200 rads d~ring the critical time period yield cell death with a subsequent

decrease in cell risk, or potential for carcinogenesis.

INTRODUCTION

Current standards for inhaled plutonium make no distinction in permissible lung burden

between uniformly and nonuniformly distributed plutonium in the lung. There is clear recognition

that lethal alpha doses occur in the cell populations in the immediate vicinity of radioactive

particles. It is important to determine whether the biological risk is greater for particles in

lung containing alpha emitters than for uniformly dispersed lung burdens of alpha emitters.

Particles of primary concern are those released as ~nsoluble oxides from the reactor cycle,

238pu02 and 239pu02, which have alpha emissions with energies of 5.5 and 5.1MeV, respec-such as

tively. These alpha emissions have a maximum range of approximately 40 #m in unit density

tissue and produce extensive damage along their tracks due to a very high linear energy transfer

(LET). Energy deposition along the path of the alpha emission occurs at a rate of approximately

130 keY/pm in unit density tissue. Such an energy accumulation can be devastating to small

volumes of tissue along the path length, especially cell nuclei.



The high LET necessitates asking how appropriately the unit "rad" relates to damage or

probability for damage to sensitive cell volumes. Unlike penetrating radiation such as x-rays,

y-rays and energetic B-emissions, alpha emissions produce an increasing number of ionization

events toward the end of their tracks through biological tissue because of the Bragg effect.

Sensitive cell volumes just within the maximum range of an individual alpha emission are there-

fore at the same or greater risk than sensitive volumes near the origin of the alpha emission.

Because of geometric considerations, however, biological tissue near an alpha-emitting particle

has a higher probability of being damaged than tissue near the end of the track. This is analo-

gous to a dose or dose rate decrement which approximately follows the inverse square law.

Although the unit "tad" may have disadvantages in describing energy deposition in subcellular

tissue elements, it will be used in this discussion. The interpretations of results are re-

stricted, however, to considering alpha interactions on a macroscopic basis. The primary purpose

of this discussion is to define some of the important considerations in dosimetry of particles

containing plutonium.

Biological and Physical Factors That Influence Particle Retention and Dosimetry

Upon inhalation, a particle may land on ciliated epithelium and be quickly removed from the

lung or it may deposit below the ciliated area in the deep lung, where it may be engulfed by a

macrophage.I The macrophage, in turn, may be carried from the lung along the mucociliary pathway

to the GI tract. Particles retained for long periods in the deep lung may reside in interstitial

spaces, in epithelial cells, in macrophages or in a]veoli blocked by cellular debris. 2’3 These

particles with long retention times (300 to 600 days) are of primary interest from a risk stand-

point and for purposes of dosimetry. A long effective half-life indicates that while a particle

may move about in the lung to some extent, the movement must be slow. Whether particles are

mobile or not, they each have a sphere of influence containing a given population of cells that

are under continuous or potential alpha particle bombardment.

Another factor in relating risk to lung cell populations is the cell turnover rate. With

any given dose rate, the total radiation dose to a given cell will be determined by the time

interval from one cell division to the next. Cellular damage will be proportional to the cumula-

tive dose and will be expressed at each cell division, with badly damaged cells selected against.

Transformed cells may continue to divide and express their lack of cellular control. Although

some work has been reported pertinent to this impbrtant subject, considerable uncertainty exists.

Turnover times of 2 to 200 days for various lung cell types have been reported; 4 however,

simply knowing cell turnover times will be insufficient if the relative cell sensitivities to

tumor induction are not known. Beagles exposed to 239pu02 at Battelle Pacific Northwest Labora-

tories primarily developed lung tumors in epithelial tissues with 2 dogs also having endothelial

type tumors. 5 Beagle dogs exposed by inhalation to polydisperse fused clay particles labeled

with 144Ce-144pr developed endothelial type lung t~mors. 6 This suggests that various cell types

in the lung may have different thresholds or probabilities for carcinogenesis depending on the

type of internal emitter. Currently, little or no useful data are available to relate absorbed

dose to specific cell types in lung tissue and arrive at a relationship that could be used for

better risk definition.

In addition to the above biological variables, there are several physical factors that can

influence the biological damage to surrounding tissues. Although the size and shape of the

particles are not too important for dose calculations as long as the particle is in the respirable

range, these factors are important in determining solubility and perhaps retention; the amount

of radioactive material per particle and retention are the most important factors in dosimetry.

A respirable particle may, for example, not be pure 239pu02 or pure 238pu02. Depending on the



amount of inert material associated with the alpha emitter, the activity of t~e particle could

range from near zero to perhaps 0.23 pCi or 65 pCi for a i pm particle of 239pu02 or 238pu02,

respectively. Self-absorption would be essentially negligible in particles with radii less than

0.5 pm. The other factor, solubility, is eliminated by definition.

A poorly defined but very important factor in dosimetry for particles is isolation of the

particles by cellular debris caused by the radiation emitted from the particle. Since alpha
emissions from 238pu and 239pu have a range of approximately 40 um in unit density tissue, the

degree of this walling-off effect will be a major factor in dosimetry. Complete walling off of

the particle by extracellular material would result in no risk from the alpha emissions to lung
cells. Some risk, however, would accompany the X-rays produced during decay of 238pu and 239pu.

Another factor is loss of energy from an alpha particle because of interactions with air in
the lung. For 239pu, the range of alpha emissions in air is approximately 3.7 cm. If lung

specific gravity is 0.22, the range of a 5.1MeV alpha particle would be on the order of 180 ~m.

Assuming =80% of the 180 um, or 140 pm, is air, then air absorption of the alpha emissions is

approximately 0.4%. Recognizing that an alpha emission could travel as far as 3.7 cm from the

source particle in a long, straight airway, a small portion of tissue interactions with alpha

emissions from a particle could, in theory, occur at some distance from the source. Data from
Los Alamos,7 however, indicate that less than 1% of the alpha emissions penetrate beyond 400 um

from their source and suggest that only 2 to 3% of the alpha emissions penetrate beyond 180 pm.

Penetrations beyond 180 ~m probably result from alpha emissions inside and parallel to airways

in the vicinity of the radioactive particles. Interactions of these long-range alpha penetra-

tions would be somewhat analogous to uniform dispersion of the radionuclide in lung tissue.

Dosimetry of X-Rays From Plutonium

Approximately 4.65% of 239pu disintegrations and 11.5% of 238pu disintegrations yield L X-

rays. 8 A reasonable assumption can be made for dosimetry purposes that all of the X-rays emitted

by 238pu and 239pu are 17 keV.9 Attenuation of the 17 keV X-rays from 239pu02 is very slight
over the distances involved such that the constant ratio of X-ray dose/alpha dose is =5 x 10-7

Therefore, the X-ray dose to tissue is extremely small relative to the alpha dose. If a relative

biological effectiveness (RBE) of 10 is assumed for alpha particles, this further accentuates

the difference. The dose from alpha particles, however, drops essentially to zero at 180 pm

from the source while the X-ray dose extends well beyond 180 ~m. The resulting pattern in lung

tissue would involve highly irradiated tissue areas in proximity to a radioactive particle with

a relatively diffuse and low X-ray exposure rate beyond the range limits of most alpha emissions.

Dosimetry of AIpha Emissions From Plutonium

For discussions of dosimetry near alpha-emitting particles, the most intense radiation

field will be assumed to be uniform and within a i pm radius of a point source deposited in

tissue whose p = 0.22. Extrapolations will then be made from 0.5 pm from the center of this

small dose sphere to more distant points. Additional assumptions are (I) the maximum range for
alpha emission from 238pu and 239pu in lung tissue (p = 0.22 g/cm3) is 180 ~m; (2) alpha energy

deposition occurs at the rate of 28.3 keV/pm of lung tissue penetrated, the Bragg peak and X-

irradiation are ignored; and (3) there is no self-absorption in the particle. The specific

gravity of 0.22 chosen for this discussion is probably an underestimate of tissue density around

a radioactive particle. For a short time after deposition, however, the specific gravity of

nonirradiated lung tissue is approximately equal to 0.22 so that, on the average, alpha emissions

from a particle penetrate volumes of tissue calculated on the basis of this value.



Dose decreases with increase in distance from the particle and at a distance midway through

the 180 um path length of an alpha emission, the relative dose is 3 to 4 orders of magnitude less

than it is in the immediate vicinity of the source. The volume of tissue involved in these high

doses is also very small compared to the total sphere of influence for the particle (sphere radius

= 180 pm). It is of interest to determine the number of cells that will be lethally irradiated or

the number that will survive to repair and reproduce and perhaps transmit biological damage.

Cellular Responses to Radioactive Particles

When an alpha emission interacts with a cell, three reactions can occur: (I) the damage can

be repaired and the cell return to normal, (2) the cell can lose its normal control processes and

transform to become a potentially cancerous cell or (3) cell death can occur. The frequency 

these events is dose dependent. The phenomenon of "overkill" from the very intense energy deposi-

tion in the vicinity of a hot particle is well known and the overkilled portion of the cell popula-

tion should be considered as part of the biological response. However, long-term risk should be

related to cells or tissue volumes which accumulate nonlethal damage.

Liver normally has a low cell turnover rate; individual cells can be irradiated at low dose

rates over a prolonged period to accumulate cellular damage. An animal with radioisotope deposited

in the liver can be subjected to partial hepatectomy to stimulate cell division and the liver cells

scored for radiation-induced, metaphase chromosome aberrations. The amount of observed damage is

related to the total cumulative radiation dose for periods up to 120 days after injection. When
the average dose was related to the aberration frequency for the 239pu citrate, there was a linear

increase according to the equation Y = 0.02 + 4.8 x 10-3 D where Y is aberrations/cell and D is

dose in rads. 10 This implies that approximately 200 fads of irradiation from uniformly distributed

239pu were required to produce an average of 1 chromosome aberration per cell. Since cells with

radiation-induced chromosome aberrations have poor reproductive potential, these cells can be

considered as reproductively dead. II Relating the aberration frequency to the average dose to a

sphere of tissue around the 239pu02 particle with a radius of 40 pm indicated a decrease in the

efficiency of producing aberrations as the particle size increased. At the smallest particle size,
0.1 pm, the response was close to that seen in hamsters that were injected with 239pu citrate

(which yields a relatively uniform dose to liver) indicating that this particle size also produces

a uniform irradiation of the liver.

In addition to determining the frequency of aberrations per cell, the distribution of cellular

damage throughout the cell population was also determined. In the liver cells exposed to alpha

emissions, the distribution of cellular damage was found to be non-Poisson with some cells having
large amounts of damage and a greater number with no damage. The damage in cells exposed to 239pu

citrate was distributed according to a Poisson distribution. 11 This again would imply that the

cells nearest the alpha-emitting particles accumulated large amounts of damage and were reproduc-

tively dead following nonuniform irradiation and perhaps also indicate a smaller risk for tumor

induction.

These experiments do not answer the question of whether particulate radionuclides are more or

less carcinogenic than uniformly distributed radionuclides but they do add information about the

extent and distribution of cellular damage following nonuniform irradiation from particulate

radionuclides. The evidence suggests not only that fewer cells are at risk following exposure to

radioactive particles but also that cells close to the particle have such extensive damage that

they will not survive cell division. These badly damaged cells would not be considered as being at

risk for tumor production and much of the energy deposited in these cells around the particle

should be considered wasted.



From these data, cells actually at risk in the "dose sphere" surrounding a radioactive particle

can be estimated. Assume an exposure time of 25 days for the population of cells. Also, assume a

radioactive particle with I ~m real diameter containing 0.229 pCi of 239pu02. An absorbed dose of
200 rads will be assumed to be a lethal dose in this and subsequent discussion pertaining to cellular

risk related to alpha emissions. For a 25-day dose accumulation from irradiation by alpha emission

from a 1 um particle, cells greater than 106 um from the particle will be at risk; the cells inside

that sphere will not be at risk as they will be reproductively dead. The volume of the shell of

tissue between 106 and 180 um from the 239pu02 particle is:lung

4/3~{(180 um)3 - (106 ~m)3} = 1.94 x 107 ~m3

Of that volume, approximately 10% (or approximately 50% of the lung tissue), would comprise nucle-
ated cells. With a generally used assumption that a lung cell encompasses 1000 um3, there would be

approximately 1900 cells at risk in this outer shell of interest during the 25-day exposure period.
Lung cells within 106 ~m of the particle would therefore occupy approximately 5 x 105 ~m3; this

represents approximately 500 nucleated cells, or 20% of the total number of nucleated cells within

the 180 ~m radius sphere concentric to the particle. The total number of alpha emissions from the

radioactive particle during that 25-day period equals:

(0.229 pCi)(2.22 dpm/pCi)(3.6 x 104 min/25 days) = 18,300 disintegrations

Since essentially all of the alpha emissions have a potential range of =180 ~m in lung tissue, all

of the cells within the 180 ~m radius sphere could be hit. Most or all direct hits tc nuclei would
be considered nonreparable and lead to cell death; nonlethal hits to the nucleus and hits to cyto-

plasmic components may or may not represent permanent injury to the cell.

The average dose to the sphere of lung tissue concentric with 0.229 pCi of 239pu equals:

(18300 dis.)(5.1MeV/dis) - 1.74 x 1010 MeV/g = 280 rads
(2.443 x 10-5 cm3)(0.22 g/cm3)

This average value of 280 rads suggests that every cell within 180 um of the radioactive particle

would be sterilized. This contrasts with what would be expected from the rapid decrease in dose

rate with increased distance from the nucleus as shown in the preceding dose calcuation. Whereas

the radiation dose received by lung can be quantitated in terms of rads, the values have only

incidental meaning to a cell nucleus.

Theoretical Estimates for Cell Risk Proximate to Radioactive Particles

An important question in dosimetry around radioactive particles relates to the time interval

necessary for accumulation of lethal or sublethal radiation doses to sensitive cells. Cell

turnover complicates the problem in that dose rates may be so low that sensitive cells are not

at risk long enough to accumulate the total dose of interest.

Figure I shows the theoretical radii for particles of 238pu02 and 239pu02 which define
spheres of total cell death. Again, the assumption, based on work by Brooks et al. I0 is that

accumulation of 200 rads of alpha irradiation by cells causes reproductive destruction. A

series of time intervals for risk duration is included to account for differences in length of

time necessary for accumulation of the total dose to be effective in producing significant

biological effects. This figure is especially important because of the numerous cell populations
present in the lung and the range of estimated cell turnover times from 2 to over 200 days. 4 As

the particle size increases, the cell population at risk changes from cells with long turnover

times to those that have a high mitotic rate and short generation times. This example suggests

33



a particle of 239pu02 with a real diameterthat

greater than 2 ~m will have a sufficiently

intense radiation field that any lung cell

within the range of the alpha emissions will

likely be lethally irradiated. Similar results

are indicated for a 0.3 ~m particle of 238pu02.

The example also suggests that particles of

239pu02 and 238pu02 less than perhaps 0.3 and
0.03 ~m, respectively, have high probabilities

for nonlethal interactions beyond the spheres of

total lethality concentric with the particles,

even for periods greater than 365 days.

Estimates for maximum size of particles for

sublethal doses to some portion of the 180 ~m

tissue sphere of interest are given in Table 1.

Particle sizes range from 0.1 um to 0.3 ~m and

~m to 2 um for 238pu02 and 239pu02, respec-O.6

tively, depending on the time interval for

accumulation of the dose. This again emphasizes

the interaction between particle size and time

in estimating critical doses.

A further extension of these data is pre-

sented in Table 2. Here the emphasis is on the

number of cells at risk beyond the lethal sphere

and the number of alpha emissions from the

radioactive particle. Again, each alpha emission

is capable of penetrating as far as the finite

range in unit density tissue for a 5.1MeV

emission from 239pu. A 239pu02 particle less

than 0.I ~m in real diameter places essentially

the entire dose sphere at risk. In reality,

however, only those cells hit by an alpha emission

238~o2
2~gp. ~

~

REAL DIAMETER OF PARTICLES (/=ml

Figure 1 The relationships among particle
size, distance from particles and days at
risk for accumulation of 200 rads in lung
tissue (p = 0.22) from alpha emissions 
238Pu02 and 239Pu02 particles.

Table 1

Estimates of Maximum Particle Sizes Which

Yield Sublethal Doses in Lung Tissues

Real Diameter
Time For Of Particles

Accumulation Of
200 Rads 238pu02 239pu02

10 days 0.29 ~m 1.9 ~m

25 0.22 1.4
50 0.17 1.1

i00 0.14 0.89

365 0.09 0.59

can be altered. The relationship between the number of cells within range of the alpha particle

and the number of alpha emissions is also illustrated. For example, a 0.05 ~m 239pu02 particle
theoretically places all 2,400 cells in range at risk. Over a 10-day interval only 0.92 alpha

emissions would occur and would result in 2650 cells at risk/per emission. In reality, a single

alpha emission can interact with only 5-7 cells and this would be a more reasonable estimate of

the cell population at risk for this particle size and time. With increasing particle size, there

is overkill of cells in proximity to the particle resulting in a lower risk per alpha emission

even though there is a greater number of alpha emissions per unit time.

Although the above presentation is theoretical and somewhat hypothetical, the conclusion
agrees with results in the literature. 2’12’13 That is, radioactive particles containing alpha

emitters produce different biological results than predicted using absorbed dose in fads as a

means of correlating physical insult to biological effects. Also, the observed effects are less

predominant for particles than for uniformly dispersed activity. Intense radiation fields

adjacent to particles result in severe damage to tissue with a possible walling-off effect due

to production of proteinaceous materials and accumulation of cell debris in the vicinity of the
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Table 2

Cell Risk as a Function of 239pu02 Particle Size

and Time After Deposition of the Particles in Lung Tissue

pm From Number Of Cells At
Particle Source To Cells at Risk Number Of Risk Per

Time Size Boundary Of Beyond Lethal Alpha Alpha
(Days) (pm) Lethal Sphere Spherea Emissionsb Emission

i0 0.05 0.75 2440 0.92 2650

0.i 2.1 2440 7.32 333

0.5 24 2430 916 2.6

1.0 67 2300 7.32 x 103 0.31

1.5 123 1660 2.47 x 104 0.067

25 0.05 1.2 2440 2.29 1060

0.1 3.4 2440 18.3 133

0.5 37 2420 2.29 x 103 1.10

1.0 106 1940 1.83 x 104 0.11

1.5 N.A. 0 6.18 x 104 N.A.

50 0.05 1.7 2440 4.58 533

0. I 4.7 2440 36.6 67

0.5 53 2380 4.58 x 103 0.52

1.0 150 i000 3.66 x 104 0.027

1.5 N.A. 0 1.24 x 105 N.A.

100 0.05 2.4 2440 9.15 267

0.1 6.7 2440 73.2 33

0.5 75 2260 9.15 x 103 0.25

1.0 N.A. 0 7.32 x 104 N.A.

1.5 N.A. 0 2.47 x 105 N.A.

365 0.05 4.5 2440 33.4 73

0.1 13 2440 267 9.1

0.5 143 1140 3.34 x 104 0.034

1.0 N.A. 0 2.67 x 105 N.A.

1.5 N.A. 0 9.02 x 105 N.A.

a The number of cells in the total dose sphere equals:
(4/3 ~(180)3(0.2)/(103 3 per ce ll) = 2440 ce lls.

b Numbers of alpha emissions per pm2 crossing the boundary of the total
lethality sphere was 0.13, regardless of time or radius of the lethal
sphere. Alpha activity per particle was:

0.05 pm = 2.9 x lO-5pCi; 0. i pm = 2.3 x lO-4pCi; 0.5 um = 2.9 x 10-2pCi;
1.0 um = 0.23 pCi; 105 ~m = 0.77 pCi.

particle. The net effect appears to be a biological risk inversely related to the size and

activity content of radioactive alpha emitting particles in the lung.

CONCLUSIONS

The data presented in this paper suggest that small radioactive particles result in greater

sublethal cell damage in lung tissue than larger respirable particles. Larger particles result

in significant overkill in their vicinities and the resulting inflammation and fibrosis tend to

wall off or isolate the particles from many cells that are theoretically within their fields of



alpha emission range. Very small particles do not produce this overkill; essentially any cell

within range is subject to sublethal damage. In the extreme reduction of particle size, the

result would be identical to uniform dispersion of radioactive material in lung tissue; this may

be the situation with the greatest risk for carcinogenesis unless there are influencing factors

related to cell-cell interactions. Perhaps as suggested in some models, there must be cell

death, disorganization and necrosis in a small group or population of cells to produce the kind

of environment which leads to tumor induction. Members of a group of cells within a tissue or

organ do not function independently, they have interactions that act to lend strict control to

the cell mass. Perhaps this control must be disrupted in some way to allow a cell to deviate

from its stated and controlled function. Control may be lost in areas of necrosis surrounding

the transformed or altered cell of interest or by damage within the single cell of interest.

Mechanisms for radiation-induced carcinogenesis are important factors in defining biological

adjacent to particles of 238pu02 or 239pu02. Additional data must be provided torisk to cells

better define the biological and physical factors which determine the degree of damage to cells

proximate to various sizes of alpha-emitting particles in lung tissue. These additional data

will help define cells most sensitive to alpha irradiation as well as a time course for accumula-

tion of sufficient damage to a cell or group of cells necessary for carcinogenesis.
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SHORT-TERM METABOLISM OF THREE SIZES OF MONODISPERSE

ABSTRACT

inhalation exposures of 30 Beagle dogs were conducted using

monodisperse and polydisperse aerosols of 238p~02 to measure

the initial pu~nonary deposition and short term transloca-

tion of 238pu to other tissue. ~hree sizes of monodisperse

aerosols (0.7, 1.5, 3.0 pm AD) were compared with a single

polydisperse size (1.5 vm A#~D) in this study. Animals were

238pu0~ AEROSOLS IN BEAGLE DOGS
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J. A. Mewhinney
J. J. ~glio
C. H. Hobbs
R. O. McClellan

sacrificed at O, 8 and 32 dags after inhalation exposure and tissues analyzed for 238pu content

radiochemically. Initial pulmonary deposition decreased as monodisperse particle size increased

and the polydisperse aerosol closely resembled the smaller monodisperse size in initial deposition.

Upper respiratory clearance was nearly complete at 8 days after inhalation. Minimal translocation

of 238pu to tissues was found at 8 and 32 days post-inhalation exposure. Transport of 238~02

particles to tracheobronchial lymph nodes appeared to be particle size dependent at 32 days ~fter

inhalation.

INTRODUCTION

This study represents an extension of work previously reported regarding the definition of

parameters for monodisperse aerosol inhalation exposure and determination of initial pulmonary

deposition and lobar distribution following inhalation of 238pu02 monodisperse particles in the

Beagle dog. Twenty-seven Beagle dogs were each given a single, nose-only, inhalation exposure to

one of three monodiseprse particle sizes (0.75, 1.5 or 3.0 um aerodynamic diameter). Three dogs

exposed to each particle size were sacrificed at O, 8 and 32 days after the inhalation exposure to
determine the short term clearance and tissue distribution of 238pu. In addition, 3 Beagle dogs

were exposed in an identical manner to a polydisperse 238pu02 aerosol and were sacrificed at O, 8

and 32 days post-exposure, respectively. Exposure of animals to both monodisperse and polydisperse

aerosols of 238pu02 provides better comparison between the 238pu02 monodisperse studies planned or

underway in this laboratory with studies previously conducted at other laboratories using polydis-

perse 238pu02 and 239pu02 aerosols. Also, comparison is possible between these 238pu02 studies and

a large number of studies underway in this laboratory in which polydisperse aerosols of beta-gamma

emitting radionuclides were employed.

Information obtained from this study has served as a basis for implementation of life-span

studies in the Beagle dog to investigate the nature of the dose-response relationships resulting

from inhalation of graded activity levels of monodisperse 238pu02 particles.

METHODS

The monodisperse aerosols employed in this study were produced using the Lovelace Aerosol

Particle Separator following methods previously described (1972-1973 Annual Report, LF-36, pp. I-

9). Similarly, the equipment and techniques used for inhalation exposure of Beagle dogs to alpha-

emitting radionuclides have been described (1972-1973 Annual Report, LF-36, pp. 10-15). The

polydisperse aerosol was produced by nebulizing 238pu(OH)4 dispersed in 0.6 M HCl with a Lovelace

nebulizer and passing the resultant droplets through a quartz tube heated in two stages to 320° and

1150%, respectively. The aerosol laden air stream was cooled and passed directly past the animal’s

nares.



Following their inhalation exposure, animals were housed individually in metabolism cages

throughout the experimental period. Urine and feces were collected daily for subsequent analyses
of 238pu content. At 2 hours, 8 and 32 days after inhalation exposure, animals were sacrificed by

maximal blood withdrawal under pentobarbital anesthesia. At necropsy, tissues were obtained for
238pu radiochemical analyses. The radiochemical procedure involved drying the tissue at 125°C,

alternately muffling at 500°C and wet ashing using 7 M HNO3 until a white residue was obtained.

The residue was dissolved in 3M HNO3 and an aliquot taken for liquid scintillation counting.

RESULTS AND DISCUSSION

A comparison of the characteristics of the three monodisperse aerosols and the polydisperse

aerosol is presented in Table i. As reported previously, the monodisperse particles displayed

somewhat larger activity median aerodynamic diameter (AMAD) than predicted by their aerodynamic

size (AD). The phenonemon was attributed to the presence of surfactant on the particle surface.

The polydisperse aerosol obtained was quite typical of our experience with this method of prepara-

tion.

Results of radiochemical analysis of individual tissues obtained at necropsy are presented in

Table 2 expressed as percentages of the total tissue activity. For animals exposed to monodisperse

aerosols, the percentage of total tissue activity present in the lung at day 0 after the inhalation

Table i

Particle Size Characteristics of the 238pu02 Aerosols Used to
Expose Beagle Dogs for a Short-Term Metabolism Study

Activity
Type of Number Median Geometric

Size Aerodynamic of Aerodynamic Standard
Distribution Diameter Samples Diameter Deviation

Monodisperse 0.75 9 0.79 ± 0.06a 1.39 ± 0.09

Monodisperse 1.5 9 1.68 ± 0.12 1.18 ± 0.03

Monodisperse 3.0 8 2.96 ± 0.04 1.06 ± 0,03

Polydisperse 3 1.41 ± 0.21 1.63 ± 0.11

a Mean ± I SD

Table 2

Distribution of 238pu in Tissues of Beagle Dogs After Inhalation of Monodisperse or Polydisperse Aerosols of 238pu02

Percent Sacrifice Body Burden

Days
Post-

Exposure

0
0

0

0

Particle GI
Size and Trachea Estimated

_ (um) kun9
Liver Contents Larynx TBLN Ske]eton Skul I Turbinates

0.75 86.3 ± 4.6a 0.03 ± 0.03 12.7 + 4.5 0.60 ± 0.32 NA NA 0.43 -+ 5.6 0.12 -+ 0.17
1.5 80.7 + 8.3 0,03 ± 0.02 18.6 + 8.1 0.46 + 0.53 NA 0.03 + 0.02 0.24 + 0.33 0.19 ± 0.30

3.0 51.5 + 14.1 NA 43.3 ± 17.9 5.05 ± 7.7 NA 0.04 + 0.03 1.31 + 1.5 0.51 + O,aO

1.5 poly 85.5 NA 13.8 0,3 NA 0.01 0,32 0.17

0.75 99.5 + 0.32 0,05 + 0.01 0.20 -" 0.17 0.05 ± 0.04 0.10 ± 0.10 0.15 ± 0.05 0.03 + 0.01 NA

1.5 99.5 ÷ 0.01 0.02 + 0.01 0.13 ± 0.06 0.I0 ± 0.09 0.13 + 0.10 0.06 + 0.02 NA NA

3.0 99.4 ± 0.3 0.04 ± 0.02 0.21 * 0.06 0.14 + 0.15 0.21 ± 0.II 0.04 ± 0.05 0.07 ± 0.02 NA

1.5 poly 85.8 NA 13.6 2.94 0.03 0.02 0.06

32 0.75 97.3 + 1.85 0.45 -+ 0.41 0.26 + 0.25 0.58 + 0.71 0.56 + 0.29 0.61 + 0.70 0.08 ± 0.11 0.04 -- 0.04

32 1.5 98.8 + 0.06 0.07 + 0.02 0.11 + 0.05 0.23 ± 0.17 0.86 + 0.87 0.26 -+ 0.20 NA NA

32 3.0 97.8 ± 5.6 0,17 + 0.16 0.03 ÷ 0.01 0.34 + 0.22 1.32 ± 0.51 0.36 + 0,13 NA NA

32 1.5 poly 97.5 0.09 0.01 0.01 2.14 0.18 0.03 0.01

a - mean * 1 SD for 3 values
NA - no activity



exposure displayed a particle size effect, in that a decrease in lung deposition was seen with in-

creasing particle size. In a corollary manner, deposition in tissues of the upper respiratory tract

(trachea, larynx, turbinates, skull) and in the gastrointestinal tract increased with increasing

particle size. Results for the polydisperse aerosol are not significantly different for the 0.75

or 1.5 ~m AD monodisperse aerosols. This observation corrolates well with the knowledge that over

90% of the polydisperse aerosol radioactivity was associated with particles less than 3.0 ~m AMAD.

At 8 days post-inhalation exposure, clearance of the upper respiratory and gastrointestinal

tracts was nearly complete for the monodisperse aerosols of all sizes. Only very small quantities

of activity were found in liver and bone indicating minimal translocation of Pu from the lung at
this time. Also, the tracheobronchial lymph nodes contained small quantities of 238pu, probably in

particulate form. Anomalous behavior was observed at 8 days post-inhalation exposure in the dog
exposed to the polydisperse aerosol. The presence of significant quantities of 238pu in the gastro-

intestinal tract, trachea and larynx cannot be explained at this time.

For animals exposed to monodisperse aerosols sacrificed at 32 days post-inhalation exposure,
very little additional 238pu activity had translocated from lung to liver or skeleton, but increased

activity was found in the tracheobronchial lymph nodes. Although not statistically significant at

32 days, there appeared to be a trend toward increased activity in the TBLNs with increased particle

size. The animal exposed to the polydisperse aerosol was not uniquely different from the monodis-

perse animals at 32 days with the possible exception of the quantity of 238pu found in the tracheo-

bronchial lymph nodes. This value was higher than the comparable values for all monodisperse

sizes.

Intrapulmonary distribution of both monodisperse and polydisperse aerosols deposited in the

lung was not different at 8 or 32 days from that reported previously at 0 days post-inhalation

exposure. This indicates that clearance was not particle size dependent or regionally different

from the several lung lobes.

Results from this study have served to indicate several important factors to be considered in

the design of long-term studies using monodisperse aerosols of 238pu02. The rather widely dispersed

levels of initial lung burden obtained pointed out the need for incorporation of a gamma-emitting

radionuclide into the 238pu02 particles to assist in the determination of the initial lung burdens
and early lung clearance. Improved estimates of initial lung burden should facilitate an improved

correlation of radiation dose and ultimate biological response. These data confirm that upper

respiratory clearance is virtually complete at 8 days post-inhalation exposure. The relative
insolubility of the aerosol is confirmed by the very low quantities of activity translocated to

liver and bone at 8 and 32 days post-inhalation.

The data regarding transport of 238pu from lung to tracheobronchial lymph nodes indicate a

need for very careful assessment of the quantity and size distribution of particles in lymph nodes

in longer term studies. Although these data have demonstrated relatively small differences in the

quantity of material translocated to other tissues as a function of particle size, it may be that

greater differences will be observed in the long term retention phases. Therefore, it is important

to extend these studies to much longer times after exposure to examine further the effects of

particle size on the radiation dose received by various tissues.



LUNG RETENTION AND TISSUE DISTRIBUTION OF INHALED 239pu AEROSOLS

PRODUCED AT DIFFERENT TEMPERATURES

ABSTRACT

Lung retention and tissue distribution of inhaled 239pu aer-

osols produced at temperatures of 325, 600, 900 and 1150°C

were studied in Beagle dogs for 56 days duration. Aerosol

characterization showed no differences in activity median

aerodynamic diaJneter, geometric standard deviation or in

estimated density a~nong the va~ous treatment temperatures.

PRINCIPAL INVESTIGATORS

J. A. Mewhinney
B. A. Muggenburg
J. J. Miglio
R. O. McClellan

Lung retention and tissue distribution were determined in 3 animals at each aerosol production

temperature and found to be influenced by production temperature. At the lower t~o temperatures,

significant trans~ocation of 239pu to liver and skeleton occurred whereas at the higher temperatures,

only very small quantities of 239pu were found in extrapulmonary tissues. Translocation of 239pu

from lung to tracheobronchial lymph nodes was not affected by aerosol production temperat~a~eso

INTRODUCTION

Increasing quantities of 239pu will be handled as mixed-oxide fueled reactors and liquid metal

fast breeder reactors are added to our nation’s energy production facilities. The development of
substantially increased fuel reprocessing, in which the 239pu will be radiochemically separated and

reclaimed, may increase the potential for human inhalation exposure either occupationally or environ-
mentally to aerosols to 239pu with different in vivo solubilities. The present study was designed

to examine the effect of heat treatment temperature on the subsequent biological behavior of an
inhaled 239pu aerosol. It was conducted concurrently with another study designed to study the

effects of temperature treatment on the subsequent efficacy of various therapeutic measures in the
event of an accidental exposure to a polydisperse 239pu aerosol (this report, pp. 269-273).

MATERIALS AND METHODS

aerosols used in this study were nebulized from a solution of 239puCI4 in 1The polydisperse

M HCI with a Pu concentration of 3.0 mg/ml. The solution was filtered immediately prior to usage

each day. All aerosols were subjected to a two-stage heat treatment in which the first stage was

maintained at 325% and the second stage at 325, 600, 900 or 1150°C. respectively, for the 4 exposure

groups. During each exposure, the aerosol was sampled by filter to determine mean activity concen-

tration, by cascade impactor to determine particle aerodynamic size distribution; and on electron

microscope grids using a point-to-plane electrostatic precipitator to determine the particle physical

size and shape. An estimate of particle density was made by combining aerodynamic and physical

size measurement. A sample of the aerosol produced at each temperature was subjected to in vitro

solubility tests as described elsewhere in this report (pp. 269-273).

This study involved 12 Beagle dogs ranging in age from 29 to 34 months such that 3 dogs were

exposed by inhalation at each aerosol treatment temperature in an apparatus previously described
(1972-1973 Annual Report, LF-46, pp. 10-15). Equal numbers of both sex were used and the duration

of the inhalation exposure ranged from 9 to 24 mintues. Animals were housed individually in metabo-

lism cages after the inhalation exposure for collection of urine and feces throughout the experimental

period. At 56 days post-inhalation exposure, they were sacrificed by exsanguination under pentobar-

bital anesthesia and tissue samples were obtained for radiochemical analyses. These tissues and



all excreta samples were subjected to alternating dry and wet ashing analytical radiochemistry

procedures to produce a clear aliquot for internal sample liquid scintillation counting to quantify
239pu"

Plutonium-239 does not emit sufficiently penetrating radiations for routine external measure-

ment of lung or whole-body radioactivity. In this study, and its complement, the initial lung

burden and its retention were estimated from daily excreta samples and tissue activity determined

after sacrifice. Fecal excretion represents mechanical clearance of material by ciliary transport

from the respiratory tract to the esophagus, swallowing and transport through the gastrointestinal

tract. Urinary excretion represents the elimination of a fraction of material solubilized in the

lung and transported in blood. The remaining fraction of material solubilized in lung and trans-

ported in blood is deposited in other tissues. To reconstruct the initial lung burden and its re-

tention pattern, it was assumed that urine activity in each daily sample represented a constant
fraction of the blood activity on that day. The value for this partition coefficient between urine

and blood was estimated by taking the ratio of total urine activity collected from day 3 through day

56 to the total activity in tissues other than lung. Using this coefficient a value for solubilized

activity leaving the lung was estimated for each day. Summation of the daily fecal, urinary and
blood 239pu activities was employed to reconstruct the initial lung burden and lung burden retention.

RESULTS AND DISCUSSION

Aerosols produced at the four temperatures were not discernibly different by electron micros-

copy, all being near spherical in shape with a slight surface roughness. The measured activity

median aerodynamic diameters (AMAD) and geometric standard deviations (~g) were not significantly
different for the four temperature treatment aerosols, having a mean of 1.9 um AMAD and 1.8 :g for
all exposures. Aerosol density estimates varied rather widely about a mean of 4.8 gm/cm3 but were

not significantly different for the four temperature treatments. The in vitro solubility studies

conducted on aerosol samples produced at the four temperatures showed a decreased solubility as

temperature of production increased for the three eluants tested (this report, p.269).

Reconstructed lung retention data are shown in Figure i for each of the 3-dog groups exposed

at the four aerosol production temperatures. These data indicate that lung retention decreased as

temperature of aerosol production decreased corrolating well with the observed in vitro solubility
data. The predicted long-term retention of 239pu derived by fitting exponential functions to the

data by a non-linear least squares method indicate effective retention half-lives of 1250, 750, 340

and 180 days, respectively, for aerosol production temperatures of 1150, 900, 600 and.325°C. These

data indicate that greater differences exist in the solubility of the two lower temperature aerosols

while the 900°C and 1150°C aerosol are nearly indistinguishable when such long half-lives are

assessed in a 56-day period.
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Figure 1. Retention of 239pu in dog
lung expressed as a percent of the
initial lung burden for aerosols pro-
duced by heat treatment of 239PUCI4
at 4 different temperatures. Each
set of data represents the mean of 3
values.
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Table 1 presents the percent of sacrifice body burden found in selected tissues at 56 days

post-inhalation exposure. The lowest aerosol production temperature yielded the highest trans-
location of 239pu from lung to liver and skeleton with decreasing quantities found in these tissues

as aerosol production temperature increased. Significant in its deviation from this trend is the
relative uniformity of 239pu content in the tracheobronchial lymph nodes at all aerosol production

temperatures indicating transport processes to these regional lymph nodes are not related to aerosol

solubility.

Aerosol
Temp.

325%

Table 1

Percent of Sacrifice Body Burden Found in

Selected Tissues Following Inhalation of
239pu Produced at Four Temperatures

Percent of Sacrifice Body Burden

600°C

900°C

1150°C

Lun9 Liver Skeleton TBLN Other

74 12.0 12.1 0.4 0.9

86 4.9 7.7 1.4 0.4

78 7.7 13.1 0.3 0.9

97 0.I 1.9 0.9 0.i

94 2.1 2.9 1.0 0.3

92 3.0 3.8 0.9 0.5

99 0.1 0.3 0.4 0.2

99 0,1 0.3 0.i 0.I

99 0.1 0.2 0.6 0.1

99 NDa O. 6 O. 5 O. i

99 ND 0. I 1.3 0.3

99 ND O. 1 ND 0.8

aND = Non Detectable

This study has served to emphasize the importance of aerosol particle solubility in the metabo-
lism of 239pu following inhalation exposure. As discussed elsewhere in this report (pp. 269-273),

aerosol particle solubility also affects the efficacy of various therapeutic procedures. The

extent to which aerosol particle solubility also influences the development of biological response
to inhaled 239pu aerosol is receiving increased attention at this Institute.



INHALATION EXPOSURE OF PONIES TO AEROSOLS OF 169yb-LABELED 238pu0~

ABSTRACT

Techniques and apparatus were developed for the exposure,

maintenance, and profile scanning of Shetland-type ponies.

TWo ponies were exposed to monodisperse aerosols of 169yb-

labeled 238Pu02. One pony was maintained for 36 days after

exposure, but had an abnormal lung which made projections

about early distribution are translocation of 238pu diffi-

ault. 2he ability to achieve substantial lung burdens of

inhaled particulates and to perform meaningful linear

profile scans in the pony was demonstrated.

INTRODUCTION

PRINCIPAL INVESTIGATORS

J. L. Mauderly
J. A. Mewhinney
O. G. Raabe
R. G. Cud~ihy
D. O. Slauson
J. J. Miglio

The use of the Shetland-type grade pony as a model for inhalation toxicity studies is being

investigated. Desirable features of the pony include similarities in subgross anatomy between

equine and human lungs, the common susceptibility of humans and equidae to several respiratory dis-

orders, a lifespan which may allow better expression of late-occurring effects, and a lung size al-

lowing examination of the importance of spatial distribution of inhaled particles (1971-1972 Annual
Report, LF-45, pp. 279-282). Previous studies I have demonstrated the practicability of handling the

pony as an experimental subject in the laboratory and the performance of comprehensive pulmonary

physiological evaluations on ponies. As a next step, equipment and techniques for performing inha-

lation exposures, maintaining ponies after exposure, and performing repeated whole-body profile scans

were developed as described below.

METHODS

Two female ponies weighing 135 and 161 kg, and estimated by dentition to be approximately 10 to

12 years old were exposed by inhalation to a monodisperse aerosol of 169yb-labeled 238pu02. Both

had been purchased 2 years previously at a local auction and used one year previously as pulmonary
function subjects. 1 The first pony was exposed via a fiberglas mask with a single opening to the

aerosol chamber, a diaphragm seal around the muzzle, and an internal dead space of about 150 ml.

Most of the aerosol deposited in the mask and on the nares and turbinate areas of the muzzle with

only a small fraction in the lung. For the second exposure, the design of exposure mask was changed;

the following description refers only to the second pony.

On the day before exposure, the pony’s mane, muzzle, tail and fetlocks were clipped and the

pony was transferred to the metabolism stall where it was to be maintained after exposure (Fig. i).

The stall had a sloped floor and a grate at the rear which allowed the collection of mixed excreta.

Fifteen minutes prior to exposure, the pony was transferred to the exposure cart (Fig. 2) which had

an adjustable pipe at the rear to keep the pony in a forward position, a bracket at the front for

securing the muzzle, and hooks at the top for tying a rope over the pony’s back and neck. A snugly

fitting latex mask was then fitted over the pony’s muzzle. The mask had 2 soft, heavy-walled latex

tubes (1.3 cm I.D. and 1.9 cm O.D.) 30 cm long which extended approximately 15 cm into each ventral

nasal meatus. The latex mask was sealed to the muzzle with waterproof tape. A fiberglass mask was

then placed over the latex mask and held in place by a nylon headstall. The fiberglass mask had an

opening for the nasal tubes and served both to protect the latex mask and to provide an anchor for



Figure 1. (left) Pony in metabolism stall.

Figure 2. (top) Pony in exposure cart with
exposure mask in place. Note filters and
filter mask on front of cart.

securing the muzzle to the cart frame. As shown in Figure 2, two absolute filters were mounted on

the front of the cart. Those filters were connected by large tubing and one-way valves to another

fiberglass mask ("filter mask") to be used after exposure.

The cart containing the pony was rolled into the exposure complex and positioned so the nasal

tubes could be connected by means of a "Y" to the breathing port of the aerosol chamber. The pony

was exposed for i0 minutes to a monodisperse aerosol of 169yb-labeled 238pu02 with an exposure appa-
ratus using concurrent flow spirometry (this report, pp. 303-306). The aerosol was characterized

during the exposure by a cascade impactor for aerodynamic size evaluation, filter sample for concen-

tration determination and electrostatic precipitator sample for electron microscopy. The monodis-

perse particles were taken from LAPS foil segment number 15 (1972-1973 Annual Report, LF-46, pp. 1-

9) with an expected AMAD 1.25 um (~g = I.i). These particles were suspended in deionized water 
adjusted to 10.2 with NH3) at a concentration of about 1.4 mCi/ml and nebulized with a Retec nebu-
lizer (1971-1972 Annual Report, LF-45, pp. I-6) operated with compressed air at 20 psig. The mea-

sured output of the nebulizer per minute was 147 ml of liquid droplets in 6 liters of air. The

electrostatic charge of the aerosol was reduced using a Kr-85 discharger (Thermo Systems, St. Paul,

Minn.). Diluting air was added to the aerosol at rates of 16 I/min at the nebulizer and 94 I/min

at the mixer for a total of 116 I/min of aerosol passing through the aerosol chamber (21°C, 45%

relative humidity).

The expected aerosol concentration for 238pu was 1.8 ~Ci/l; the measured concentration was 1.73

~Ci/l with an apparent aerosolization and delivery efficiency of 96%. The 169yb/238pu activity

ratio was 0.50 (74155). The cascade impactor data indicated an aerosol AMAD of 1.36 ~m with ag 
1.09 based on either the collected 238pu or 169yb activities. An electron micrograph of the aero-

sol (Fig. 3) shows the dense 238pu02 particles and the less-dense background aerosol produced from

nebulized droplets that contained no 238pu02 particles. After the lO-minute exposure and a 5-minute

flush period, the pony’s muzzle was monitored for contamination, the latex and fiberglass masks were
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dropped into a plastic bag, ~ne nares were wipeo~

and the filter mask was olaced over the muzzle.

The exposure cart was ~nen monitored for contami-

nation and transferred back into the pony-holding

room. The filter mask was left in olace for 4

hours after exposure.

The pony was kept in the metabolism stall for

15 days post-exposure (PE) during which the ex-

creta were collected, pooled daily, mixed, and an

aliquot was taken for gamma counting and analyti-
cal radiochemistry determination of 238pu content.

On day 15, the pony was transferred zo a plywood

box stall where excreta were retained for disposal,

but no aliquots were taken. While in both the

metabolism and box stalls, the. pony received a

daily ration of pelleted feed and water ad libitum.

ii~:iiii~iiii~iiiiiiii!i!ii!!!!iiiii!iiii!~!!i!¸ !i ......

Fiqure 3. Electron micrograph of 169yb-labeled
238pu aerosol.

A radioactivity linear profile scanner for detecting 169yb in ponies was constructed using two

Nal scintillation detectors, each 7.6 cm thick with a diameter of 12.7 cm, mounted in I0 cm thick
lead shields with collimated slit openings (Fig. 4). The slits were located at mid-thorax height

and gave a rather uniform sensitivity over a 50 cm vertical span. The pony was placed in a low-

sided wooden cart which was drawn between the detectors by a worm-gear drive at a rate of 15 cm/min.

The detectors were coupled to an amplifier, a single-channel analyzer, buffered scaler, and teletype

printout. An energy region between 150 and 370 Kev was used giving a sensitivity of 152 counts/uCi.

Linear profile scans were performed daily for the first 15 days PE and twice weekly thereafter to

36 days PE.

On day 36 PE, the pony was anesthetized by intravenous sodium thiamylal, sacrificed for histo-

pathology and portions of the lung, liver, bronchial lymph nodes, thyroid, and bone were taken for

autoradiography. Tissues were assayed for 169yb using a large volume well scintillation counter

and for 238pu by alpha radiochemistry.

Figure 4. Radioactivity linear
profile scanning of pony. Cart
is pulled along tracks on the
floor by an electric worm-gear
drive at 15 cm/min.
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RESULTS

During the 10-minute exposure of pony #2, the respiratory frequency averaged 33.9 (~ 2.63 S.D.)

breaths per minute and her minute volume averaged 38.1 (~ 2.96 S.D.) liters (BTPS), which was 

sured as 33.9 (~ 2.63 S.D.) liters of aerosol inhaled per minute during the lO-minute period. The

total 238pu inhaled (and potentially available for deposition) was therefore 586 ~Ci. The linear

profile scans of both the first and second ponies at 1 hr PE are compared in Figure 5. Integration

of counts over a 57 cm area of the thorax yielded an estimated lung burden at I hr of 4 ~Ci 169yb

for pony #1 and 58 ~Ci 169yb for pony #2. Using the measured 169yb/238pu activity ratio of 0.50, the

estimated lung burden of 238pu in pony #2 at 1 hr PE was 116 ~Ci, or a deposition fraction of 20%.

The total body and lung retention curves for 169yb in pony #2, fitted by the least squares

method to profile scanning data corrected for decay, are shown in Figure 6. The lung retention

curve indicated a half-life of 169yb in the lung of approximately 65 days.

The gross appearance of the lungs of pony #2 at necropsy was distinctly abnormal. Raised, firm,

mottled areas up to 3 cm in diameter were scattered over the pleural surface and extended into the

parenchyma. Histologic examination revealed a severe eosinophilic pneumonia with marked interstit-
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Figure 5. Linear profile scans of ponies #I
and #2 at 1 hour after inhaling 169yb-labeled
238pu02 (1.3 ~m AD). Pony #I has major depo-
sition on and in the muzzle and pony #2 has
nearly all deposition in the lung,

Figure 6. Total body and lunq retention Cw£ves
for pony #2 after inhaling 169yb-labeled ZJ~PuOo
(1.3 ~m AD) taken from profile scanning data.
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ial infiltration of eosinophilic leukocytes, fil-

ling of alveoli with edema fluid, degenerative

vasculitis, eosinophilic pleuritis, chronic bron-

chitis and bronchiolitis, and early bronchiestasis.

Autoradiographs demonstrated plutonium particles

scattered throughout the lung, but apparently not

associated in any specific way with the pathologic Lung

abnormalities. The etiology of the lung lesions

was undetermined, but they were thought to be due

Table 1
169yb Counting Data for Tissues and Excreta

from Pony #2 Sacrificed 36 Days After Inhaling
Monodisperse (1.3 ~m) Particles of 169yb-

Labeled 238pu02.

Material Counted ~Ci 169yb
(right) 19.30

(left) 16.40

(total) 35.70

0.01

Mediastinal tissue 0.03

Mixed excreta (days i through 15) 15.04
Total a (tissue plus extreta) 50.78

aAll other tissues had insignificant amounts
of 169yb.

to a parasitic pneumonitis with a prominent hyper- Bronchial lymph node

sensitivity component. Gross and histologic ex-

amination of other organs revealed no changes ab-

normal for a pony of that age. Autoradiographs

did not demonstrate radioactive particles in any

tissue other than the lung.

Table i lists results of gamma counting of tissues and excreta from pony #2, corrected for
16gYb decay to the day of exposure. An average of 2.8 kg (range = 1.6 to 4.7 kg) of mixed excreta

was collected daily for the first 15 days PE. All tissues taken at necropsy were counted and ap-

proximately 99% of the 169yb present at 36 days PE was in the lung. Radiochemistry analyses were

performed on an undetermined fraction of the lung and bronchial lymph node; therefore, although
238pu was found in each of the samples analyzed, no meaningful extrapolation to total tissue content

could be made.

DISCUSSION

These pilot exposures were useful in demonstrating the practicability of exposing ponies to

radioactive aerosols, maintaining ponies in close confinement for excreta collection, and performing

radioactivity linear profile scans on that species. The desirability of exposure via intranasal

tubes rather than a mask was also demonstrated. The tube method of exposure has been shown by other
investigators 2 to be a useful method of depositing particulates into equine lungs.

There appeared to be good agreement between the results of tissue and excreta counting for
169yb and data from the profile scans. The lung retention curve (Fig. 6) indicated that approxi-

mately 65% of the initial lung burden was present at 36 days PE. Adjusting the lung burden at sac-
rifice (Table 1) for the 35% clearance indicated by the retention curve, results in an estimated

initial lung burden of 55 ~Ci 169yb which is quite close to the 58 mCi estimated by profile scan-

ning. The total of 51 ~Ci for tissue and excreta, shown in Table i, is only slightly lower than
either of the estimates of initial lung burden, but that value does not include 169yb excreted be-

tween days 15 and 36 PE.

The presence of a markedly abnormal lung in pony #2 rendered meaningless any speculation as to
normal equine excretion and translocation of inhaled 238pu/169yb aerosols. The usefulness of expo-

sure, maintenance, and counting procedures as developed was demonstrated however, and further expo-

sures will determine the usefulness of the pony as a model.
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A SEVEN-YEAR STUDY OF THE PULMONARY RETENTION AND CLEARANCE OF 137Cs INHALED

IN FUSED ALUMINOSILICATE PARTICLES

ABSTRACT

Long-term pulmonary retention and clearance were studied

using 30 Beagle dogs given single, 15-min inhalation ex-

posures to 137Cs-labeled fused aluminosilicate particles

(AMAD = 1.5 to 1.7 ~m, Og 1.6 to 1.8). An average 

about 60% of the initial body burden was excreted rapidly,

primarily in the feces; the remainder was retained for much

BY THE BEAGLE DOG

PRINCIPAL INVESTIGATORS

B. B. Boecker
R. G. Cuddihy
F. F. Hahn
R. O. McClellan

longer periods. In 2 dogs observed for 7 years after exposure, the longest component of whoZe-body

retention had an associated biological half-life of 580 days. Tissue analyses for dogs sacrificed

in pairs out to 7 years after exposure showed prolonged retention in the lung, transfer of signif-

icant quantities to the tracheobronchial lymph nodes and some soft tissue accumulation of released

137Cs. Results have been incorporated into a kinetic model to study the relative importance of

various lung clearance mechanisms. These data on long-term ~ung retention and translocation to

tracheobronchial lymph nodes are significantly different than those observed previously in dogs

exposed by inhalation to 239pu02.

INTRODUCTION

This study was designed to examine the long-term retention of a relatively insoluble aerosol

following its deposition in the dog lung. Long-term data such as these are only available from a

few sources; the best known perhaps come from studies conducted at the Battelle-Northwest Labora-

tories (BNWL) involving Beagle dogs exposed by inhalation to aerosols of 239pu02 spanning some11
Iyears after exposure. It was of interest to examine the biological behavior of a material other

than plutonium in an experiment involving much lower radiation doses to the lung and contiguous

tissues and consequently minimal observed biological effects. The aerosol chosen was a fused
aluminosilicate tagged with 137Cs, a relatively low-energy beta emitter. In addition to providing

basic information on the behavior of relatively insoluble particles in the lung and tracheobronchial

lymph nodes, this experiment also provides background information for our longevity studies involv-

ing other beta-gamma emitting radionuclides using the same fused aluminosilicate vector.

PL~TERIALS AND METHODS

Thirty pure-bred Beagle dogs (17 males, 13 females) were involved in this experiment. They

were approximately 17 months of age at the beginning of this experiment. The 137Cs-labeled aerosol

was prepared as follows: The 137Cs was exchanged into raw montmorillonite clay particles and these

labeled particles were aerosolized with a Lovelace nebulizer, passed through a heating column

operated at 1150% and collected on a piece of filter paper. The particles were subsequently

resuspended from the filter paper in distilled water and this suspension was used as the loading
for the aerosol generator. Thus, the exposures involved pre-fused, 137Cs-labeled aluminosilicate

particles. Exposure times were 15 min with aerosol concentrations ranging from 2 to 6 vCi/liter.

The particle size distribution of the aerosol was log-normal with Activity Median Aerodynamic

Diameters (AMAD) of 1.5 to 1.7 ~m and geometric standard deviations (~g) of 1.6 to 1.8. 
animal was housed individually in a metabolism cage for 256 days after exposure and housed in pairs

in the kennel facility beyond that time until sacrifice. Dogs were whole-body counted at different

intervals after exposure and sacrificed serially in pairs from 0 to 7 years after exposure. At
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necropsy, tissue specimens were taken for autoradiography and all tissues were analyzed for their
137Cs content by gamma counting.

RESULTS AND DISCUSSION

The initial body burdens of 137Cs determined from whole-body counting immediately after expo-

sure ranged from 17 to 140 uCi. Long-term retained burdens, LTRB, defined as that material remain-
ing in the dog after the early clearance phase was completed, ranged from 9 to 53 uCi. Using these

values plus the aerosol concentration and respiratory values obtained during exposure, the calculated

average whole-body deposition was 53%, with a range from 19 to 82%. Deposition associated with the

long-term retained burden averaged 23% and ranged from 6.3 to 45% of the activity inhaled. The

long-term retained burden represented, on the average, 43% of the initial total body burden, with a

range of 19 to 70%.

Whole-body retention data for each of the longer term dogs could be adequately described with

3-component exponential functions. For the 6 dogs that were observed for 3, 4 or 7 years after the

inhalation exposure, the intermediate component accounted for 11 to 25% of the initial body burden

and had associated effective half-lives ranging from 50 to 170 days. The third, or most avidly

retained component accounted for 21 to 47% of the initial body burden with effective half-lives of

390 to 550 days. The observed effective half-lives appeared to be influenced by the period of

observation in that they tended to increase with time after exposure. Figure I presents the whole-

body retention data from 2 dogs observed for 7 years. Except for a difference in early clearance,

the deposited material behaved similarly in both dogs. The long-term component for each had an

effective half-life of 550 days corresponding to a biological half-life of 580 days.
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Figure 1. Whole-body retention of 137Cs for 2 dogs observed for 7 yr
after a 15-min inhalation exposure to 137Cs-labeled, fused alumino-
silicate particles. Values are uncorrected for physical decay.

Table 1 presents the tissue distribution of 137Cs seen in animals sacrificed from 8 days through

7 years after exposure. The relative amount of 137Cs activity in the lung decreased throughout the

observation period and represented 69% of the total body burden by 7 years after exposure. This
decrease was mirrored by a corresponding increase in the amount of 137Cs activity seen in the

tracheobronchial lymph nodes which represented 24% of the total body burden at 7 years. Because of
the prominent uptake of 137Cs by the tracheobronchial lymph nodes, lymph nodes from several other

areas of the body (mesenteric, hepatic, popliteal, cervical, inguinal, sternal and atlantal lymph

nodes) were sampled in the dogs sacrificed at 7 years. Statistically significant activity (> 0.04%
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Table i

Relative Tissue Distribution of 137Cs

After Inhalation of 137Cs-Labeled, Fused

Aluminosilicate Particles by Beagle Dogs

Percent of
Time Sacrifice Body Burdena

PE Lung TBLN Remainder

8 Days 91 .11 9
16 87 .070 13
32 gl .094 9

64 92 .45 8

128 92 .95 7

266 89 2.5 8

1 Year 86 3.3 11

2 84 8.7 7

3 80 14 6

4 73 20 7

7 69 24 7

aMean of 2 values

I PULMONARY
REGION

I Ly MpT~oDES

0.00098

OO0 014 30
SOFT TISSUE
REMAINDER

I URINE I FECES

Transfer Rate Constants Expressed as Fraction per Day

Figure 2. Kinetic model of pulmonary reten-
tion and clearance of 137Cs after a 15-min
inhalation exposure of Beagle dogs to 137Cs-
labeled, fused aluminosilicate particles.

total body burden) was observed only in the cervical and atlantal lymph nodes (0.07 to 0.27%) 

in one sternal lymph node sample (0.06%). Activity in the remaining tissues assumed to represent
primarily 137Cs activity that was released from the aluminosilicate matrix and absorbed into the

body fluids as a soluble material, remained rather constant between 7 and 13% of the body burden.

To obtain a better understanding of the biological behavior of the inhaled, 137Cs-labeled

particles, a kinetic model has been constructed on first order kinetics using a digital computer.

(Fig. 2). Because of the relatively insoluble nature of these particles in body fluids and the

rapidity with which the upper respiratory tract is cleared by mucociliary activity and excretion

via the gastrointestinal tract, the model deals only with retention and clearance from the pulmonary

region. All numerical values included in this model were arrived at by judging goodness of fit for

the resulting functions with the observed experimental data. The percentage values listed for the
4 pulmonary compartments total 116% LTRB. These values are required to provide enough 137Cs for

all other segments of the model. This implies that the true initial lung burden, ILB, was slightly

greater than would have been estimated by equating LTRB with ILB. Presumably this material was

absorbed from the lung and excreted from the body too quickly to be quantitated as a part of the

estimate for LTRB. Thirty percent of the LTRB was cleared from the lung with a biological half-

life of 70 days via the gastrointestinal tract and excreted in the feces. Absorption from the lung

to blood occurred with biological half-lives of 0.23, 230 and 700 days, respectively. Clearance of
137Cs-labeled particles from the lung to TBLN occurred with a half-life of 7000 days (~ 19 yr.) and

137Cs was released from the TBLN to bloodstream with a biological half-life of 700 days, the same

as the longest component from the lung. Figure 3 presents the observed tissue data and correspond-

ing curves from the kinetic model. The lung burden curve appears to be a good representation of

the data out to 7 years as does the one for the TBLN. A peak in the TBLN burden was noted at - 2
yr. after which the burden began to decline, presumably due to release of 137Cs from the alumina-

silicate matrix. The soft tissue curve demonstrates a high early peak and subsequent decrease,

generally parallel to the lung activity. In its present form, the curve is a rather poor fit to

the experimental data; more work is required in this area.
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Figure 4 presents the average excretion data ~oo!

for 10 dogs during the first 256 days after

exposure. Curves generated by the kinetic model

appear to match the data well for fecal and

urinary plus wash water activity. During the
first = 50 days, excretion of 137Cs in the feces z ,o

exceeded that in urine plus wash water but beyond

that time, the converse was true due to excretion m

of 137Cs that had been released to body fluids, z

Figure 5 presents 137Cs concentration values ~o

for lung and tracheobronchial lymph nodes based

on normalized weights of Ii0 and 0.5 g, respec-

tively. Lung contained the highest concentration

initially, but because of the continual trans-
location of 137Cs-containing particles from lung

to the TBLN, the TBLN concentration exceeded that
004

in lung by 100 days after exposure.

I

\

DAYS POST-INHALATION EXPOSURE

The ratio of concentration in TBLN to lung

continued to increase with time. Since mean

organ dose is proportional to concentration, the

indication is that after 100 days post-exposure,

the tracheobronchial lymph nodes were receiving

substantially higher radiation dose rates than

Figure 3. Tissue distribution of 137Cs in
Beagle dogs as a function of time after a
15-min inhalation exposure to 137Cs-labe]ed,
fused aluminosilicate particles. The data
points were observed experimentally and the
curves were obtained from the kinetic model.
Values are uncorrected for physical decay.

the lung. Calculation of the cumulative 6 radiation dose to 7 years per uCi of initial lung burden

indicated 40 rads for the lung and 700 for TBLN. Thus, the TBLN dose to 7 years was 17 times

greater than that seen by the lung.

I

o ,o~ 2~o 3o0
DAYS POST-INHALATION EXPOSURE

Figure 4. Excretion of 137Cs by Beagle dogs as a function of time after
a 15-min inhalation exposure to 137Cs-labeled, fused aluminosilicate
particles. The data points represent the means of values from 10 dogs
whereas the smooth curves were obtained from the kinetic model. Values
are uncorrected for physical decay. Wash water activity included with
urinary activity.
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Figure 5. Tissue concentrations of 137Cs in Beagle dogs as a function
of time after a 15-min inhalation exposure to 137Cs-]abeled, fused
aluminosilicate particles. Values are uncorrected for physical decay.

These data can be compared with those obtained at BNWL from dogs exposed by inhalation to

239pu02.1 In 3 dogs that died between 7.3 and 7.7 yr after exposure, the lung contained 7 to 21%
and the TBLN 41 to 56% of the total body burden as compared to the present respective values of 69
and 24%. Curves expressing the 239pu content in various tissues as a function of time after inhala-

tion exposure indicate that at 7 yr after exposure, the lung and thoracic lymph nodes contained ~ 22
and 35% LTRB, respectively, whereas values from the current work with 137Cs in fused aluminosilicate

given in Figure 3 are 1.5 and 0.6% LTRB, respective]y. Thus, 239pu02 was retained moreparticles

tenaciously in the lung and TBLN. The extent to which this result was dependent upon the biological
damage seen in the 239pu dogs remains to be seen. No pathological alterations were noted in the

lungs or TBLN of dogs exposed to the 137Cs-]abeled fused aluminosilicate particles. These results

emphasize that different materials that are relatively insoluble in body fluids can behave quite

differently after an inhalation exposure. The usefulness of a kinetic model in the interpretation

of experimental observations is emphasized here and elsewhere in this document (pp 53-56).

REFERENCES

Park, J. F., W. J. Bair and R. H. Busch, "Progress in Beagle Dog Studies with Transuranium
Elements at Battelle-Northwest," Health Phys. 22:803-810, 1972.

52



BIOLOGICAL MODEL FOR RETENTION OF INHALED 95Nb IN BEAGLE DOGS

ABSTRACT

Retention kinetics of inhaled 95Nb in Nb(V)-oxalate and
PRINCIPAL IN¢TSTIGATOR

Nb(V)-oxide aerosols were studied in Beagle dogs. Data were
R. G. Cuddihy

analyzed in terms of a mathematical model which was constant

for both aerosol forms except in representing pulmonary

clearance to blood. Very soluble 95Nb from oxalate particles was rapidly translocated to skeleton

and liver, although less soluble fractions remained in lung for an extended time. Insoluble oxide

aerosols were retained in lung with a half-time approaching the physical half-life, although very

minor soluble fractions were deposited in skeleton and liver similar to 95Nb absorbed from oxa~ate

forms. For both aerosol forms, l~ng tissues received more significant radiation exposures than

other organs due to the short physical half-life of 35 days.

INTRODUCTION

Tissue distribution and retention of 95Nb has been studied in animals and man as related to

its presence in nuclear weapons fallout and fission products of nuclear reactors. More recently,

niobium metal has been suggested for use in structural components of fusion reactor systems, creat-
ing additional interest in its metabolic properties. Radioactive decay of 95Nb is by beta emission,Emax = 0.16 MeV, and associated gamma, ET 0.76 MeV with a half-life of 35 days. When ingested

absorption into the general circulation may be less than 0.2% making irradiation of the gastrointes-
tinal tract its most significant radiological hazard. I Inhaled 95Zr-95Nb from weapons fallout was

reported to be retained in human lungs with a biological half-time of 67 days, making lung tissue
2dosimetry the most significant aspect of internal tissue irradiation.

Studies reported here involve 95Nb inhaled by Beagle dogs as oxide or oxalate aerosols. Reten-

tion kinetics of the oxide particles which are very insoluble in biological fluids provide more in-
formation concerning particulate clearance in dogs, whereas tissue distribution of 95Nb following

inhalation of soluble oxalate aerosols provides insight into its metabolism in elemental form. Bio-

logical behavior of other aerosols with solubilities intermediate to these extremes may be inferred

with further knowledge of their solubilities in biological fluids, especially as related to absorp-

tion from lung.

EXPERIMENTAL METHODS

Beagle dogs, 28 males and 15 females between II and 13 months of age, were exposed by inhala-
tion to aerosols containing 95Nb. Niobium oxalate aerosols were used for 27 dogs and niobium oxide

aerosols were given to 6 dogs. Exposure periods ranged from 3 to 20 minutes during which i0 to 240

uCi was deposited in the animals. Aerosols were generated by nebulizing niobium oxalate solutions

2 mg/ml Zr(IV) in 5% oxalic acid and trace levels of 95Nb(OX)~. Resulting aerosolscontaining were
polydisperse with log normal size distribution having activity median aerodynamic diameters (AMAD)

between 1.6 and 2.5 um and geometric standard deviations (Og) between 1.8 and 2.4. Oxalate aerosols
were also passed through a heating column operated at 1000°C to produce oxide aerosols of 1.8 ~m

AMAD with a Og of 1.6.

Whole-body retention of 95Nb was measured frequently along with daily urine and fecal collec-

tions from all dogs until sacrifice. Blood samples, 10 ml each, were collected routinely from the



jugular veins of those dogs scheduled for sacri-

fice at 128 days after inhalation. Groups of

three dogs exposed to oxalate aerosols were sac-

rificed after I hr, 2, 4, 8, 16, 32, 64 days, and

6 dogs were sacrificed after 128 days. Three

dogs exposed to oxide aerosols were sacrificed

after 8 and 128 days. Tissues obtained at sacri-

fice, urine, feces and blood samples were analy-
zed for 95Nb using various well-type scintillation

counters.

Data were analyzed in terms of a mathematical

model for niobium retention illustrated in Figure

i. Mechanical clearance processes are shown as

broad arrows, whereas those processes conveying

ionic forms are indicated by lighter arrows.

Values for intercompartmental transfer constants,

given as fractions of contents transferred per

day, were determined from tissue activity levels

as given in the following section. Solutions of

the model were accomplished with analog and digi-

tal computer programs.

I!

Figure 1. Diagram of model describing re-
tention of inhaled 95Nb by Beagle dogs.
Broad arrows indicate mechanical clearance
pathways and narrow internal arrows indi-
cate pathways for movement of soluble
forms. Rate constants are given as frac-
tions of compartmental contents transferred
per day.

EXPERIMENTAL RESULTS

Whole-body retention of 95Nb is shown in Figure 2 for inhalation of oxide aerosols. The aver-

age whole body burden decreased to 50% of the initial body burden within 3 days. Nearly all cleared
95Nb was recovered in feces and represented mechanical clearance of particles from the upper respi-

ratory tract. More than 99% of the retained 95Nb was found in lung and accounted for the long-term

component of the whole-body retention function. Other particulate clearance occurred to tracheo-

bronchial lymph nodes with very minor soluble fractions moving to liver and skeleton (Fig. 3).

These tissue functions were simulated using a lung and lymph node clearance function:

fraction
S(t) = 1.6 x -4 e- O’04t + 0. 001 day

For inhaled 95Nb oxalate, clearance of soluble 95Nb to blood was describedwith time, t, in days.

by the function:

fraction
S(t) = 10.5 e-15t + 0.003 e-0"012t + 0.006 day

Whole body and lung retention functions for 95Nb after inhalation of oxalate aerosols are shown in

Figure 4. Approximately 30% of the long-term retained body burden was found in lung with the re-

mainder recovered in liver, skeleton, and blood (Fig. 5), and other soft tissues.

All solid line curves in Figures 2 thru 5 were produced from computer simulations of the model

shown in Figure I. Rate constants for the model were selected to give the best fit of the model

solutions to the observed data. Only the lung and lymph node clearance functions, S(t), were changed

to fit oxalate and oxide aerosol inhalation data. Percentages of inhaled aerosols deposited in

each portion of the respiratory tract appeared to be similar with about 50% in the pulmonary region

for both aerosols. Previous deposition studies indicated about 42% of inhaled particles with 1.8
um AMAD deposited in the lower respiratory tract Of Beagle dogs.3
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Figure 2. Whole-body rR~ention
and fecal excretion of ~°Nb in
Beaqle dogs following inhalation
of g5Nb oxide aerosols. Data
are not corrected for physical
decay. Points represent aver-
age values for all dogs in this
study and bars represent total
range of observations.
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Figure 3. 95Nb uptake by liver,
skeleton and tracheobronchial
~mph nodes after inhalation of
DNb oxide. Datum points rep-

resent averages of 3 observations
at each point and bars represent
total range of observations.

Figure 4. W~[le body and lung re-
tention of =aNb by BeaglR dogs
following inhalation of ~aNb
oxalate aerosols. Average datum
points not corrected for physical
decay are indicated along with
bars representing total range of
observations.
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Figure 5. Skeletal# liver and
blood contents of ~DNb following
inhalation of 95Nb oxalate.
Datum points indicate average
values for 3 dogs at each point
for liver and skeleton and 6 dogs
for blood. Bars represent total
range of observations.
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DISCUSSION

140

Whole-body and lung retention of inhaled 95Nb differed markedly for oxide and oxalate aerosol

forms. Oxide particles were retained avidly in lung, being very insoluble in biological fluids;

whereas 70% of 95Nb associated with oxalate aerosols was absorbed into blood within a few hours.

This was subsequently deposited in skeleton, liver, soft tissues (predominently muscle) and excreted

in urine.

The model configuration used for representing the respiratory tract is similar to that used by
Thomas.4 The intermediate compartment of the pulmonary region which clears to gastrointestinal

tract with a half-life of about 17 days was necessary to obtain a good fit to fecal excretion fol-
lowing 95Nb oxide inhalation but was not apparent in fecal clearance following oxalate inhalation.

This clearance pathway to the gastrointestinal tract was probably in competition with dissolution

and absorption into blood. Thomas described a similar compartment and pathway in mice and rats to

account for 20% of the initial body burden. In dogs used in the present study, about 3% of initial

body burdens were associated with this clearance. Such representation for the lower respiratory

tract is consistent with an anatomical site of deposition intermediate to ciliated regions with

rapid mucus clearance and the alveolar regions which clear very slowly. It was also assumed that

soluble material was rapidly absorbed from this site as from alveoli. Thus, representing the lower

respiratory tract by two compartments of differing mechanical clearance rates but equal clearance
to blood for soluble 95Nb was consistent with both inhalation experiments.

Due to the short physical halflife of 95Nb (35 days), lung tissues retained higher concentra-

tion than found in any other organs even after inhalation of soluble oxalate aerosols. Radiation
doses to lung tissues would therefore exceed all other tissues for 95Nb; however, liver and skeleton

may be expected to exceed lung concentrations for longer-lived 91mNb, 93mNb and 94Nb.
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BILIARY EXCRETION OF 144Ce FOLLOWING INHALATION OF 144Ce CITRATE BY RATS

ABSTRACT

Liver clearance of soluble 144Ce has been found in previous

studies to be faster in mice, rats, and rabbits th~n in

Beagle dogs or Chinese hamsters. Measurement of biliary

excretion of 144Ce in these species should aid in deter-

mining reasons for these differences. In a pilot study, 2S

young adult rats were exposed by inhalation to an aerosol of

PRINCIPAL INVESTIGATORS

Catherine S. Lustgarten
R. G. C~jdihy
B. ~. Boecker
Nancy Huber

144Ce citrate in a CsC1 vector to achieve initial body burdens of 10-20 ~Ci. Bile was collected

for 12 hours from 4 to 6 different rats on 1, 2, 4, 8, 16 and 32 days after exposure and was measured

for 144Ce activity. After collection, the rats were sacrificed and their tissues were counte4 to

determine 144Ce content. It was found that hepatic content decreased by 4.1% per day and that

biliary excretion accounted for 15-25% of the decrease.

INTRODUCTION

Cerium-144 has been and is currently being studied extensively in this laboratory, including

both radiation dose pattern studies and long-term dose response studies. Because inhalation repre-

sents the major route by which individuals might be exposed in an occupational or accidental
situation, these studies have been heavily oriented to the inhalation route of exposure. After a

short-term inhalation exposure, deposited 144Ce activity is present throughout the respiratory

tract. The fraction deposited on the ciliated portions of the respiratory tract is rapidly cleared

to the pharynx by mucociliary activity, swallowed, passed through the gastrointestinal tract with
minimal absorption and excreted in the feces. The remaining 144Ce that was originally deposited in

the lower respiratory tract is cleared by several processes, including absorption of soluble forms
of 144Ce intd the bloodstream followed by deposition primarily in liver and skeleton where in many

species it is retained tenaciously with effective half-lives approaching the physical half-life of
144Ce, 285 days. Species differences in hepatic retention of 144Ce have been discussed and it was

noted that 144Ce is cleared from the livers of mice, rats and rabbits much more rapidly than has
1

been observed for Beagle dogs or Chinese hamsters.

It is of interest to determine the role biliary excretion plays in the clearance of 144Ce from

the liver and to what extent species differences in biliary excretion of 144Ce account for observed

differences in hepatic retention of 144Ce. Current plans call for the investigation of biliary

excretion of 144Ce in several species of laboratory animals after inhalation of 144Ce in a form

that is relatively soluble in body fluids. As the first phase of these studies, biliary excretion

of 144Ce has been measured in rats at different times out to 32 days after inhalation of a 144Ce

citrate aerosol. This pilot study afforded an opportunity to test surgical and laboratory methods,
and served as a preliminary comparison to available 144Ce data.

MATERIALS AND METHODS

A group of Long Evans BLU-LE rats (Blue Spruce Farms, Inc., Altamont, N. Y.) containing equal

numbers of males and females weighing 200-300 gm each was exposed for 20 minutes by inhalation to

an aerosol of 144Ce citrate in a CsCI vector when the rats were 11 weeks of age. The inhalation

apparatus has been described previously. 2 Aerosol particle sizes were distributed log normally

with an activity median aerodynamic diameter, AMAD, of 1.6 ~m and Og = 1.7-1.9 um. Immediately
after the inhalation exposure and I, 2, 4, 8, 16 and 32 days later, the rats were whole-body counted



in well-type detectors employing a liquid scintillator. All excreta (urine, feces and cage wash
water) were collected from 5 animals during the first 32 days and gamma-counted to determine their

144Ce content.

Bile was collected from 4 to 6 different rats on days I, 2, 4, 8, 16 and 32 after exposure.

On each day, 4 male and 4 female rats were anesthetized with halothane in N20(02) using a rodent
inhalation anesthesia apparatus. The common bile duct was cannulated using the method of Knapp, et
al 3 and a polyethylene catheter was placed in the duodenum. After this surgery, each rat was

maintained separately at room temperature in a restraining cage that allowed the rat free access to
food and permitted the investigator easy manipulation of the bile and intestinal cannulas. 4 Bile

was collected continuously for 12 hours after anesthetic recovery. Every 30 minutes during collec-

tion, pooled donor bile from unexposed rats was given to the experimental subject through the

duodenal catheter, and the catheter was flushed with water. The volume of donor bile given equalled

the amount excreted by the subject in the previous 30 minutes. Drinking water was not required by

the rat because of the water received through the catheter.

After 12 hours of bile collection, the rats were sacrificed by an intraperitoneal injection of

sodium pentobarbital, weighed and dissected. The lungs, liver, skeleton, GI tract and contents,

pelt and carcass remains were gamma-counted in the well-type detector and the bile was analyzed
radiochemically for 144Ce content.

RESULTS AND DISCUSSION

Inhalation of 144Ce citrate aerosol 3 resulted in initial body burdens of 40 to 141 ~Ci 144Ce,

with a mean of 89 ~Ci. By the fourth day post-exposure, retained body burdens were 4-35 ~Ci, with

a mean of 15 uCi. A minimum of 4 and maximum of 6 successful 12-hour bile collections were obtained
on each collection day. Bile flow rates and 144Ce content for all rats are given in Table I. The

average flow rate in ml/hour/lO0 gm body weight was 0.19 for exposed rats and 0.17 for donor rats.
Castellino et al. 5 have reported an initial depression in the bile flow rate during the first I-2

hours after cannulation of the bile duct, followed by a peak flow 2-4 hours after surgery, then a

constant lower rate for the next 35 hours. However, the bile flow rate in this study was highest

during the first 1 1/2 to 3 hrs, then decreased =30% and was stable at this lower rate for the

remaining 10 hours of the experiment. In other comparable studies, Wistar rats had a bile flow
rate of 0.21 in one study and 0.24 in another; 5’6 Sprague-Dawley rats had flow rates of 0.31-0.42

with a mean of 0.37 in 5 studies; 7’8’9’10’11 and for Simonson rats a flow rate of 0.29 was observed
12in one study.

All 144Ce tissue and excreta analyses were based on counts corrected for physical decay back

to the day of exposure. Bile counts were doubled and treated as 24-hr collections. Results of the
144Ce tissue analyses are presented as percentages of initial body burdens in Figure 1. They

reflect the changing distribution pattern of 144Ce that would be expected based on available infor-

mation. Cerium-144 activity in the GI tract in the early post-exposure period reflects the rapid

clearance of the upper respiratory tract and also ingestion of external contamination from the head
pelt received during the head-only inhalation exposure. The 144Ce content in the lung decreased

continually during the first 32 days and this decrease was accompanied by a corresponding increase
in the 144Ce content of the liver and skeleton. The skeletal content increased continually through-

out this 32-day period whereas the hepatic content rose to a peak value at 8 days and then declined.

If one assumes that the rates of skeletal and hepatic uptake are equal and also that no clear-

ance of 144Ce from the skeleton took place during this period of observation, the ratio of hepatic

to skeletal burdens should indicate the clearance of 144Ce from the liver. A non-linear least

squares fit of a single component exponential function to this ratio from 1 to 32 days after exposure
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Figure 1. Average tissue burdens of 144Ce
and ratio of liver to skeletal burden after
inhalation of 144Ce citrate by rats.
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144Ce content of the bile expressed

indicates that 144Ce in the rat liver had a biological half-life of 17 days corresponding to the

loss of 4.1% of the liver burden per day.

The quantities of 144Ce excreted in the bile at the various sampling times have been expressed

as percentages of the corresponding hepatic burdens. Means and ranges for these percentages are
shown in Fig. 2 and indicate considerable variation among animals. Biliary excretion of 144Ce

corresponded to between 0.5 and 1% of the hepatic burden/day. The ratio of hepatic to skeletal

burdens indicated that the hepatic content decreased at the rate of 4.1% per day, thus, biliary

excretion accounted for 15 to 25% of this decrease.

Figure 3 presents the urinary, fecal and biliary excretion data. The feces initially contained
high levels of 144Ce, which rapidly decreased to 2-3% of the initial body burden, as expected.

Urine contained less than 0.1% of the initial body burden at first, declining to less than 0.01% by

day 32. Bile reached a high level on day 8 of 0.009% of the initial body burden and generally
maintained a plateau at that level, corresponding to the plateau in the liver burden of 144Ce.

Biliary 144Ce made up approximately 3% of the daily fecal burden.

Biliary excretion of injected 144CEC13 in the rat has been studied by Castellino, et al. 5 In
that study, bile was collected for 60 hours and no replacement bile was given. Their data indicate

a biological half-life of II days for injected 144Ce in the rat liver, with maximal biliary excre-

tion 4-6 days post-injection. Also, 90-100% of the 144Ce eliminated from the liver was accounted

for in the bile. An interesting feature of the Castellino study was the fact that the concentration

of 144Ce in the bile was very low during the first 12 hours after surgery, regardless of when the

surgery was performed in relation to the injection time of 144CEC13. A consistently high 144Ce

concentration plateau was attained between 24 and 48 hours after surgery, in which 3 times as much
144Ce was present as in the first 12 hours. It was speculated that surgical andanesthetic stress

and trauma inhibited the liver’s ability to excrete 144Ce during the early psot-operative period.

Our data would tend to support this hypothesis since rats that had significantly lower bile flow
rates also had very low concentrations of 144Ce in their bile, as shown in Table 1.
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Injected 144Ce may result in a colloidal

state in the blood stream, whereas inhaled 144Ce

that reaches the liver is presumably in the ionic

state. Thus the liver may have excreted two

forms of 144Ce via different mechanisms and at

different rates. However, the values for 12-hour
144Ce biliary excretion in our study compare

favorably with the low values obtained during the

first 12 hours of the Castellino study.

An expanded study is planned in which rats
exposed by inhalation to 144Ce citrate aerosol

will have bile collected for a minimum of 48
hours after surgery. Studies of biliary 144Ce

excretion in other species will also be of

interest, not only to detect species differences,

but in the case of the dog, because it will be

possible to collect multiple samples of bile from

the same animal at numerous intervals after the

inhalation exposure.
.O001

0000 i I I I
OI 8 16 24 32

D~YS POST-INHALATION EXPOSbRE

Figure 3. Levels of 144Ce in the bile, urine
and feces after inhalation of 144Ce citrate
by rats. Bile values represent values for 24
hours, based on 12 hours of collection.
Urine and feces data points represent the
average daily 144Ce burden in I to 4 days of
accumulated excreta.

Table 1

Bile Flow Rates for all Rats in the Study and the ]44Ce Activity/ml of Bile Following Inhalation of 144Ce

Citrate, Animals No. Lg, 24, 36 and 51 had Significantly Lower Flow Rates and Lower Bile 144Ce

Concentrations than Other Animals in Their Groups.

Bile Donor Rats _ Day i Day 2 Day 4 Da~ 8 Da~ 16 DaL32
14RCe l~4Ce 144Co 144Ce 144Ce 144Ce zqRCe

Rat Flow Cencen- Rat Flow Concen- Rat Flow Concen- Rat Flow Concen- Rat Flow Concen- Rat Flow Concen- Rat Flow Concert-
No. Rater trationb No. Rate tration No. Fate tration No. Fate tration NO, Fate tration NO. Rate tration No. Rate tration

l 0.18 i 0.22

2 0.15 2 0.23

3 0.11 B 0.26

4 0.17 14 0.11

5 0.17 Ave. 0.2]

6 0.14

7 0.19

8 0.12

9 0.18

I0 0.25

Ave. 0.17

Fooled
Sample O

aFlow Rate : ml bile/hour/t00 gm body weight

b144Ce Concentration = nCi 144Ce/ml bile

0.15 g 0.17 0.22 15 0.]3 0.38 25 0.24 0.21 35 0.19 0.77 45 0.34 2.31

0.64 13 0.33 0.11 21 0.16 0.49 27 0.23 1.82 36 O.O9 0.21 47 0.29 1.82

O. iO 22 0,24 0.10 23 O.15 0.28 28 O.16 2.32 37 8.1B 0.41 51 0.09 0.40

0.04 24 0.09 0.03 30 0.14 0.19 32 0.15 4.11 4] 0.18 0.82 52 0.15 0,28

0.23 Ave. 0.21 0.12 Ave. 0.15 0.34 33 0.15 0.99 43 0.24 2.54 Ave. 0.22 1.20

34 0.24 1.07 44 0.18 B.92

Ave. 0.20 1,75 Ave. 0.18 0.95
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In Vitro ELUTION OF 85Sr FROM BONES OF BEAGLE DOGS AFTER In Vivo INCORPORATION

ABSTRACT

In vitro elutions of 85Sr from femurs and ribs of Beagle dogs,
PRINCIPAL INVESTIGATORS

after in vivo incorporation, were studied by continuously
G. M. Kanapilly

eluting the bones with a synthetic ultra filtrate of blood. D.M. Wesselman
Both whole bones and split bones, obtained from two dogs

each a~ 1 day are 8 days post-injection, were eluted for 3 to

5 weeks. After elution, the fractional retention of 85Sr in the bones of the so, he dog were compar-

atively lower for: (1) ribs than fe~rs, (2) split bones than whole bones, and (3) bones obtained 

day post-injection than 8 days post-injection.

INTRODUCTION

Since bone mineral is microcrystalline and presents a surface area estimated to be 100 to 200

m2 per gm of bone, 1 elimination of a radionuclide from bone may be greatly dependent on surface ex-

change and other physiocochemical mechanisms, at least during the early periods after incorporation.

Therefore, in vitro experiments with suitable experimental conditions may provide a means of evalu-

ating the significance of physicochemical mechanisms in the elimination of a radionuclide from bone.

Further, an in vitro method may provide a simple means for evaluating radionuclide releases from

different bones, and for determining the effectiveness of various agents for enhancing elimination
of radionuclides incorporated in bones. Extensive data on the in vivo retention of 90Sr in Beagle

dogs are available. 2’3 Therefore, in vitro elutions of Sr from Beagle dog bones, after in vivo in-

corporation, were studied, so that comparison of in vivo - in vitro elimination of Sr from bones
may be made. The nuclide chosen was 85Sr for easy counting.

MATERIALS AND METHODS

Four female Beagle dogs of 2.53 years of age were used in this study. They were intravenously

injected with 2.6 ml of a solution containing 800 ~Ci of 85Sr in 0.08 M citrate at pH 3.5. The dogs

were whole-body counted immediately after injection and before sacrifice and were housed in metab-

olism cages. Two dogs each were sacrificed at 24 hours (511T and 512T) and 8 days (511U and 512U)

post-injection by exsanguination with cardiac puncture under sodium pentobarbital anesthesia. The

bones used in the in vitro elutions were thoroughly cleaned of soft tissues and used directly. One

femur and 5 ribs were used as whole bones. The other femur and another 5 ribs were split, the mar-

row removed and then used as split bones. The bone samples were gamma counted before elution.

The eluant, a synthetic ultrafiltrate of blood (SUF), was prepared by using deionized water

and contained NaCl (0.107 M), NH4CI (0.010 M), 3 ci trate (2 .5 x 10-3 M), Na HCO3 (0.024 M) , H2 4
(5 x 10-4 M), glycine (5 x -3 M), cy steine (1 x 1 -3 M), CaCl 2( 2.5 x 10-3 M), and 100 ppm of a

antibacterial agent, alkyl benzyl dimethylammonium chloride. Citrate is considered to be important

in the exchange of Ca with bone and citrate concentration in the fluid in contact with bones is be-

lieved to be higher than that in serum. I Therefore, the concentration of citrate in the SUF was

higher than that in blood. Since the pH of the fluid in contact with bones may be between 6.8 to

7.0, 4 the pH of the SUF used in this study was 6.9 ~0.1.

The elution system (Fig. 1) was made of plexiglas and polyethelene. The sample holder, after

placing the bone sample, was filled with glass beads (0.6 mm diameter) to assure uniform flow 

eluant. Before introducing the solvent into the sample chamber, both the solvent and the sample



holder were temperature equilibrated in a water

bath at 37°C. The samples were continuously eluted

for 3 to 5 weeks, and eluates were collected for

short (I to 9 hrs) intervals during the first three

days and longer (1-2 days) intervals during later

periods. The eluate fractions, bone samples, and

sample holders were gamma counted to determine
85Sr activities. The 85Sr activities remaining

in the sample holder, after the bones were removed,

were < 0.01% of the 85Sr in the bone.

RESULTS AND DISCUSSION

The percent whole-body retentions of 85Sr of

dogs sacrificed at I day post-injection were 73

and 71, and that of 8 days post-injection were 25

and 30. Lloyd et al. reported whole-body reten-
tion of 90Sr, intravenously injected as 90Sr cit-

rate, as 75% and 45% at I day and 8 days post-in-
jection. 3 The age of dogs used by Lloyd et al.

was 1.4 years and it may be a possibl~ reason for

ELUANT --
RESERVOIR

I|--

WATER BATH
AT 37°C

COLLECTION SAMPLE HOLDER
BOTTLE

Figure 1. Schematics of the experimental
arranoement. The manifold is used to connectthe difference in the 90Sr and 85Sr retentionF at several secondary reservoirs to the same

8 days post-injection, eluant reservoir.

The 85Sr retention data in the bone samples, after elution, are summarized in Table 1. The

fraction of 85Sr remaining in the bone samples were determined from bone counts before and after

elution, and also by subtracting the fraction of 85Sr eluted from the original 85Sr activity in the

bone. Further, data on the 85Sr remaining in the bone after t days of elution, Ft , were fitted by
a non-linear least squares method with 2-component exponential functions,

-Xl t -L2t

Ft ~ A1 e + A2 e ,

Table i

Fractional Retention of 85Sr in Beagle Dog Bones After in vitro Elution with Synthetic Cltrafiltrate

Duration of
Dog Elution,
I.D. fone Type T days

511Ta Whole femur 33.3

Split femur

Whole ribs

Spilt ribs

512Ta Whole femur 21.2

Split femur 29.5

Whole ribs 21.6

Split ribs 21.5

511Ub Whole femur 21.4

Split femur 21.6

Whole ribs 29.1

Split ribs 29.5

5L2Lfb Whole femur 23.3

Split femur

Whole ribs

Split ribs 23.2

Fractio~ of 855r Remaining,
as Determined from

Eluate Count

Bone After After ~I t ~,
Count T days 21 days Al ± o per day

0.836 0.840 0.850 0.110 ± 0.006 1.21 ± 0.15

0.782 0.768 0.785 0.137 ~ 0.008 0.349 t 0.054

0.768 0.751 0.768 0.142 ~ 0.008 0.363 * 0.056

0.670 0.669 0.698 0.178 ~ 0.008 0.426 : 0.051

0.887 0.880 0.~0 0.069 ~ 0.006 0.439 ~ 0.049

0.840 0.820 0.833 0.093 * 0,006 0.275 z 0.036

0,864 0.854 0.857 0.073 ± 0,003 0.672 * 0.063

0.787 0.183 0.786 0.091 ~ 0.005 0.541 ~ 0.058

0.954 0.936 0.937 0.014 + 0.001 0.525 ~ 0.070

0.898 0.902 0.905 0.032 * 0.003 0.304 ~ 0.054

0.906 0.892 0.900 0.063 - 0.003 0.316 * 0.032

0.849 0.869 0.881 0.050 - 0.003 0.541 - f.072

0.991 0.922 0.924 0.044 c 0.805 0.25! ~ 0.057

0.893 0.879 0.882 0.031 ~ 0.005 0.95 ~ 0.44

0.928 0.911 0.915 0.033 ~ 0,004 0.385 ~ 0.097

0,835 0.842 0.847 ..........

A2 + c

0.885 - 0.003

0.824 ~ 0 008

0.012 + 0.008

0769 9.007

0.928 0.004

0.886 0.006

0.922 0.003

0,892 0.004

0.986 0.007

0.962 0.003

0.935 0.003

0.950 ~ 0.002

0.954 * 0.006

0.971 + 0.004

0.954 + 0.004

0,Q76 + 0,005

( ~ 2 ~ I~ ) ~ 103,

__ per day

1.77 * 0,17

2.19 ~ 0.43

2.53 ~ 0,44

4.36 " 0.42

2.50 * 0.28

2,76 ± 0.31

3.72 + 0.21

6.13 * 0.30

2.51 z 0.05

3.0a - 0.21

1.67 ! 0.14

3.22 * 0.13

1.54 " 033

4.79 " 002

2.04 " 023

7.38 " 0.47

asacrificed i day post-i~jection; bsacrificed 8 days post-i~jection.
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where A1 and A2 are the two fractions associated with the corresponding decay coefficients, >~1 and

X2. The values of A1, A2, ~I and >’2’ and the standard deviation of the fit, ~, for each bone sam-

ples are also included in the table. An exception was the data from split ribs of dog 512U, which
were fitted with a single exponential function.

Retentions of 85Sr in similar bone samples of dogs sacrificed at the same time post-injection

show differences. However, the fractional retentions of 85Sr in the I day bone samples (bone sam-

ples obtained from dogs sacrificed at i day post-injection) were comparatively lower than those of

8-day bone samples due mainly to the higher A1 values of l-day bones. There were no consistent dif-
ferences in ~I and ~2 values for l-day and 8-day bones. Fractional retention of 85Sr in the bones

of the same dog were comparatively lower for (I) ribs than femurs and (2) split bones than whole

bones. Generally both A1 and ~2 values were higher for, (I) ribs than femur, and (2) split bones

than whole bones.

Whole body retention of 90Sr in Beagle dogs indicate that the retention of Sr in bones may con-

sist of a component with half-times of clearance (tl/2) of < 7 days and one or more components with
tl/2 of months or years. 2’3 The 85Sr retention pattern obtained from in vitro elution data showed

two components, one with tl/2 of less than 3 days and the other with tl/2 ranging from II0 to 450
days. The in vitro elution data of comparatively short duration agree qualitatively with the in

vivo elimination of Sr from bones. Further comparison can be made when more in vivo data are avail-

able on the fractional values, of different types of bones, associated with the short and longer

tl/2 values. Higher retentions of 85Sr in femurs compared to ribs, and whole bones compared to
split bones, may be due to lower specific surface area available for exchange.

CONCLUSIONS

The results of in vitro elution show that physicochemical processes are capable of removing in
vivo incorporated 85Sr from bones of Beagle dogs. Therefore, in vitro elution may provide a simple

method for evaluating the effectiveness of various agents for enhancing the early release of radio-

nuclides incorporated in bones. Comparatively higher elution rates observed with the split bones,

possibly due to better eluant-bone surface contact, indicate that for in vitro elution studies,

splitting of the bone may be useful to simulate the fluid-bone contact existing in vivo due to blood

circulation. The in vitro elution studies also show that retention kinetics of Sr may depend on the

specific surface area of the bone and therefore be different in different bone samples.
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ABSORBED DOSE DISTRIBUTION PATTERNS IN THE BEAGLE THORAX AFTER INHALATION

OF 90Sr-90y FUSED CLAY PARTICLES.

ABSTRACT

This experiment was designed to examine absorbed dose patterns

in the Beagle dog thorax after inhalation of polydisperse

fused montmorillonite clay particles labeled with 90Sr-9Oy.

Sixteen dogs were exposed nose-only to achieve initial lung

burdens of 91 to 200 ~Ci. Dogs are being serially sacrificed

and photographic data and autoradiographic data produced for

a series of parallel planes approximately 1 cm apart through

the thorax. Data analysis will include definition of absorbed

II.

PRINCIPAL IWVESTI~ATORS

M. B. Snipes
G. E. Runkle
A. J. Hulbert

dose patterns in the Beagle thorax at 8 days, 64 days, 1 year, 2 years and 3 years post-exposure.

To date, 8-day, 64-day and !-year animals have been sacrificed and partially analyzed. The result

of this experiment will be a better understanding of deposition and absorbed dose patterns and allow

a better correlation beUween absorbed dose and biological response for Beagle dogs exposed to rela-

tively ~nsoluble aerosols conta~zinated by energetic beta-emitting radionuclides, in addition, re-

sults will allow quantitating anomalies in deposition patterns, such as the striated pattern near

ribs previously observed in this laboratory.

INTRODUCTION

This experiment was designed to quantitate absorbed radiation dose patterns in the Beagle dog

thorax. As discussed in last year’s report (1972-1973 Annual Report, LF-46, pp. 43-49), radiation

dose estimates for lung tissue are generally based on the assumptions that (I) the hazardous ma-

terial is uniformly dispersed throughout lung tissue and (2) the dose to the lungs is uniformly dis-

tributed and equal to the average value for absorbed dose in the lung. Prior work in this laboratory

has indicated that the second assumption is not valid, at least for energetic beta-emitting radio-

nuclides, and, in fact, there is a significant range for absorbed dose in lung tissue due to radio-

active materials deposited there. There were also strong indications of striated radionuclide depo-

sition patterns in lung tissue, especially near ribs (1968-1969 Annual Report, LF-41, pp. 88-93;
1970-1971 Annual Report, LF-44, pp. 114-120). 1 Determination of the extent of non-uniformity of

radionuclide deposition patterns in the lung and quantitation of the range and distribution for ab-

sorbed dose patterns in the lung will allow better understanding of deposition and dose patterns and

will eventually allow correlations, if they exist, between "hot spots" and biological responses such

as fibrosis and tumor induction.

Average values for absorbed lung dose are useful for relating biological response to physical
injury. However, knowing distribution patterns for absorbed dose in lung will provide a better un-

derstanding of the magnitude of the radiation dose necessary to produce a defined biological response

for a given animal species. Then too, dose distribution data for several species will allow for

better interspecies comparisons and extrapolations to additional species of interest.

Last year’s annual report (1972-1973 Annual Report, LF-46, pp. 43-49) outlined the experimental

approach used in this study as well as preliminary results. In essence, a relatively insoluble form
of 90sr-gDY was used for this study based on the assumptions that 90Sr-90y is a typical energetic

beta-emitting radionuclide with an effective haif-life sufficiently long (~ 400 days).to allow long-

term experiments. Progress to date for this study will be summarized.
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EXPERIMENTAL METHODS

Sixteen Beagle dogs from our colony (14 to 15 months old at time of exposure and 9.1 to 12.8 kg
body weight) were exposed to an aerosol containing 90Sr-90y in fused montmorillonite clay particles.

Initial lung burdens ranged from 91 to 200 ~Ci; the activity median aerodynamic diameters (AMAD) and

geometric standard deviations (Og) averaged 2.2 ~m (1.9 to 2.4 ~m) and 1.7 (1.5 to 1.6), respectively.
Four dogs were sacrificed at 8 days post-exposure, three dogs were sacrificed at 64 days post-expo-

sure, and three dogs were sacrificed at 1 year post-exposure. The remaining dogs will be sacrificed

at 2 and 3 years post-exposure to assess changes in dose patterns after allowing time for a signifi-

cant amount of lung clearance.

Similar procedures were used for each dog that has been sacrificed. The hair was clipped from

the dog’s thorax and the dog was sacrificed with an intravenous lO-ml dose of a concentrated solution

of potassium chloride. Each dog was positioned in an insulated box and liquid nitrogen was poured

into the box to freeze the dog in i-2 hours. A hand saw was used to cut the thorax from the frozen

dog, leaving two cervical vertebrae and all of the thoracic vertebrae with the thorax preparation.

The frozen thorax was positioned in a plexiglas mold and polyurethane foam was poured around it, re-

sulting in a rectangular block of solidified foam containing the dog thorax. Each block was sliced

in one of the three planes through the block to examine deposition and dose patterns.

Thorax blocks were sliced using a meat cutter’s band saw with a blade having four offset teeth

per inch. The slices were 9.1 mm thick and the width of the material lost during slicing was ap-

proximately 0.7 mm; cutting losses therefore amounted to 7% of each slice. Such a loss was unavoid-

able because frozen tissue containing bones cannot be easily cut by other than a band saw blade with

offset teeth. Depending on the plane of slicing, each thorax was represented by approximately 15
to 25 slices. Slices were cleaned by gentle scraping with a steel blade and photographed on a pre-

cision grid.

Autoradiograms were produced for each slice using i0" x 12" x-ray film (Kodak AA2). These pro-

cedures were carried out in a walk-in freezer maintained at -lO°C to -20°C. A calibration block

was positioned on one end of the x-ray film to produce calibration spots for optical density simul-

taneous to the tissue exposure. Infinite thickness for the calibration spots and tissue was achieved

by having the calibration standards apposed on either side of the x-ray film and also having approx-

imately 5.5 cm of thorax block slices stacked on either side of the film plane. Films were developed

using standard techniques. Position versus optical density was determined for pertinent areas of

the autoradiograms using a computer-controlled scanning microdensitometer equipped with a 200 ~m x

200 ~m aperture. Data have been stored on magnetic tape as X and Y coordinates and optical density

for those coordinates.

A Graf/Pen Sonic Digitizer was used to convert photographic data to 2-dimensional data on mag-

netic tape. Procedures included (1) projection of each 35 mm colored transparency into a rear-screen

projector and (2} using the sonic digitizer to trace around outlines of tissues of interest. These

tissue distribution data will be used to relate dose to specific regions within the thorax, such as

total lung, individual lung lobes, lymph nodes, ribs, heart, etc. Distortions such as (I) the pin-

cushion effect, 12) camera lens axis not perpendicular to object plane, (3) distortion of image

during projection, (4) magnification of image during projection and (5) correction of sample plane

to film plane (1.1 cm; 0.91 cm slick thickness plus 0.19 cm plexiglas used to mount precision grid)

were corrected by a computer program which accounts for and corrects for all sources of distortion

such that data stored on magnetic tape represent actual positions and dimensions of tissue outlines

of interest.



The next step was to make certain that both forms of data were appropriately situated in the

same coordinate system. This was accomplished by reproducing the pattern for an arbitrary gray

level of each set of autoradiographic data on a Tektronix storage display tube; the result was a

2-dimensional map for the specified gray level at that plane through the thorax and approximated the

shape of the lung tissue cross section at that plane of the thorax. The complementary tissue outline

data were superimposed on the gray level display and made to overlap by translating and rotating the

tissue outline data. This was followed by analysis of dose distributions for the lung lobes, total

lung, thorax, ribs, etc. using the defined tissue outlines to select areas of interest on the auto-

radiograms.

RESULTS AND DISCUSSION

To date, ten dogs have been sacrificed, 4 dogs at 8 days post-exposure, 3 dogs at 64 days post-

exposure and 3 dogs at I year post-exposure. The 8- and 64-day dogs have been processed, photo-

graphed and autoradiographed. Preliminary data for two of the dogs sacrificed 8 days post-exposure

were reported last year (1972-1972 Annual Report, LF-46, pp. 43-49). Results indicated a range from

0 to 3 or 4 for relative dose (RD), where RD equals the observed absorbed dose for a specified point

in the thorax divided by the average dose to the thorax. Some areas of the thorax are therefore

receiving doses 3 to 4 times the average value. The next phase in this study was to define the dose

patterns to specified tissue components of the thorax and define areas receiving the highest doses.

As indicated in the Experimental Methods Section, procedures have now been developed to accur-

ately define dose distribution patterns for this study. A Graf/Pen Sonic Digitizer has been pur-

chased and programs written to allow its use interactively with our newly acquired PDP 11/45 com-

puter. The Graf/Pen is permanently mounted on a rear-screen projector system designed for the pur-

pose. A piece of tracing paper on the base of the Graf/Pen serves as the screen. Each transparency
of the thorax slices includes a precision grid in the background. A rectangular array of 102 grid

points is used as the basis for correcting points within that rectangular array to their real posi-

tion in the X-Y coordinate system of the thorax slice. After using the Graf/Pen to input grid points

to the computer, point 0,0, the X-axis and the center point in the projected image are defined with

the sonic pen. The computer then generates the necessary correction equations to correct the rec-

tangular grid pattern and all points within it to real size. Tissues of interest, such as lung lobes,
ribs, thoracic cavity, etc. are then input to the computer, corrected to real size and stored on

magnetic tape for later use in defining dose to specific areas within the thorax.

It is now possible to routinely accumulate data for tissue outlines to relate radiation dose

to specific tissues within the Beagle thorax. For example, to compute average dose to the right

apical lung lobe, the procedure is to ask for the average dose within the boundaries of that lobe

that were defined using the Graf/Pen. All transparencies of the thorax are included in the analysis.

An important factor to consider, however, is whether or not the X-Y coordinates for tissue position

data exactly overlap the coordinates for autoradiographic data. Computer programs were developed

to produce a display of optical density data on the storage display tube of a Tektronix computer

terminal. Pertinent tissue outline data were simultaneously displayed. If the two forms of data did

not overlap exactly, the tissue data could be translated and/or rotated to correct for this error.

Figure I is an example of this display. A specified gray level from one of the autoradiograms was

written on the Tektronix storage display tube. The optical density level of 0.8 was selected for

display. Tissue outline data from both sides of that plane through the thorax were then displayed

to determine if tissue outline data and autoradiography data overlapped, or occupied the same points

in the ×-Y coordinate system. The dashed lines represented every fourth Graf/Pen datum point. The

lines were produced by connecting points for each tissue type of interest. Tissue outline data were

repositioned slightly to assure both Graf/Pen and autoradiography data precisely overlapped. The



Figure 1. Dose distribution in the Beagle thorax relative to tissue out-
line data for a plane of the thorax approximately midway through the lungs
and perpendicular to the thorax axis.

next step is to compute absorbed dose to areas of interest in this plane through the thorax and

combine data from all sample planes to define dose patterns to the entire thorax and its tissue con-

stituents.

In the near future, data for 8 days, 64 days and I year post-exposure will be fully analyzed
to describe absorbed dose patterns in the Beagle thorax after inhalation of polydisperse 90Sr-90y

fused clay particles. These time periods, as well as 2-year and 3-year data, will provide data for

changes, if they exist, in dose patterns soon after aerosol exposure and times sufficiently long

after exposure that considerable clearance of the initial lung burden was observed. Data will also

be analyzed to define anomalies in dose patterns, such as striations previously discussed. Then

too, it is anticipated that pathologic data will eventually be added to this analysis to provide a

better interpretation of biological response in the Beagle after inhalation of relatively insoluble
radioactive particles containing 90Sr-9Dy or radionuclides having comparable emissions.
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DISTRIBUTION PATTERNS OF INHALED POLYDISPERSE 147pm FUSED CLAY PARTICLES

IN THE BEAGLE DOG THORAX WITH AND WITHOUT LAVAGE THERAPY

ABSTRACT

This experiment was desic~ned to examine dispersion and retention

patterns for polydisperse aerosols off used mont~eriilonite

clay particles labele4 with 147~i. Fourteen do3s were exposed

and scheduled f~)~ serial sacrifice at O, 8, 64 and 365 days

post-ex~osure. Experimental procedures included producing a

series of slices through the thorax at ap~roximtely I cm

intervals and obtaining a series of autoradiogr~71s and 35 mm

PRI{~TCIPAL I2JVESTIGATORS
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golor transparencies for each set of thora~ slices to define (i) the average doses to lung, lung

lobes and other tissues of interest, (2) the number of hot spots of activity per unit vol~le 

the lung, and (3) a size distribution for these hot spots. Comparable data will be analyzed f eT 

additional dogs subjected to lavage therapy to remove a portion of the burden from either the left

or right lung using 1 or 5 treatments. Totals of 31 to 71% of the initial left or right lung bur-

den were removed by the lavage therapy but only preliminary observations are completed on the auto-

radiography data.

INTRODUCTION

A number of experiments are in progress in our laboratory in which Beagle dogs were exposed to

achieve lung burdens of polydisperse aerosols of fused montmorillonite clay particles labeled with

radionuclides such as 144Ce-144pr, 90y, 91y, 137Cs and 90Sr-9Oy. The initial dispersion and reten-
tion patterns of these aerosols are of interest for a number of reasons. One reason is the obvious

effect on absorbed dose. Another is to obtain a better understanding of the relative degree of uni-

formity of the initial dispersion of the inhaled particles and whether the dispersion pattern changes

as a result of clearance mechanisms. Another question is, do hot spots of radioactivity develop in

lung tissue due to accumulation of numbers of individual particles to form clumps and therefore

yield non-uniform dispersion of radioactivity in the lung tissue?

Lavage therapy has been used in several experiments in our laboratory to reduce lung burdens of

144Ce and other radionuclides. Reducing the lung burden of a radionuclide using this form of therapy

should decrease the risk of radiation-induced diseases such as radiation pneumonitis, pulmonary fi-

brosis or lung tumors. While the removal of a portion of a lung burden using lavage therapy has

been shown to decrease the risk of radiation damage (this report, pp. 277 to 280), uncertainties

exist about whether the lavage procedure changes the dispersion pattern of the lung burden.

This study was therefore designed to quantitate dispersion patterns for polydisperse fused

montmorillonite clay particles in the lung. A low-energy beta-emitting radionuclide (147pm; Bmax 
=

0.224 Mev: ~avg = 0.070 Mev) was chosen to provide adequate definition of radiation dispersion pat-

terns. Several time periods post-exposure were chosen to quantitate changes in dispersion patterns

as a result of biological clearance mechanisms. Also, dogs subjected to bronchopulmonary lavage

therapy were included to quantitate the effects of this therapy treatment on dispersion patterns.

PROCEDURES

Eighteen Beagle dogs from our colony (7.4 to 11.8 kilograms and 13 to 20 months old) were ex-

posed, nose-only, to a polydisperse aerosol of 147pm in fused montmorillonite clay particles, using



aerosol preparation methods and exposure methods previously described. 1’2 Four dogs were assigned

for bronchopulmonary lavage therapy, the remaining 14 dogs were assigned to a sacrifice schedule as

indicated in Table 1. Activity median aerodynamic diameter (AMAD) and geometric standard deviation

(~g) values averaged 1.9 ~m (range 1.6 to 2.1 ~m) and 1.9 (range 1.6 to 2.2), respectively. Initial
lung burdens (ILB) ranged from 300 to 670 ~Ci per kilogram of body weight. An additional radionu-

clide (169yb) was associated with the 147pm-labeled fused clay particles to allow (1) the use 

thorax monitor to determine lung burdens during exposures, (2) obtain whole-body counts for several

weeks post-exposure to allow accurate determinations of the ILB, and (3) quantitate the amount 

activity removed from the lung by lavage therapy. Results from this study should demonstrate day O,

8, 64 and 365 dispersion and retention patterns for substantial lung burdens of polydisperse fused

clay particles labeled with beta-emitting radionuclides.

Table 1

Experimental Protocol

Body Initial Cumulative
Age Weight ILB Dose Rate Absorbed Experimental

Tattoo (months) (kg) (uCi/kg) (fads/day) Dose (rads) Treatment

629S 20 9.8 ~ 500 ~ 160 N/A O-day sacrifice

669T 14 9.6 ~ 500 ~ 160 N/A ....

677C 14 7.9 ~ 500 ~ 160 N/A ....

679A 13 9.7 ~ 500 ~ 160 N/A ....

618B 15 11.6 ~ 300 ~ 100 780 8-day sacrifice

618S 15 9.3 ~ 300 ~ 100 780 ....

619D 15 9.7 ~ 300 ~ I00 780 ....

619S 15 11.8 ~ 300 ~ I00 780 ....

645T 18 8.6 420 140 5,800 64-day sacrifice

649C 17 8.9 470 150 5,800 ....

663T 16 7.4 430 140 5,800 ....

649T 17 10.2 520 170 40,000 365-day sacrifice

656T 17 9.5 520 170 40,000 ....

666S 15 7.7 390 130 30,000 ....

651B 17 8.9 440 140 N/A Right lung lavaged
on day 2, sacri-
ficed on day 8.

666A 15 10.1 560 180 N/A Left lung lavaged
on day 2, sacri-
ficed on day 8.

647A 18 11.1 670 220 N/A Right lung lavaged
on days 2, 6, 13,
28 and 41, sacri-
ficed on day 56.

677D 13 9.1 540 180 N/A Left lung lavaged
on days 2, I0, 21,
35 and 49, sacri-
ficed on day 56.



Estimates for absorbed dose rate and cumulative dose are as follows, ignoring any dose contri-
bution from 169yb.

dose rate (dD) = 51.2 E~ (AF) C(t), rads/day

where EB
= average B energy for 147pm = 0.070 Mev

AF = fractional absorption of energy = 1.0

C(t) = activity concentration as a function of time post-exposure (uCi/gm).

Assuming that 147pm is distributed uniformly in lung, all beta energy is completely absorbed

and the lung mass is 1.1,% of the body weight,

(51.2)(0.070) Lo 0.33 Lo= f(t) = f(t), rads/daydD W(O.011) 103 

where: L = initial lung burden (uCi)
o

W = dog weight in kilograms

f(t) = net lung retention function for 147pm

Therefore, the initial absorbed dose rate for lung tissue in this experiment was approximately 0.33
rads/day per pCi ILB/kg, or approximately 0.033 rads/day/pCi ILB for a I0 kg Beagle dog. Beagles
have been exposed to 90Sr-90y and 144Ce-144pr in fused clay particles for longevity studies where

radiation doses of this magnitude were achieved (this report, pp.126 to 129 and 113 to 117).

Radiation pneumonitis and pulmonary fibrosis were common biological consequences in these studies

for doses of this magnitude.

The biological half-life (tB) for fused montmorillonite clay particles in the Beagle lung has
been observed to be approximately 1 year in other studies in our laboratory. Combining this value

for t B with the physical half-life (tp) for 147pm of 2.62 years yields an expected effective half-
life of 264 days.

Cumulative absorbed dose to lung for dogs in this experiment equals the time integral of dD.

Therefore,

0.33 Lo t e_(O.693/264)t dt, rads.
D = W o

Estimates for the initial dose rate and cumulative dose to sacrifice are included in Table I.

Procedures for lavage therapy have been previously described (1971-1972 Annual Report, LF-45,

pp. 295-303). Only one lung, left or right, was lavaged of the four dogs, as indicated in Table I.

Dogs lavaged only one time were sacrificed on day 8 post-exposure. Dogs lavaged 5 times were sacri-

ficed on day 56 post-exposure.

Procedures for sacrifice and subsequent procedures used to produce color transparencies of
slices of the Beagle thorax are identical to those used for the 90Sr-90y dose pattern study, de-

scribed on pp. 65 - 68 of this report. Procedures for autoradiography were modified due to the low
energy emissions from 147pm. They were carried out as follows under safe light conditions in a

walk-in freezer maintained at -lO°C to -20°C. Kodak Type AA2 lndustrial X-ray film was removed from

its packet, placed on a mylar-covered flat surface and covered by a 0.023 mm thick sheet of mylar.

One side of the thorax slices was placed in contact with the mylar-covered x-ray film for 2.5 hours

to produce autoradiograms. The other side of the slice was next exposed such that an autoradiogram
was obtained for each side of each thorax slice. A calibration block containing 147pm standards

similar to those used in the 90Sr-90y experiment was exposed at the same time as the biological

preparation. The result of these procedures was a series of approximately 30 to 40 transparencies

and autoradiograms for each dog thorax.



Autoradiograms are scanned in a raster mode using a scanning microdensitometer with an aperture
of I00 ~m x 100 ~m. Data (pixels) are stored on magnetic tape as X position, Y position and optical

density for each datum point. Color transparencies are used to generate 2-dlmensienal outlines of

tissues as described in the gOsr-90y dose distribution study (pp. 65 to 68 this report). Computer

techniques will be used to determine (I) average doses to lung: lung lobes and other tissues of in-

terest, (2) number of hot spots per unit volume in lung lobes, and (3) a size distribution for 

spots. Appropriate comparisons will be made among data for days O, 8, 64 and 365 post-exposure.

RESULTS AND DISCUSSION

To date, all dogs in this study have been sacrificed, except those assigned for sacrifice at

365 days after exposure. Nine thorax preparations have been sliced, photographed and autoradiograms

produced. Three sets of autoradiograms have been scanned with the scanning microdensitometer and

two sets of transparencies have been digitized using the Graf/Pen Sonic Digitizer. Further analysis

of data will be done when needed computer programs are operational. Hence, this is a preliminary

report which hopefully can be finished within the next year.

Figure I presents visual examples of autoradiograms produced in this study. It represents

radiation patterns observed approximately midway through the thorax and at a right angle to the

thorax axis. It is of considerable interest to quantitate the hot-spot and diffuse radiation pat-

tern for each autoradiogram and also for the sum of all autoradiograms for each thorax. This figure

is an example of patterns observed 64 days after exposure. One aspect of this study is to quanti-

tate changes, if they occur, in this hot spot and diffuse radiation pattern which may occur as a

result of clearance of a portion of the initial lung burden. The results have important implica-

tions in dosimetry. The demarcation of lung lobes, large airways and large blood vessels is a re-
sult of the slight penetrating ability of the 0.224 Mev beta emissions from 147pm. Maximum range

in unit density tissue is approximately 500 ~m; average range is approximately 70 um. Maximum and

average ranges in lung tissue (p = 0.22) are approximately 2300 um and 300 ~m, respectively. There-

fore, development of sensitized areas on film in contact with tissue containing 147pm yields a dose

pattern on the film essentially identical to that in the plane of the tissue.

iiiiii~iii!ii!¸ ii iiii~iiii:ii

Figure I. Radiation patterns in the Beagle lung 64 days after inhalation of polydisperse fused
montmorillonite clay particles labeled with ±~IPm.



As indicated in Table 2, lavage therapy resulted in removal of a considerable portion of the

lung burden of labeled clay particles. A single lavage treatment removed 29 to 42 percent of the

burden. Results were similar, with an indication that a slightly greater percentage of the right

lung burden (38 and 42 percent) was removed than was observed for the left lung (29 and 31 percent).

However, multiple lavage therapy removed essentially identical amounts, regardless of whether it was

left or right. Data were corrected for physical decay between the time of analysis for 169yb and
the time of exposure. Results therefore assume an infinite physical half-life for 169yb, which is

reasonable for this analysis. The next step in this part of the 147pm study will be to analyze the

particle dispersion and dose pattern to see if any changes are observed which can be related to la-

vage therapy. Preliminary observations do not indicate any differences from the non-lavaged lung.

However, computer analysis may indicate a change in the hot spot distribution pattern.

Table 2

Removal of 147pm-169yb in Fused Clay Particles from the Beagle Lung

by Bronchopulmonary Lavage Therapy

ILB for
169yb Side of Lung Side Percent of
ILB Lung Lavage~ Lavage ~Ci ILB for

Tattoo I~Ci) Lavaged (uCi)a Day Removedb Lavaged Lung

647A 28.0 Right 16.2 2 6.8 42

6 2.3 14

13 1.3 8.0

28 0.6 3.7

42 0.5 3.1

Total 11.5 71.0

651B 14.5 Right 8.4 2 3.2 38

666A 21.0 Left 8.9 2 2.8 31

677D 19.0 Left 8.0 2 2.3 29

i0 2.0 25

21 0.3 3.8

35 0.6 7.5

49 0.3 3.8

Total 5.5 68.8

aBased on the estimates that 58% of the total lung burden is in the right lung
and 42% of the total lung burden is in the left lung of the

bcorrected to date of exposure.

Beagle dog.

1.

2.
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GASTROINTESTINAL AND RESPIRATORY TRACT INJURY FOLLOWINGINHALATION

OF RADIOACTIVE AEROSOLS

ABSTRACT

Tissue irradiation from inhaled radionuclides can produce ~l-

tiple insult involving lung, upper respiratory tract, gastro-
PRINCIPAL TNVESTIGATOR

intestinal tract and other internal organs for soluble chemical
R. G. Cuddihy

for~s. Considerably greater doses are required.from swallowed

beta- and g~na-emitting isotopes to produce damage similar to

that from external irradiation. This difference is related to uncertainties with dosimetry models

for gastrointestinal tract, shielding of sensitive cells and differing radiation distribution pat-

terns° With inhaled radioactive aerosols, lung and nasal injury were projected to be much more

significant than gastrointestinal damage except for isotopes with energetic beta emissions, short

physical half-lives and in association with insoluble aerosols greater than 2 vm MMAD. Larger

aerosols produce combined upper respiratory tract, lower gastrointestinal tract and pulmanary in-

jury which differ greatly from effects of whole-body or partial-body external irradiation.

INTRODUCTION

Inhalation of airborne particles contaminated with radioactive isotopes may produce a variety

of tissue radiation patterns depending upon sites of deposition influenced by aerosol particle size
and chemical form. ~articles between 0o01 um and 2 um MMAD (mass median aerodynamic diameter)

deposit in deep lung spaces creating more concern for pulmonary dose and internal organ dosimetry

of soluble fractions of material following absorption into the general circulation. Much smaller

and larger particles deposit mainly in the nasal region and are cleared to the gastrointestinal

tract making dosimetry of these organ systems of prime consideration. Residence times for insoluble

particles in deep lung spaces can be several hundred days whereas clearance of particles from the

upper respiratory tract and excretion through the gastrointestinal tract are virtually complete

within a few days. Therefore, time-integrated, total radiation doses to lung will be much greater

than to the gastrointestinal tract unless inhalation exposures involve very short-lived radionu-

clides. Most aerosols produced in nature are broadly polydisperse in sizes which result in multi-

dimensional deposition and tissue distribution patterns.

GASTROINTESTINAL TRACT DOSIMETRY

The gastrointestinal tract is a complex dosimetric organ model because of the variety of clear-

ance times, possible masses of contents for deposited radioactive materials, energy absorption of

emitted radiations and identification of the critical cells. These uncertainties have been major

factors underlying common inabilities to find correspondence between gastrointestinal tract responses

to doses from localized x-ray irradiation and irradiation from passage of beta- and gamma-emitting

radioisotopes. Models for calculating radiation doses to gastrointestinal tract have been developed
by Thompson and Hollis, I ICRP Committee 11, 2 Eve3 and others. Physiological details are summarized

in Table I. All of these models assume that dose to intestinal walls is one-half of the dose to its

contents which have a standard mass uniformly in contact with all portions of the intestinal segment

for a given transit time. If the total volume of each segment is calculated for man from data re-

ported by Eve, the stomach, small intestine, upper large intestine and lower large intestine would

have cylindrical volumes equivalent to 1960, 1100, 880 and 1000 ml, respectively. These volumes are

7.8, 2.7, 4.0 and 7.4 times the respective standard contents. Thus, it must be assumed that (1)



Table 1

Ohysiological Data Taken from Various Proposed Models for Radiation Dosimetry

Stomach
[entents
Transit Time
Length
Radius

Small Intestine
Contents 1100 gm 400 gm
Transit Time 4 hr 4 hr
Length 350 cm
Radius I cm

@~per Large Intestine
Contents 135 gm 220 gm
Transit Time 8 hr 13 hr
Length 70 cm
Radius 2 cm

Lower Large Intestine
Contents 150 gm ]35 cm
Transit Time 18 hr 24 hr
Length 80 cm
Radius 2 cm

of the Gastrointestinal Tract.

ICRRg Eve3

(human) (human)

250 gm 250 gm
1 hr ] hr 5 hr

25 cm
5 cm

Data for the Large Intestine in Dogs
Refers to the Entire Organ

Vacca et al 17 Andersen 18 Nold et al14

(humTn) (Bea~le) (do~--

300 gm 700 gm
4 hr 2-6 hr

Richmond & Thompson &
Furchnerl9 HollisI

(Beagle) (j’at]

5 gln
3.5 hr 3 hr

3 hr

6 hr
280 cm

1 cm

250 gm 3.8 gm
1 hr 3 hr 3 hr

250 cm

4 hr
46 cm

250 gm 150 gm 3.4 gr:,
4 hr 12 hr 20 hr 9-46 hr 20 hr

48 cm 25 cm

less than 40% of each segment would be filled by solid contents to capacity, (2) that the contents,

though highly variable, are effectively greater than given by Eve, or (3) that gastrointestinal

segments are greatly collapsed during passage of the contaminated matter. The first two possibil-

ities would lead to calculated radiation doses greatly in excess of true absorbed doses and neglect

important nonuniform dose distribution factors. The third condition is rather contrary to movement

of intestinal contents by peristalsis.

A second approach to dosimetry calculations for the gastrointestinal tract is to assume that

one or more cylindrical masses of unit length pass through the gastrointestinal tract having dif-

ferent radii corresponding to each segment and at transit times as given by Eve. This "bolus"

model approach results in smaller doses than estimated by the ICRP Model since more energy is ab-

sorbed in the mass of contents when the lumen is fully expanded (Table 2). Doses to intestinal

crypt cells are also given assuming a shielding factor calculated from work of Unnikrishnan et al.4

for a depth of 0.5 mm.

Table 2

Doses to Segments of the Gastrointestinal Tract of Humans for Ingestion of i mCi 90y
Calculated from the ICRP Model and Bolus Model Using Dimensions Given in Table 1

and Extrapolation of Model Assumptions to Dog

a
Human Dog

ICRP Bolus Cryptb ICRP Crypt
Tissue (rad) (rad) (rad) (rad) (rad)

Stomach 4 0.5 13

Small Intestine i0 3 2 3.5 2.3

Upper Large Intestine 50 12 8

Lower Large Intestine 125 16 I0 80 50

a Physiological data for dog was taken from Andersen (see Table 1) except

b for a large intestinal content mass of 200 gm with a 20 hr transit time;
Doses to crypt cells were calculated from Bolus model assuming 0.5 mm
distance from Lumen and attentuation given by Unnikrishnan et al. (1973).

/5



Inhalation of insoluble radioactive aerosols

may produce substantial irradiation of the naso- I,OO0

pharynx. Nasopharyngeal clearance has been re-

ported to occur with a half-time of 30 min in hu-
mans5 and Beagle dogs6. Proctor 7 reported more

rapid movement of individual particles across main
IOO-

nasal passages of humans which would lead to clear-

ance half-times of about 15 min, however, large

nasal deposits occur in the neighborhood of an

"anterior dead spot" which is almost unaffected

by mucociliary flow. Total radiation doses fol- ~ io-

lowing i mCi depositions of 90y in nasal and pul-
monary regions of dog and man have been estimated
and compared to gastrointestinal and lung doses of 5

an equivalent amount of deposited activity in in- m
l.O-soluble particles (Table 3). Ratios of gastroin- 

testinal tract doses to nasal tissue and pulmonary
Wdoses are plotted in Figure 1 as a function of

particle size for Beagle dogs and humans. Aerosol
W

deposition data were taken from values reported by ~
O,i-

Cuddihy et al. 8 for Beagle dogs and The Task Group

of Lung Dynamics9 for humans in the resting respi-

ratory state. Over the range of particle sizes

either lung or nasal radiation doses were always

greater than gastrointestinal tract doses, how- .oi
o.I

ever, values are highly dependent upon assumed

values for intestinal contents as discussed.

I

Lunq Dose
( Lorge Intestlne Dose)

HUMAN

NOSQI Dose

BEAGLE

,oo
MASS MEDIAN AERODYNAMIC DIAMETER(Iu-m}

Figure I. Estimated relative radiation doses
to lung, nasal tissues and lower large intes-
tine for inhaled 90y. Gastrointestinal radia-
tion dose models following ICRP recommendations
were used for man and extrapolated to dog.

Table 3

Estimated Radiation Doses to Regions of the Respiratory and Gastrointestinal
Tracts of Dogs and Humans Following Deposition of I mCi 90y

in the Nasal or Pulmonary Regions

Organ or Region Man Do9
Anterior Nasal Passagea 200 rad 200 rad
Main Nasal Passageb 25 rad 25 tad

Pulmonary 175 rad 1600 rad

Stomach 4 rad 13 rad

Small Intestine 10 rad 3.5 rad

Lower Large Intestine 125 rad 80 rad

aThe anterior nasal passage was assumed to be a hollow cylinder with an air pas-
sage approximately .75 cm radius and 2.5 cm long. Total energy absorption was
considered to occur within 0.5 cm of tissue during clearance with a 30 min half-
time; b The main nasal passage was assumed to be 1 cm in radius and 7.5 cm long
with a clearance half-time of 15 min. Dimensions for nasal passages were esti-
mated from data of Barnes (1971) and Proctor (1973).
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GASTROINTESTINAL INJURY FROM INTERNAL AND EXTERNAL IRRADIATION

Significance of gastrointestinal injury following inhalation exposure can be evaluated from

studies in rat and dog for which external irradiation of whole body and gastrointestinal tract has

been studied along with ingested and inhaled, short-lived beta-emitting radioisotopes. Sullivan et

al. 10 reported an LD50 value of 1550R with a mean survival time of 7.1 days after irradiation of

exteriorized intestine. After irradiation of lower abdomen, the LDso was 1620R with a mean survival

time of 5.7 days. Rats exhibited an LD50 dose of 17 mCi/kg for ingested 91y with a mean survival
time of 8.4 days. 11 Estimated doses to small intestine, ascending colon and descending colon were

1150, 2800 and 4700 rads, respectively. Assuming a tissue depth of 0.04 cm for intestinal crypts,

only 25% of these doses may have reached the target cells.

Dogs receiving total body x-ray or gamma irradiation have generally indicated an LD50/30 dose
12

between 200 and 350 R. When only lower body was irradiated an LD50 dose of about 900R was ob-
served with death occurring in 4 days. 13 Nold et al.14 reported studies in which mongrel dogs were

fed 25 mCi of 90y in daily doses of 5 mCi/day. No early pathological lesions were observed until
more than 2000 rads was delivered to the colon as determined from thermoluminescent dosimeters

implanted in the lumen wall of the lower large intestine. Ingestion of 4 ~Ci of 90y resulted in
300 mrad to lower large intestine in agreement with calculated doses given in Table 2. Under

6000 rads, lesions were minor though lethality was not determined since all dogs were sacificed at

7 days. Following inhalation of 90y in which Beagle dogs received upper respiratory tract deposits
of 8 to 34 mCi and 9 to 35 mci lung burdens only 1 of 10 dogs was euthanized in a moribund condition
at 12 days after inhalation mainly due to pulmonary injury. 15 Moderate to severe nasal tissue ul-

ceration was observed in dogs having more than 18 mci upper respiratory tract burdens of 90y. From
dose calculations in Table 3 nasal tissues surrounding the anterior nasal areas probably received

from 1600 to 6800 rads.

RESPIRATORY AND GASTROINTESTINAL TRACT INJURY

Pulmonary injury following inhalation of insoluble aerosols containing radionuclides has been

described by McClellan et al. 16 Beagle dogs inhaled fused clay aerosols labeled with 90y (T1/2 

2.67 days), 91y (TI/2= 59 days), 144Ce (T1/2 = 285 days) and 90Sr (T1/2 = 10950 days) resulting 
effective lung retention half-times of 2.6, 53, 178 and 400 days, respectively. Total radiation

dose associated with early deaths was lowest for 90y (> 7000 fads), followed by 91y (> 14,000 rads)
and was highest for 144Ce (> 38,000 rads except for one case in which death occurred with 19,000

rads), and 90Sr (> 34,000 rads). Deaths due to radiation pneumonitis and pulmonary fibrosis gen-

erally occurred between 100-300 days following inhalation of the radioactive aerosols with death

usually occurring somewhat earlier for the radionuclide with shortest effective half-life. No inci-

dence of early death related to gastrointestinal injury has ever been reported following inhalation

of either beta- or alpha-emitting isotopes. Gastrointestinal injury would not be expected to play a

major role in any inhalation exposure to alpha emitters due to extremely high LET in intestinal

masses and the less critical nature of cells bordering the intestinal lumen.

Estimates of pulmonary and nasal irradiation indicate that either tissue will receive a greater

radiation dose than gastrointestinal tract following inhalation of 90y. Further, shorter-lived
radionuclides will emphasize nasal tissue irradiation and longer-lived radionuclides will produce

relatively larger pulmonary doses. The relationship between radiation doses to lung and large

intestine for different particle sizes and radioisotopes is shown in Figure 2. The physical half-

lives, 2.67 days for 90y, 34.1 days for 129mTe, 368 days for 106Ru and 10,950 days for 90Sr com-
bined with a biological clearance half-time of 420 days for lung yield effective half-times of 2.6

days, 31 days, 196 days and 400 days, respectively. Only for 90y above 2 ~m MMAD and 129mTe above



15 ~m MMAD does the gastrointestinal dose exceed

that delivered to lung. At no particle size or

isotope half-life do gastrointestinal tract doses

exceed all other tissues. Radiation dose patterns

following ingestion of radionuclides differ from

those received from external x-ray or gamma irra-

diation. In contrast to the uniform doses to the
I

entire tract from external irradiation, ingestion

of radioisotopes produces lower intestinal irradi-

ation which greatly exceeds small intestine or o

stomach doses. Apparently, doses from ingested o
aradioisotopes must be considerably greater than

from external irradiation for somewhat similar ~z~
3,T,

intestinal damage and differs from the "typical ,~ l.O-
J

gastrointestinal syndrome" following whole-body
~J

irradiation including irradiation of hematopoietic <~

system not produced by ingested beta emitters.

.Olo., ,6 ,6
MASS MEDIAN AERODYNAMIC DIAMETER (M.m)

Figure 2. Estimated ratios of radiation doses
to lung and lower large intestine of man for
90St, 106Ru, 129mTe and 90y. Gastrointestinal
radiation doses were calculated from models
following ICRP recommendations for man.
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GENERALCHARACTERISTICS OF A MATHEMATICAL MODEL FOR PREDICTING ENVIRONMENTAL

AND HUMAN HEALTH EFFECTS OF DEVELOPING NUCLEAR REACTOR PROGRAMS

ABSTRACT

Anticipated developmenv of nuclear reactor systems for pro-

duction of electrical power with associated noz~.ial releases

of transuranic eZements to the environment makes it necessary

to develop comprehensive analyses of their possible i~npact

upon human health. Such analyses must address possible

sources for radioactivity releases, environmental transport,

accw~ulation in biological species and related deposition
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and health risks in man. Mathematical models of these systems adapted to rapid com~uter solution

are being developed to aid in projecting the total and time-dependent human risk factors related to

nuclear power development. These studies will also attempt to identify the most sensitive aspects

and assu~iptions of the total health risk assessments and will generally be applicable to effluents

from non-nuclear as well as nuclear sources, in both cases, the results can be used to define

guidelines for general siting considerations.

INTRODUCTION

Developing programs for widespread production of electrical energy from nuclear reactor sys-

tems require detailed analysis of anticipated environmental contamination due to radioactivity re-

leases, and their possible impact upon human health. Such analyses generally employ extensive

calculation schemes with input of numerous assumed transport rates and risk estimators. Many of

these parameters apply to specific geographical sites, climatic conditions and the overall rate of

development of nuclear programs. A mathematical model is being developed to facilitate such anal-

yses, study the sensitivity of estimated human risks to all input assumptions and develop further

information relating possible site specific considerations and time sequences of nuclear energy de-

velopment to changing health risk profiles. This model is presently being adapted to a computer

simulation language, DYNAMO (available through Pugh-Roberts Associates, Cambridge, Mass.), which 

generally available to all computer facilities.

GENERAL MODEL CHARACTERISTICS

Presently, modeling efforts have been directed toward releases of transuranic elements to the

environment from the liquid metal fast breeder reactor, LMFBR, fuel cycle. Major aspects of this

fuel cycle identifying the most predominant locations for accumulation of radionuclides are illus-

trated in Figure 1. The number of liquid metal breeder reactors in the total nuclear program is as-

sumed to grow with increased demands for energy related to growing population and per capita energy

consumption. The most frequent releases of transuranics to the environment from normal operations

are anticipated to occur from fuel reprocessing and be composed of radionuclides including 238pu,

239pu, 240pu, 241pu, 241Am, 242Cm and 244Cm. These have been assumed to be predominately airborne

particles of sufficiently small size (0.3 ;~m mass median aerodynamic diameter, MMAD) to have wide

atmospheric dispersion and be respirable by man and animals. Accidental single releases may be

simulated from any site indicated in Figure 1 by specifying the quantity or fraction of inventory

released along with particle size, solubility and elemental composition of the effluents.

*This project represents a collaborative effort between ITRI and Sandia Laboratories, Kirtland Air
Force Base, Albuquerque, New Mexico.
+Sandia Laboratory Personnel.
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Figure 1. Schematic representation of the
liquid metal fast breeder reactor, LMRBR, fuel
cycle indicating major sites for accumulation
of radioactive products. Normal continuous
releases of transuranics are anticipated from
fuel reprocessing operations although the
mathematical model is adaptable to accidental
releases from any site.

Atmosphere

Figure 2. Diagram of environmental pathways
for transport of transuranics to man. En-
vironmental contamination from nuclear fuel
cycle is input to the atmosphere and water
segments of model as governed by assumptions
concerning the nature of releases.

Environmental dispersion and transport of released transuranics is simulated in the model as

illustrated in Figure 2. Releases to the atmosphere are dispersed according to a wind rose for a

given site with dry deposition and scavenging by precipitation reducing air concentrations with

travel time. Human and animal populations receive inhalation exposures related to local air con-

centrations, both before and after ground deposition with subsequent resuspension. Ingestion routes

to man occur via plants, animals, aquatic life and water. The only means by which radionuclides

exit from this model is through radioactive decay. Accumulation of transuranics in subsoil, the

single largest environmental resevoir, is assumed to represent the top 20 cm and presently no fur-

ther penetration is provided.

Uptake and tissue retention of transuranic elements in man is illustrated by the model in Fig-

ure 3. Inhaled material is deposited in various regions of the respiatory tract. Fractional depo-
sition rates for each region are taken from the Task Group on Lung DynamicsI as related to aerosol

particle size and respiratory rates for moderate physical effort. Cross-hatched areas represent

deposition of very insoluble particles as distinct from moderately soluble aerosols which are indi-

cated by unlined respiratory compartments. Percentages in each respiratory compartment represent

those portions of deposited aerosol transferred by the associated pathways as indicated by arrows.

This structure for the respiratory tract is similar to the model for actinide elements described in
ICRP Publication 19. 2 Isotopes ingested through plant, animal, aquatic life and water pathways are

introduced directly into the gastrointestinal tract compartment along with swallowed material cleared

from previous deposits in the respiratory tract. Absorption from the gastrointestinal tract is

considered to be small, 3 x 10-5 for Pu isotopes and I x 10-3 for Am and Cm isotopes, however, large
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Figure 3. Inhalation and ingestion model for transuranic elements in man.
Atmospheric contamination of environmental model serves as input to respi-
ratory tract and pathways for ingestion input to the gastrointestinal tract.

quantities are assumed to be transferred through the related environmental pathways making ingestion

a significant factor in irradiation of internal organs. Remaining pathways for deposition in inter-

nal organs are constructed to deposit approximately 45% of the absorbed radioactivity in both the

liver and skeleton: i~ in the kidney, 0.05% in testes, and 0.01% in ovaries. The remainder is ex-

creted through urine and feces. Organ concentrations are integrated with time and multiplied by

appropriate conversion factors to provide tissue doses in rem. Biological effects resulting from

integrated radiation doses are predicted from tumor and genetic damage estimators given in Table 1.

MODEL APPLICATIONS

One typical output of the composite model is shown in Figure 4. These curves illustrate rela-

tive estimates of lung, skeletal and liver tumors along with genetic defects, based on one set of

assumptions, for projected development of the LMFBR program through the year 2030. Such data as

represented in Figure 4 will provide the most pertinent output of estimated health risks by which

the sensitivity of each model parameter can be studied. Through this process, the most important

pathways to man and transfer rate parameters will be identified for further study.
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Table I

Estimated Risk Factors for Development of Tumors
and Genetic Damage from Irradiationa

Incidence
Risk per Man-rem

Lung tumors 16 to 110 x 10-6

Bone tumors 2 to 17 x 10-6

Liver tumors I to 7 x 10-6

Genetic Damage

a) Specific defects 50 to 500 x 10-6

b) Complex etiology I0 to I000 x 10-6

aRisk estimators were taken from material in-
cluded in the BEIR report.3

I I L i i i

}80 2000 ’ ’20120 2040
TIME (yeors)

Figure 4. Typical output of complete model
simulation showing predictions for relative
incidence of health effects due to environ-
mental release of transuranic elements.

The anticipated time sequence for projected environmental contamination levels as well as pos-

sible development of health effects in humans may provide useful information to evaluate future

environmental surveillance programs. Such comparisons may be of value to assess developing perfor-

mance in nuclear industry operations and strengthen confidence in the various aspects of overall

predicted health impact prior to full scale development of nuclear material inventories.

Because nuclear reactors are only one means available for power production, relative compari-
sons with predicted environmental and health effects of fossil fuel plant effluents are also needed.

Similar pathways exist for environmental transport of radioactive and non-radioactive metals and

gases to man regardless of source. Therefore, modeling efforts such as those described may be use-

ful in obtaining a more complete cost-benefit analysis for effluents of the several available power

sources and may assist in developing optimim decisions.
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SECTION III

LONG-TERM DOSE RESPONSE STUDIES

TOXICITY OF INHALED BETA-EMITTING RADIONUCLIDES AN EXPERIMENTAL APPROACH

ABSTRACT

An experimental approach to evaluation of the toxicity of

inhaled beta-emitting radionuclides in e~perimental animals

is described. Graded levels of these radionuclides are be-
. ¯ . ~ 90 ~ 144p
~ng stud~ed tn both relatively soluble ( SrC~2, ~eCl3,
9i ~ !37 . 90 91

YC~3, CsCl) and relatively tnsoluble forms ( Y,
7 v
_44 9~ . ~ ....

Ce and Sr ~n fusea clay parttcles). Intt~al ~ung or

whole-body activity burdens were selected to result in early

deaths due to severe lesions at the highest levels, deaths

at later times with moderate to marked pathologic changes

and more subtle changes such as neoplasia at the lower

levels. The organs affected vary depending on the solu-

bility and chemical characteristics of the isotope. For
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radionuclides inhaled in relatively soluble forms, long-term effects have been seen in the liver,

skeleton and other tissues in addition to some pulmonary effects, in contrast, long-term effects

seen in the dogs exposed to relatively insoluble forms 7~ve been mainly associated with the lung

and contiguous tissues. In the !aVter experiments, emphasis is placed on an evaluation of the in-

fluence of radiation dose rate and total dose on the resulting dose-response relationship. ~aer

the mid-nange of the relationship between radiation dose and biological response, it will be possible

to comp~e the relationships for the several radioactive aerosols with their different radiation

dose patterns. These studies with young adult dogs are complemented with co~,arable studies in

other species (mice, Syrian h~msters) and with animals of different ages (i~ature, aged). 

basic approach, with emphasis on J~cVors tF~t alter the resulting radiation dose pattern, offers

vhe maxim~i likelihood of meeting the continuing, and not always predictable, needs J~r information

on the toxicity of inhaled beta-emitting radionuclides that may be encountered in nuclear industry

operations.

INTRODUCTION

The objectives of this group of studies are to establish the dose-response relationships re-

sulting from inhalation of different quantities of beta-emitting radionuclides in various physical

and chemical forms by animals of different species and different ages. Extrapolation of this in-

formation to man helps establish the safe and reasonable operating procedures and exposure limits

that are essential to the orderly development and use of nuclear energy. It is impossible to simu-

late experimentally with animal exposures, all the potential accident situations that might be en-

countered. Thus, a more basic approach is being used in which the relationship of radiation dose

and biological response is being studied for a few selected radioactive aerosols of varied physical

and chemical character, particle size distribution and radionuclide content. In this manner, the

importance of several radiation dose parameters on the dose-response relationship for long-term ef-

fects may be evaluated.
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The radionuclides being studied, all important fission products, are present in substantial

quantities in many nuclear processes and thus are potential airborne pollutants. Equally important,

the radionuclides and forms chosen represent a range of physical and effective half-lives which pro-

vides an opportunity to assess the influence of radiation dose rate and total radiation dose, on

the dose-response relationships for inhaled radionuclides. Since all of these radionuclides and

their associated daughters are energetic beta emitters and the initial lung burdens being studied

require deposition of relatively large numbers of particles, it is assumed that there is nearly un-

iform beta irradiation of lung. All of the aerosols have been polydisperse, i.e. their particle

sizes were distributed log-normally with geometric standard deviations > 1.2.

The dose-response longevity studies with beta-emitting radionuclides that are currently in
progress are shown in Table I. Aerosol solubility in body fluids has a definite effect on the trans-

location of radionuclides from the lung and thus influences which organs receive significant radia-

90SrCl2* or 137CsCl, the radionuclide is rapidly absorbed from the lungtion doses. For inhaled
and deposited in other tissues (skeleton, whole-body) producing a significant radiation dose 

these locations. For inhaled gIycIR and 144CeClR, the radionuclide is absorbed from the lung at a

for 90SrCl2 orslower rate than CsCl resulting in a significant radiation dose to lung as well137

as to the tissues in which these radionuclides are finally deposited, liver and skeleton. The four

radionuclides inhaled in fused clay (aluminosilicate) particles result primarily in irradiation 

the lung and associated lymph nodes.

Table I

Dose Response Longevity Studies - ~-y Emitters

Whole-Body Organs Receiving Significant
Radionuclide Retention Age At Radiation Dose

and Effective Inhalation Whole
Form Half-Life Exposure Lung Skeleton Liver Body

Beagle Dogs

137CSCI 30 days 13 months

91ycI3 59 days 13 months ++ ++ +

144CEC13 284 days 13 months +++ +++ ++++

90SrCI2 5-10 years 13 months ++++
90y Fused Clay 2.6 days 13 months ++++
91y Fused Clay 53 days 13 months ++++

144Ce Fused Clay =200 days 13 months ++++ + +
90Sr Fused Clay =400 days 13 months ++++ +

144Ce Fused Clay =200 days 8-10 years ++++ + +
144Ce Fused Clay ~200 days 3 months ++++ + +

÷+÷

Syrian Hamsters

144Ce0 = 63 days 28 days ++++ + +

144Ce022 = 63 days 84 days ++++ + +

Mice

90y Fused Clay 2.6 days 6-8 weeks ++++ +

144Ce02 = 21 days 8-10 weeks ++++ + +

"144Ce, 90St and 137Cs as used in this text refers to 144Ce in equilibrium with its daughter, 144pr,
90Sr in equilibrium with its daughter, 90y, and 137Cs in equilibrium with its daughter, 137mBa.



The extent to which these aerosols result in different radiation dose patterns to lung is

evident in Figures 1 and 2. In Figure 1, the change in radiation dose rate as a function of time

is shown for levels of exposure selected to produce similar initial dose rates, 100 rads/day. The

similarity in the initial lung burden of the six radionuclides required to produce similar initial

dose rates to lung relates to the similarity of their beta energies. The marked difference in po-

tential infinite dose to lung produced by these lung burdens is also apparent, 410 rads for 90y to
43,000 fads for 90Sr. The difference in radiation dose patterns for the different radionuclides is

102 . i [ I

e c;oy
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~YCl3 ~]ay~ ~

Initial Lung CODese
\ Aerosol Burden(pCi) {reds)

90St Clgy 240 57,000
144CeCloy 220 25,000
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Figure 1. Absorbed beta dose
rate to lung for Beagle dogs
for various inhaled radioactive
aerosols normalized to 100
rads/day initial dose rate.
(II0 gm lung)

Figure 2. Patterns for accum-
ulating 2000 rads total beta
dose to lung in Beagle dogs
from various inhaled radio-
active aerosols. (110 gm lung)
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further evident in Figure 2, where cumulative dose curves resulting in similar infinite radiation

doses to lung, 5000 rads, are plotted. The marked differences in initial lung burdens and initial

dose rates to lung are shown, 4200 ~Ci and 1200 rads/day for 90y to 28 ~Ci and Ii rads/day for 90Sr.
These differences result from the markedly dissimilar effective half-lives produced by the physical

half-lives of the two radionuclides.

The studies involving multiple species are also indicated in Table 1. These will allow more

precise extrapolation of the dose-response data to assessment of inhalation hazards for man. Ex-

perimental details on all these studies are given in the following papers in this document.

It is of interest to note the general correlation between survival time and the specific radio-

nuclide exposure, each radionuclide having a different initial dose rate and rate of decrease of

the dose rate for a particular cumulative dose. For example, the earliest deaths were observed

with 90y, these animals being exposed to very high initial dose rates which decreased rapidly. Dogs

exposed to similar lung doses from 91y, 144Ce or 90Sr lived longer. Likewise, at later times (150

to 250 days) when deaths with all four radionuclides were noted, 90y exposed dogs died with the
lowest doses, the 91y dogs at intermediate dose, and the 144Ce and 90Sr d6gs at the highest doses.

Another correlation is the relative efficiency of the protracted low dose irradiation from

144Ce and 90Sr for the production of pulmonary hemangiosarcomas. All of the dogs in these two

studies which died with neoplasms, died with hemangiosarcomas although other neoplasms were found

in some cases. Dogs with similar radiation doses to lung as a result of 90y or 91y died at early

times with radiation pneumonitis and pulmonary fibrosis. The only pulmonary neoplasms in the 90y

and 91y studies have been epithelial in origin and in dogs with much lower doses to lung.

Preliminary studies of 144Ce02 toxicity in mice have shown that, when compared on a ~Ci lung

burden per kilogram body weight basis, no tumors developed in mice during their lifespan, whereas

Beagle dogs developed pulmonary tumors within similar times after exposure. This difference may

be due to species variation in response to beta radiation or the longer effective retention of in-
haled insoluble 144Ce in dogs than in mice. Investigation of these differences is currently in

progress.

Continued observation will yield further correlations as more than half of the exposed dogs

and many of the smaller animals are still alive. The results of these studies will be compared

with those from other studies with internally deposited beta-emitting radioisotopes at Argonne
National Laboratory, 2’3 University of California-Davis,4 and University of Utah.5
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TOXICITY OF INHALED 90SRC12 IN BEAGLE

ABSTRACT

Studies on the metabolism, dosimetry and effects of inhaled

90SRC12 in the Beagle dog are continuing in an effort to

provide a basis for assessing the consequences of inhaling

90St such as might be released in certain nuclear accidents.

Seventy-two dogs have been exposed to aerosols containing

90Sr resulting in initial body burdens ranging from 2.5 to

250 vCi 90Sr/kg. Forty-eight of these dogs are being main-
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rained for lifetime observation. Twenty-five unexposed dogs served as controls. The long-term

retained burdens in these dogs range from 1 to 120 ~Ci 90St~kg. Twenty-four dogs with a mean long-

ter~i retained burden of 38 vCi 90St/kg have been assigned to a sacrifice study. Two of these dogs

and 1 control dog were sacrificed at 5 days, I month and I year after inhalation of 90Sr. To date,

44 90Sr dogs have died or have been euthanized, 6 during the first 31 days after inhalation of 90Sr

with bone marrow aplasia and 38 between 585 and 3473 days after inhalation of 90Sr. The latter

group includes 12 dogs with hemangiosarcomas, 15 with osteosarcomas, 3 with fibrosa_~comas, 3 with

osteochondrosarcomas, 1 with osteochondrofibrosarcoma, 2 with leukemia, 1 with a baso-squamous

carcinoma, I with a malignant giant cell tw~or, 1 with a myxosarcoma, I with a transitional cell

carcinoma, I with an epileptic seizure, 1 with pne~enonia and 1 with eerebellar hemorrhage (5 dogs

had both a hemangiosarcoma and an osteosarcoma). The skeletons of the dogs dying with neoplasms

received initial radiation dose rates of 4 to 55 rads/day and cumulative doses to death of 3300 to

22,000 rads. Six control dogs have died, 3 during the last year. One had renal amyloidosis~ I

had atheromatosis and arteriosclerosis and i had aspiration pneumonia. Serial observations are

continuing on the 22 surviving 90Sr dogs and 16 controls.

INTRODUCTION

Strontium-90 is one of the fission product radionuclides that predominates in a nuclear reactor

inventory after a period of sustained operation. For this reason and because of its high probability

for release in certain types of reactor accidents as well as its long half-life and energetic beta

emissions, it was one of the radionuclides selected for intensive study in this program. Studies

are being performed with two forms of 90Sr; 90SrCl2 and 90Sr in fused clay particles. In this

study dogs were given a single inhalation exposure to an aerosol of 90SrCI2 in a CsCI vector. The

experimental protocol for the 90SrCl 2 study included two groups of dogs: (I) a longevity study

consisting of graded exposure levels in which dogs are being maintained for lifespan observations

and (2) a sacrifice study in which dogs are being serially sacrificed to provide specimens for

histopathologic and other studies (See Figs. I and 2). Details of the experimental design, metabo-

lism and dosimetry have been presented previously (1966-1967 Annual Report, LF-38, pp. 1-18; 1967-

1968 Annual Report, LF-39, pp. 1-13).

BIOLOGICAL EFFECTS

Twenty-eight dogs from the longevity study, 22 dogs from the sacrifice study, i unassigned dog

90SrCI2 and 9 control dogs have died, or been euthanized or sacrificed prior to Septemberexposed to

30, 1974. Figure 3 demonstrates survival time for all dogs in the longevity and sacrifice studies
as a function of long-term retained burden of 90Sr. This includes the 9 dogs that have died or

have been euthanized during the past year; 4 90Sr exposed dogs from the longevity study, 2 90Sr

exposed dogs from the sacrifice series and 3 control dogs.



Control

Conlrol

~1F23C IIFI57E Prl,58E IIr~ 588 Pr159A ~159B ~V160C ~VI60B ~162F ~r164A ~195B ~195C
750 1200 12DO 960 840 960 720 920 1200 llOO I tO0 990
83 120 120 I00 74 98 69 97 io0 120 I00 I10

[-1099 E.759 E.927 E.31 D.29 E-18 E.II42 E.864 -~86 0.989 D*28 0.21
IIFI2 F PVlSA r’lBB IVl9C IVl9D ~1F22A ~V22F ~1V23B PF22E ~V26A Y26F ~162A

410 430 25O 220 240 290 300 470 290 320 400 600
50 51 40 28 27 28 34 59 44 41 52 5O

"-1046 D-1361 D.2964 D’3237 E.2633 E.2247 E’1540 E’I78T [.3122 D~404 E "1938 E.1702

220 "28B IIV29C 3OB 30C 300 38E 39C 40E 420 42E 42F
62 51 70 65 71 58 58 79 60 60 93 41
6.8 7,1 9.3 ~9 8.3 6.6 B.9 9.1 9.6 ~7 6.1 5.7

~3351 E.3077 D-2436 A.3303 A.3303 ~3303 A.3259 A’3259 ~3259 A’3298 &3299 ~3258
PF23E 24A 24B 26B 26G 27A 270 ~IF30E 30F 30G 35E 37F

13 8.0 14 29 13 17 23 8.1 1O 16 17 85
1.7 I.O 1.6 32 1.9 1.9 2.2 I.O 0.97 2.2 2.3 i,I

~2247 ~3323 N3323 ~3322 A.3322 A-3322 A,3321 D,3033 ~’3290 ~3329 W3289 ~3260

¯ 19A 21C 24E 26E 28A 30A IIr31A 32A 338 ¯35F 400 42C
0 o 0 0 0 O 0 0 0 o
0 0 O O O 0 o g O 0

D.2740 A, 3357 ~-333i ~3328 ~3302 ~3302 D’3023 ~3288 ~’3288 0"5012 ~3255 A’3259

f58A 162E
o

160A
0 0

o o o
A’2715 A’2713 ~’2705

¯ ~ =ANIMAL NUMBER
=LONG-TERM RETAINED BURDEN(pCi)
=LONG’TERM RETAINED SURDEN(pCI/Kg)

~’I099_J=D=DEAD, E=EUTHANIZED, A=ALIVE - DAYS POST’EXPOSURE AT DEATH OR ON 9"30-74

Mean
LTR8

99

42

0

-1
Figure I. Experimental design for longevity study on the effects Df inhaled 90SRC12 in Beagle dogs
(status as of 9/30/74).

Control

¯2A ¯ 4C ¯2B PF78 IIF8A ~IF9B ¯9C IVBD I~IOA pF~OB ~IIB ¯I2E
410 480 360 510 400 370 370
60 420 55065 350 45046 3O067 51 39 37 47 55 44 47 385-5 5.28 S- 381 E.928 E-1362 E.1367 E.1318 E’t316 E, II68 D.2034 E’31 E’2380

PV4A ¯40 ¯5A Y4B 6B IIF6C ~60 ¯8B PF9A ~I2B JlVt2o270 290 12C
320 140 270 200 220 29O 2ZO 330 150 210

29 31 35 16 36 24 29 34
S-5 20 30S.28 15 28S.379 D.2628 A.3508 E.3472 E.2792 E’2264 E’3233 E-2768 A’3436 0"585

¯5C IV4E
o o

¯2D 6A ¯9E IOC 12A ¯138 Ir13c 13D
0 o o o 0 0 o o0 0 0 0 0 0 0 0 o 0

5.6 5.24 S-380 A’3506 E.2638 A" 5475 A’3436 0.2615 D-3310 A.3436

~ =ANIMAL NUMBER
=LONG-TERM RETAINED BURDEN (p.Cl)

I ~o I = LONG-TERM RETAINED 8URDEN(/=Ci/Kg)
~.5 ] = D=OEAD. E=EUTHANIZD. A=ALIVE- DAYS POST-EXPOSURE AT DEATH OR ON 9-30-74

Meon
LTRB

50

27

Figure 2.
(status as of 9/30/74).

Experimental design for sacrifice study on the effects of inhaled 90SrCI2 in Beagle dogs

Figure 3. Survival of Beagle dogs
that inhaled 90SrCI2 (longevity
and sacrifice studies) (status 

9/30/74).

3500 I I

3OOO-

ol

o
O ¯ mA t*

LONG’TERM RIETAINEO BURDEN (/a.¢l SOSrCI2/K~ Booy W~M}
I000

90



Four dogs died with osteogenic sarcomas during this past year. These dogs were: 6C, eutha-

nized 3472 days after exposure with an osteosarcema of the left mandible; 9A, euthanized 3233 days

after exposure with an osteosarcoma of the right mandible; 19C, which died 3237 days after exposure

with an osteosarcoma of the right mandible and 22E, euthanized 3122 days after exposure with an

osteosarcoma of the 4th and 5th cervical vertebrae. Only dog 19C had metastases and these were to

the lungs. Dog 28B was euthanized 3077 days after exposure due to a myxosarcoma of the left side

of the face. The tumor was destructive and metastasized to the atlantal lymph node. The other
exposed dog (30E) that died had a transitional cell carcinoma of the bladder that caused ureteral

obstruction, bilateral hydronephrosis and pyelonephritis. The dog died 3033 days after exposure

with septicemia.

The three control dogs which died during the past year had a variety of non-neoplastic diseases.

Dog 13C died at 3310 days after exposure with uremia resulting from severe renal amyloidosis. Dog

31A had a long history of hypothryroidism and hypercholesterolemia and died 3023 days after exposure

with atheromatosis and arteriosclerosis. Dog 35F died of aspiration pneumonia, 3012 days after

exposure.

Surgical procedures were performed on 2 dogs in the longevity series during the past year. A

splenectomy was performed on dog 30F 2996 days after exposure. The diagnosis was nodular hyper-

plasia of the spleen. A vaginal fibroma was removed from dog 26E.

SUMMARY

A summary of all deaths to date is given in Table I. At the present time, over 60% of the

dogs exposed to 90SrCl 2 have died or been euthanized, the predominant finding being bone-related
neoplasia. One of the more interesting patterns to emerge from this study is the changing incidence

of tumor types with time (see Figure 4). During the first several years after exposure hemangio-

sarcomas predominated among the bone-related neoplasms although osteosarcomas were also present in

significant numbers. The incidence of osteosarcomas has remained stable through 9 years post-

exposure while the hemangiosarcoma incidence has decreased. Furthermore, no hemangiosarcomas have

been found in dogs more than 7 years post-exposure. Total doses to skeleton do not differ signif-

icantly in dogs with hemangiosarcomas and osteosarcomas, however, dogs now dying with osteosarcomas

have accumulated their dose at a lower dose rate than did dogs dying early with hemangiosarcomas.

Hemangiosarcoma development then may be related more to dose rate than total dose. It will be of
interest to compare the patterns of tumor development in dogs exposed to 144Ce or 90Sr in fused

clay particles with those exposed to gOsrcI2. The former dogs, which receive their dose primarily

to lung and tracheobronchial lymph nodes, have developed predominantly primary pulmonary hemangio-

sarcomas through 4 to 6 years after exposure. If dose rate is a critical factor in the pathogenesis

of hemangiosarcomas, then one might expect a decrease in these neoplasms with time and an increase

in tumors of other cell types in the lung.



Table I

Summary of Deaths in Dogs Exposed by Inhalation to 90SrCl2
(September 30, 1974)

Diagnosis

Number
of
Dogs

Survival In Days After
Inhalation Exposure

90SrCI.2 Exposed

Hematologic dyscrasia 6 18-31

Fibrosarcoma 3 759-1404

Hemangiosarcoma 12a 864-2380

Osteosarcoma or
Osteochondrosarcoma 18a 864-2783

Osteochondrofibrosarcoma 1 886

Leukemia 2 585, 2436

Generalized convulsive
seizure 1 585

Cerebellar hemorrhage 1 1361

Bronchial pneumonia 1 2247

Baso-Squamous Carcinoma 1 2628

Giant Cell Tumor I 2964

Myxosarcoma 1 3077

Transitional cell carcinoma 1 3033

Unexposed Controls

Fibrosarcoma 1 2638

Pneumonia 2 2740, 3012

Autoimmune Hemolytic anemia 1 2615

Arteriosclerosis 1 3023

Renal Amyloidosis I 3310

aFive dogs have had both a hemangiosarcoma and an osteosarcoma

and in Control Dogs

Cumulative Skeletal
Radiation Dose To

Death (rads)

600-1300
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Figure 4. Incidence of several types
of bone-related neoplasms with time
after exposure in dogs that inhaled
90SrCl2.
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TOXICITY OF INHALED 144CECI3 IN BEAGLE DOGS. VII

ABSTRACT

Studies on the metabolism, dosimetry and effects of inhaled

144CECI3 in the Beagle dog are continuing to provide infor-

mation that will aid in assessing the biological consequences PRINCIPAL INVESTIGATORS

of inhaling 144Ce such as might be released in certain nu- S.A. Benjamin
B. B. Boeckerclear accidents. Studies on the tissue distribution of inhaled
Catherine S. Lustgarten

144CEC13 have shown that the 144Ce deposited in lung is trans- R.K. Jones
R. O. ~cC~ellanlocated at a moderately rapid rate to liver and skeleton and
J. A. Pickrell

that significant radiation doses are acc~ulated by all three

Fifty-five dogs that inhaled 144CEC13 and 15 controlorgans.

dogs were placed in a longevity study and are being observed

for their lifespan. ~ze 144Ce dogs had long-term retaine4 burdens with values ranging from 20 to

Thirty-one of the dogs exposed to 144CEC13 have died; 8 at 21 to 44 days after inhalation2900 pCi .

with signs attributed to severe bone marrow damage and associated pancytopenia; 2 at 138 and 144

days with radiation pne~ionitis; 3 at 309 to 874 days with hepatic necrosis; 1 at 510 days with mar-

row aplasia; 1 at 375 days with pulmonary fibrosis; and 16 at 799 to 3081 days, most with neoplasms

or myeloproliferative disorders. In this last group, 1 dog had an osteosarcoma, 3 had squa~ous cell

carcinomas of the maxilla, 2 of the latter also having primary pulmonar9 neoplasms, 5 had hemangio-

sarcomas of the liver, 1 had a hemangiosarcoma of the nasal cavity, 2 had myelogenous leukemia, I

had myelofibrosis with myeioid metaplasia, I had spinal cord ependymomas and 2 did not have neoplasms.

One of these had severe myelomalacia and the other diffuse hepatic lipidosis with severe degenera-

tion. Two controls died; 1 with a thyroid carcinoma and I with aspiration pneumonia. Serial obser-

are continuing on the 24 surviving 144CEC13 dogs and 13 control dogs.rations

INTRODUCT I ON

Cerium-144 is one of the fission product radionuclides that predominates in a reactor inventory
after a period of sustained reactor operation. It has a half-life of 285 days and decays to 144pr

which has a half-life of 17.3 minutes. During their decay, 144Ce-144pr emit several gamma rays and

a number of beta particles with an average energy of 1.27 Mev. Because of the probability for re-
lease of 144Ce in certain types of nuclear accidents and recognizing its radiological characteris-

tics, it was selected as one of the radionuclides for study in this program. One of the forms se-

use was 144CECI3. Two studies are being performed: (a) a radiation dose pattern study lected for

dogs were exposed to 144CEC13 and serially sacrificed at 2 to 512 days post-inhalationwhich 27

exposure, and (b) a longevity study to evaluate the relationship between radiation dose and biologi-

response for 55 dogs exposed to achieve graded initial body burdens of 144CECI3. These dogs andcal

15 control dogs are being maintained for observation over their total lifespan (Fig. I). This re-

port will briefly summarize the current status of these studies.

BIOLOGICAL EFFECTS AND DISCUSSION

All living dogs in this experiment have survived at least 8.5 years after their inhalation ex-

posure to 144CEC13 and essentially all of their dose commitment has been received. The whole-body
retention of 144Ce in this form is described by a 3-component exponential function with the last

component having an effective half-life near the physical half-life of 144Ce, 285 days. The impor-

tant factors concerning metabolism and dosimetry data have been reported.I



dogs exposed to an aerosol of 144CECI3 and 15 control dogs, a total of 31 exposed andOf the 55

2 controls have died or been euthanized (Fig. 2). Of the exposed animals, 8 died during the period

from 21 to 44 days postexposure (dpe) with signs attributable to severe bone marrow damage and as-

sociated pancytopenia, 3 died with radiation pneumonitis or pulmonary fibrosis at 138, 144 and 375

days, 3 died with hepatic necrosis at 309 to 874 days and one died with bone marrow aplasia at 510

days. Sixteen 144CECI3 exposed dogs died between 799 and 3081 dpe, all but 2 of these having neo-
plasms. In addition, 2 control dogs have died. During the past year, 4 exposed and I control dog

died. Table I summarizes these findings.
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Figure I. Experimental design for 144CECI3 longevity study (status as of 9/30/74).
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Diagnosis

144CeCla

Hematologic dyscrasia 8

Radiation pneumonitis 2

Hepatic necrosis 3
Marrow aplasia 1

Pulmonary fibrosis 1

Osteosarcoma 1

Squamous cell carcinoma 3

Hepatic hemangiosarcoma 5

Nasal cavity hemangiosarcoma 1

Myelogenous leukemia 2

Myeloproliferative disorder i
Epend~oma, CNS 1

Hepatic lipidosis and
degeneration I 3117

Myelomalacia I 2940

Controls

Thyroid carcinoma i 2545

Aspiration pneumonia I 3065

Table i

Summary of Deaths in Dogs Exposed by Inhalation to 144CEC13 (Sept. 30, 1974)

Cumulative Rads to Death
No. of Death
Dogs Days PE Lunq Liver Skeleton

21-44 4200-7400 2100-4400 610-1300

138, 144 8600, 21,000 9600, 24,000 2900, 7000

309-874 8800-12,000 16,000-20,000 4500-6000

510 I0,000 19,000 5800

375 17,000 28,000 8400

799 12,000 27,000 8100

1632-2773 3900-6700 9500-16,000 2900-5000

1735-2467 4600-9900 11,000-24,000 3400-7400

2612 3500 8600 2600

1806-1811 1300-5000 3100-12,000 920-3700

1826 1400 3300 I000

2935 560 1400 420

570 1400 420

380 920 280

Dog 66B which received a long-term retained burden (LTRB) of 43 uCi/kg body weight was euthan-

ized at 2773 dpe. At 2687 dpe, an episode of epistaxis was noted. A radiographic survey at 2742

dpe confirmed the presence of a destructive lesion involving the turbinates and hard palate. A mass

was also noted in the right diaphragmatic lobe of the lung. Episodes of epistaxis continued and by

2770 dpe, the dog was anorexic and had a leukocytosis with a shift to the left and an anemia, pre-

sumably related to necrosis and hemorrhage, respectively, in the maxillary neoplasm. Grossly, the

tumor involved the turbinates and anterior half of the maxillary bones causing severe destruction

of these organs. The mass in the right diaphragmatic lobe of the lung, which had not enlarged since

first recognition, was 2 cm in diameter, spherical, firm and tan-white (see Fig. 3). Histologically,

the maxillary neoplasm was a well-differentiated squamous cell carcinoma. The pulmonary mass ap-

peared to be a distinct neoplasm primary at that location. It was a papillary adenocarcinoma, the

cells of which were columnar with abundant vacuolated cytoplasm. The nuclei were large, pleomorphic

and often bizarre (see Fig. 4). The cytoplasmic vacuoles were negative for mucin and positive for

lipid, suggesting origin from the Clara cell of the bronchus. Other lesions in this dog included

focal myocardial and hepatic degeneration, subacute interstitial pneumonia, chronic colitis, myeloid

hyperplasia and glomerular sclerosis.

Dog 50A which received a LTRB of 6.2 ~Ci/kg died at 2935 dpe. The dog was first noted to have

signs of hypothyroidism 2458 dpe. Obesity, elevated alkaline phosphatase and cholesterol levels and

a progressive decrease in A/G ratios were seen after this time. Posterior ataxia progressed to a

posterior paralysis by 2733 dpe. Progressive deterioration continued until death. The major gross

findings at necropsy were multiple pink, fleshy masses in the spinal cord, the largest in the sacral

region. Histologically, there were multiple papillary ependymomas involving the spinal canal and

solitary neoplasms of similar nature in the medulla and hippocampus. The spinal tumors were associ-

ated with severe myelomalacia. The liver was atrophic and there was focal lipidosis with degenera-



Figure 3. Gross photograph of bronchiogenic
adenocarcinoma (arrow) in left.~iaphragmatic
lobe of dog 66B which inhaled 144CECI3.

Figure 4. Photomicrograph of bronchiogenic
adenocarcinoma in dog 66B showing papillary
nature of the growth and cytoplasmic vacuo-
lation (lipid) in many of the columnar tumor
cells, H & E stain. X340

Figure 5. Gross photograph of atrophic liver
in dog 50E with diffuse hepatic lipidosis and
nodular hyperplasia. This dog inhaled 144CECI3.

Figure 6. Photomicrograph of liver from dog
50E showing nodules of hepatic parenchymal
cells surrounded by degenerate areas containing
fatty cysts, proliferating bile ducts and fine
fibrosis. H & E stain. X85



tion, fatty cyst formation, mild fibrosis and nodular hyperplasia. Thyroid atrophy with fibrosis,

parathyroid hyperplasia, chronic prostatitis and glomerular sclerosis were also found.

Dog 50F died 2940 dpe after having received a LTRB of 4.2 ~Ci/kg. The dog first showed signs

of neck pain associated with a spinal cord problem at 2125 dpe and locomotor difficulties became

apparent by 2268 dpe. The dog did not improve until she died. Gross necropsy revealed osteoarthritis

of the coxo femoral joints and the 3rd and 4th lumbar vertebrae with fusion of the latter. The major

histologic lesions in the spinal cord were mutliple foci of myelomalacia resembling old infarcts and

a mild focal non-supperative encephalomyelitis. Other findings included multiple papillary cysta-

denomas and an early adenocarcinoma of the mammary gland, chronic interstitial nephritis with glo-

merular sclerosis and chronic hypertrophic gastritis.

Dog 50E was exposed to 144CECI3 and received an LTRB of 6.3 ~Ci/kg. The dog died at 3117 dpe
after a clinical illness of 198 days which was characterized by progressive hepatic degeneration,

ascites, icterus and hemorrhagic diarrhea. Blood chemistry studies showed elevated SGOT, alkaline

phosphatase and total bilirubin and decreased serum albumin levels. The main gross finding was an

atrophic and nodular liver (see Fig. 5). Although the liver had a grossly cirrhotic pattern, the

histological findings were diffuse lipidosis and hepatic parenchymal degeneration with regenerative

hyperplasia. Collapsed areas of parenchyma contained fatty cysts, foci of bile ductule prolifera-

tion and fine fibrosis (see Fig. 6). The dog had a generalized lymphadenitis, chronic peritonitis,

and gastroenteritis, interstitial pneumonia and chronic passive congestion of the spleen. The bone

marrow was hypoplastic with serous atrophy of the marrow fat. Other lesions included chronic lym-

phocytic thyroiditis, glomerular sclerosis and a mixed mammary tumor.

Dog 49C was a control that died 3065 dpe. This dog had a history of epilepsy with associated

epistaxis and had a seizure on the day prior to its death. The major pathological findings were an

acute necrotizing hemorrhagic pneumonia superimposed upon a chronic granulomatous foreign body pneu-
monia. Both lesions were considered to be the result of aspiration of vomitus during seizures. Evi-

dence that the dog had had an epileptiform seizure prior to its death were fresh subcutaneous hemor-

rhages and blood in the nasal cavity. The immediate cause of death appeared to be severe pulmonary

edema. The dog also had petechial hemorrhages in the brain and spinal cord, perivascular vacuolar

degeneration, gliosis and mild lymphocytic perivascular cuffing in the cerebral cortex.

findings in dogs dying after 144CEC13 exposure during the past year are of par-Several of the

ticular interest. Three of the 4 exposed dogs were in the lowest activity level group and had rela-

tively low radiation doses to the target organs. The highest level dog, 66B, had neoplasms related

to two target organs, skeleton and lung, and is the second dog to demonstrate this pattern (dog 60B,

see 1969-1970 Annual Report, LF-43, pp. 132-133). Of the low level dogs, only one, 50A, had a major

neoplasm. The rarity of ependymomas makes the significance of this as a radiation-related neoplasm

unclear at this time. Both 50A and 50E showed similar changes in the liver although in the latter

dog, the changes were severe enough to result in the dog’s death. The syndrome of diffuse hepatic
lipidosis with degeneration and nodular hyperplasia is well-known in old dogs,2 although not common.

Nodular hyperplasia with fatty degeneration is common in older dogs in our colony. Whether the rad-

iation doses to liver in these 2 dogs (1400 rads) played a role in accelerating the process cannot

be stated at this time.
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TOXICITY OF INHALED 91yc13 IN BEAGLE DOGS. VII

A BSTRA CT

Studies on the metabolism, dosimetry and effects of inhaled

91£CI3 in Beagle dogs are being continued to prowide infor-
PRINCIPALINVESTIGATORS

B. A. Muggenburg
mation that will aid in assessing the biological consequences

S.A. Benjamin
of nuclear accidents in which 91y or other radionuclides that B.B. Boecker

R. O. McClellan
produce a similar radiation 4ose pattern may be released.

Forty-two dogs with 91y initial bod9 burdens from 64 to 1300

~Ci/kg body weight were placed in four groups with mean lung burdens of 310, 180, 75 and 40 ~Ci/kg

body weight. These do~s~ and 12 control dogs are being maintained for ~’~fet~m~" ~ observation. An ad-

ditional group of four dogs with a mean initial 91y body burden of 180 vCi/kg body weight were placed

in a sacrifice study. Eleven dogs within the highest activity ~evel groups died or were e~thanized

at !2 to 33 days after inhalation of 91y with changes related to severe bone marrow damage and as-

sociated paycytopenia. ~o dogs died approximately one year after 91y inhalation with convulsive

seizures that were pres~med to be unrelated to the 91y exposure. Four 91y-exposed dogs died or were

euthanized due to neoplasms 2000 to 2560 after exposure. Two dogs had squamous cel~ carcinomas in-

volving the maxillary and nasal regions, one a bronchiolo-alveolar carcinoma of the lung and another,

mast cell sarcoma. One control dog died of empyema. Serial observations are continuing on all

surviving dogs.

INTRODUCTION

Yttrium-91 is an important contributor to the total fission product radionuclide inventory of

a reactor after periods of sustained operation. It has a physical half-life of 59 days and emits a

beta particle with a maximum energy of 1.55 Mev and a gamma ray of 1.21Mev, with a yield of 0.22%.

Recognizing the potential for release of 91y in certain types of nuclear accidents, it was selected
for study in this program. Two longevity studies are being conducted: one with 91y inhaled in a

relatively soluble form, 91yc13, and the other with 91y in fused clay particles which are tenaciously

retained in the lung after inhalation (this report, pp. 108-112). This paper reports the current

status of the studies with inhaled 91yc13.

METABOLISM AND DOSIMETRY

As was described previously (1967-1968 Annual Report, LF-39, pp. 26-32), each of the shipments

of 91y used in this study contained a radioactive contaminant. This contaminant was 152-154Eu in
the first two shipments and 144Ce in the third shipment. Because of the higher whole-body counting
efficiency for the gamma rays emitted from 152-154Eu and 144Ce-144pr than for the Bremsstrahlung and

infrequent gamma rays from 91y, a small amount of contamination interfered with the whole-body count-
ing data. Corrections for the counting data have been calculated and reported (1966-1968 Annual Re-

port, LF-38, pp. 40-64; 1968-1969 Annual Report, LF-41, pp. 15-18; 1971-1972 Annual Report, LF-45,

pp. 140-143). A set of normalized dose calculations for lung, liver and skeleton have also been

made. Dose values for individual dogs in the longevity and sacrifice experiments were determined by

multiplying the appropriate normalized dose factors for a given tissue by time by the respective

initial lung burden values in uCi/kg. The resulting dose values are included in Appendix A.



BIOLOGICAL EFFECTS

Fourteen dogs, 11 from the longevity study and 3 from the sacrifice study, that inhaled 91y
died or were euthanized before September 30, 1974. One control dog has died. 0nly one dog died

during the past year and it had a squamous cell carcinoma of the maxillary region and the nasal

cavity. Current information on the dogs in this study are given in Figures I and 2 and in Table I.
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Table 1
Clinico-pathoogical Findings in Beagle Dogs Exposed by Inhalation to 91ycI

No. of
Diagnosis Dogs

Hematologic dyscrasia 11 12-33

Generalized convulsive
seizure 2 364,473

Squamous cell carcinoma
of maxilla 2

Bronchiolo-alveolar
carcinoma i 2109

Mast cell sarcoma I 2258

Empyema I 2241

and Control Dogs
3

Days Cumulative Dose (rads)
Post-Exposure

at Death Lung Liver Skeleton

2000-4300 420-630 600-910

890,1700 510,970 750,1400

2012,1557 2400,3300 760,1900 2100,2900

3300 1900 2900

1400 830 1200

Control Control Control

PATHOLOGY

The one dog, 171F, that died during the past year had been exposed to gIycI3 and had an initial

lung burden of 160 ~Ci/kg body weight. Thirteen days before euthanasia, the dog became anorexic and

a mass was noted involving the maxillary region. The dog was euthanized 2557 days after exposure due

to its worsening condition. At necropsy, a bone-related neoplasm was found that involved the maxil-

lae and nasal tubinates. The tumor was a moderately well differentiated squamous cell carcinoma

which had not metastasized. A chronic organizing aspiration pneumonia was also found. Aside from

the bone-related neoplasm, several other tumors were present: an adrenal cortical adenoma, a mammary

adenocarcinoma, and a mixed mammary tumor. Non-neoplastic lesions in this dog included a generalized

bone marrow hyperplasia, hyaline arteriosclerosis in the spleen and kidney, glomerulosclerosis, and

uterine endometrial cysts.

DISCUSSION

The results of this study are of particular interest since the inhalation of gIycI 3 ultimately

results in irradiation of lung, liver and skeleton. Because of the relatively short half-life of
91y, animals that survived the initial high dose rate exposure received doses to skeleton, liver

and lung measured in thousands of rads. The fact that no neoplasms were observed in the first 2000

91yc13 may be a reflection of relatively long latent periods for the de-days after inhalation of

velopment of neoplasms of skeleton and lung in animals with cumulative doses of several thousand

rads accumulated at moderate, but decreasing dose rates. The low incidence of neoplasms and their

late occurrence makes it difficult to interpret the results, especially for a relatively common ca-

nine neoplasm such as the mast cell tumor. The problem of designating a neoplasm as radiation-in-

duced or spontaneous in origin will be more readily approached as additional data on the morbidity

and mortality of control dogs become available. Ultimately, data will be available on nearly 200

control dogs from the several longevity studies under way in the Institute.
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TOXICITY OF INJECTED 137CSCI IN THE

A BSTRA CT

studies on the metabolism, dosimetry and effects of intra-

venously administered 137CSC1 in the Beagle dog are being

conducted to aid in assessing the biologic consequences of

exposure to 137Cs such as might occur in the event of cer-

tain nuclear accidents. Effects of the chronic, relatively

uniform whole-body exposure produced by 137Cs are being

compared with other diverse radiation dose patterns result-

ing from inhalation of radioactive aerosols. Sixty-six dogs

were entered into the study; 6 with a mean initial 137Cs

body burden of 3780 ~Ci/kg, and 4 groups of 12 dogs each with

mean initial 137Cs body burdens of 2820, 1940, 970 and 0 pCi/

.kg. All six of the highest level dogs died 19 to 33 days post-

injection with cumulative whole-body doses of 950 to 1400 rads.

Three dogs in the 2820 :JCi/kg level d1"ed at 24 to 27 days post-

BEAGLE DOG
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injection with cw~ulative whole-body doses of 860 to 910 rads. One dog in the 2820 vci/kg level

and one dog in the 1940 ~Ci/kg level died at 77 and 81 days after injection with cumulative whole-

body doses of 1300 to 1400 rads. These early deaths were attributed to severe bone marrow damage

which was reflected in an early dose-related pancytopenia. A dog injected with 1900 ~Ci/137Cs/kg

died 693 days post-injection with necropsy findings attributed to shock. A dog injected with 2800

NCi/kg died 1594 days post-injection with aspiration pneumonia and a dog with 2900 vCi/kg was

euthanized 1704 days post-injection with severe arthritis. A control dog died 647 days after ini-

tiation of the study with clinicopathological manifestations of auto-im~lune hemolytic anemia. For-

ty 137Cs dogs and 11 controls are surviving at 2047 to 2301 days after being placed on experiment.

The surviving 137Cs dogs had initial body burdens that ranged from 880 to 3000 ~Ci/kg and received

curr~lative whole-body doses of 550 to 2200 rads. Serial observations are continuing on all sur-

vivors.

INTRODUCTION

Cesium-137* is a fission product that predominates in a reactor inventory after a period of

sustained operation. It has a 30-year half-life and decays to 137mBa which has a 26-min half-life.

With decay, these radionuclides emit a 0.662 Mev gamma photon and 0.51 and 1.17 Mev beta particles.

Biologically, 137Cs behaves as an analog of potassium. Cesium entering the body in a soluble form,

such as CsCI, distributes relatively uniformly in most tissues regardless of the mode of entry,

i.e., ingestion, injection or inhalation. This pattern of distribution and the radiologic char-

acteristics of the radionuclide result in relatively uniform whole-body radiation exposure. Be-

cause of these characteristics and recognizing the probability for release of 137Cs in certain

nuclear accidents, 137Cs is one of the radionuclides studied in this program. The effects of the

relatively uniform whole-body beta and gamma radiation exposure resulting from internally-deposited

137Cs are being compared with the other diverse radiation dose patterns under study in this and

other laboratories to provide a sound radiobiological basis for predicting the effects of chronic

exposure from a variety of internally-deposited radionuclides, especially those that enter the body

via inhalation.

"137Cs as used in this text refers to 137Cs in equilibrium with its daughter, 137Ba.
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Recognizing that curie-quantity aerosol generator loadings would be required for inhalation

exposures, and that the metabolism and dosimetry of 137Cs are similar for intravenous and inhala-

tion routes of entry, the intravenous route of injection was used to administer 137Cs to the dogs

in this longevity study. Anticipating a relatively steep dose-response relationship (e.g., 
large change in response with a small difference in radiation dose) initial 137Cs body burdens

were projected to scale downward by a factor of 0.7; 4000, 2800, 1960, 1370, 960 and 0 ~Ci 137Cs/

kg body weight. This report summarizes the current status of the study.

EXPERIMENTAL DESIGN

All experimental procedures have been previously described in detail (1968-1969 Annual Report,
LF-41, pp. 36-45). The 137Cs chloride was administered intravenously. Whole-body counting was

used to determine the initial body burden of 137Cs and its subsequent retention in each dog. The
experimental design for the 137Cs longevity study (Fig. i) presents the initial 137Cs body burdens.

The metabolism and dosimetry have been previously reported in detail I as have early biological

effects. 2 Values for absorbed dose and other pertinent details for each dog are given in Appendix

A. All dogs are kept under close clinical observation and serial hematologic, serum chemical,

immunologic and microbiologic measurements continue to be made. A thorough pathologic examination

was made on all dogs that died.
RECENT CLINICAL FINDINGS AND CURRENT STATUS

No animals died during the past year although mammary gland tumors were surgically removed

from 2 dogs. Dog 281C had a single mammary adenocarcinoma of low-grade malignancy, and dog 252C

had a benign mixed mammary tumor and a sclerosing adenoma of the mammary gland. Another dog in

this study, 244C, has bilaterally symmetrical arthritis of the elbow joints.

DISCUSSIONS

Of 54 dogs administered 137CSCI and 12 controls, 14 137Cs dogs have died or been euthanized

and 1 control has died (Fig. 2). Eleven dogs have died 19 to 81 days after injection with cumula-

tive whole-body radiation doses of 950 to 1400 rads. A dose-related depression in lymphocyte,
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Figure 1. Experimental Design for 137CSC1 Study (status as of 9/30/74).
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granulocyte and platelet values was observed in all groups and a similar depression in packed cell

volume occurred in dogs that died. Radiation-induced severe bone marrow destruction, with pancy-

topenia was the underlying cause of death in all these dogs although lymphoid depletion and gonadal

degeneration were also seen.

One dog died of shock 693 days after injection with a cumulative whole-body dose of 1500 rads.

The only significant lesions were widespread congestion and testicular atrophy. The relationship of

radiation to the cause of death is equivocal. One dog died of aspiration pneumonia as a result of

eating some caustic material 1594 days after injection. Radiation injury either directly or in-

directly, did not cause the dog’s death.

One dog with a cumulative whole-body dose of 2000 rads was euthanized 1704 days after injection

because of a long standing paresis. At necropsy, a focal myelomalacia was found in the cervical

spinal cord and probably caused the paresis. Chronic degenerative arthritis and chronic pneumonia

were secondary effects of the prolonged paresis. One control dog died of autoimmune hemolytic-

anemia 647 days after initiation of the experiment. All other exposed animals that survived an
early death are still alive at 2047 to 2301 days after administration of the 137CSCI. The cumula-

tive whole-body doses to these dogs range from 540 to 2200 rads. It is expected that late-occurring

biological responses in these dogs will be diverse compared to those noted for the early deaths.
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TOXICITY OF INHALED 90y IN FUSED CLAY PARTICLES IN BEAGLE DOGS. VI

ABSTRACT

Studies on the metabolism, dosimetry and effects of inhaled

90y in fused clay in the Beagle dog are being continued to

assess the consequences of inhalation of an energetic beta

emitter that has a short effective half-life in the lung. A

radiation dose pattern study in which 12 dogs were sacrificed

in pairs at O, 2, 4, 6, 8 and 12 days post-inhalation expo-

sure has been completed. A longevity study in which 89 dogs

have been exposed to 90y fused clay with initial lung burdens

ranging from 80 to 5200 vCi/kg body weight and 12 control

dogs were exposed to stable yttrium in fused clay is in

progress. The 90y was retained in lung with a half-life
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similar to its physical half-life (64 hours) and with only small quantities translocated 

tracheobronchial lymph nodes, skeleton and liver. The infinite radiation doses to lung, tracheo-

bronchial lymph nodes, skeleton and liver for an initial lung burden of 100 ~Ci 90y/kg of body

weight were estimated to be 1600, 170, 0.54 and 0.38 rads, respectively. Thirty-eight of 39

dogs with doses to lung from 9300 to 70,000 rads have died at 7.5 to 903 days post-exposure.

The one surviving dog in this dose range has radiographic evidence of pulmonary fibrosis at 1316

days post-exposure. All the dogs that died had radiation pneumonitis. The dog that died at 903

days post-exposure with a dose to lung of !1,000 rads also had 2 small pulmonary adenomas. Fifty

e~Qosed dogs with doses to lung of 1300 to 7900 rads are surviving with no significant abnormal-

ities at 1278 to 1834 days post-exposure and will be studied for the remainder of their lifespan.

INTRODUCTION

In one of a series of studies designed to better define the relative importance of total

radiation dose and radiation dose rate on radiation damage to the lung after inhalation of radio-

nuclides, dogs have been exposed to 90y in fused clay particles. I Yttrium-90, with a physical

half-life of 64.2 hours, was selected for study as it represents a typical short-lived, high energy

beta emitter. The relative insolubility of 90y in fused clay particles, its short half-life and
the dose levels achieved resulted in radiation insult to the lung and associated structures at a

relatively high but rapidly decreasing, dose rate. The toxicity of 90y in fused clay can be compared

to the toxicity of the longer-lived beta emitters also under study (91y, 144Ce and 90St in fused
clay particles).

Twelve dogs were exposed to 90y in fused clay and sacrificed at O, 2, 4, 6, 8 and 12 days

post-inhalation exposure to determine the radiation dose pattern after inhalation of 90y in a

relatively insoluble form. In addition, 89 dogs were exposed to 90y in fused clay aerosols to

achieve graded lung burdens of 90y to evaluate dose-response relationships over the total lifespan
of the animals. Twelve dogs were exposed to aerosols of stable yttrium in fused clay particles to

serve as controls for the dose-response study.

Details of the experimental procedures, the results of the radiation dose pattern studies and

the early biological effects observed have been reported previously (1971-1972 Annual Report, LF-45,
pp. ]47-150; 1972-1973 Annual Report, LF-46, pp. 103-107). I-4 This report briefly summarizes and

updates the results from the 90y fused clay dose-response study.
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EXPERIMENTAL RESULTS

The experimental design of the study is illustrated in Figure 1. The 12 blocks, A through L,

can be grouped into 10 dose levels with mean initial lung burdens (ILB) of 3600, 1800, 1700, 1200,

810, 620, 390, 320, 200 and 110 pCi of 90y/kg of body weight and a control level in which the dogs

were exposed to stable yttrium in fused clay particles. Two dogs per block at the 620 and 320

levels in Blocks G, H, I and J were necessary to fill in dose levels not included in the initial

blocks. This provided 12 dogs at each exposure level except for the four highest levels at

which dogs were not exposed in latter blocks due to early mortality.

Yttrium-90, inhaled in the fused clay form, was retained in the lung with a half-life that

approximated the physical half-life of 90y. Only small quantities translocated to the tracheobron-
chial lymph nodes (TBLN), skeleton and liver. The infinite radiation dose to lung, TBLN, skeleton
and liver for an ILB of 100 pCi 90y/kg were estimated to be 1600, 170, 0.54 and 0.38 rads, respec-

tively. 3 Doses to lung to death or infinity, calculated using a lung weight/body weight ratio of

0.0110 have been tabulated in Appendix A for each of the dogs in the dose-response study.
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Figure I. Experimental design for 90y in fused clay longevity study
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To date, of the 89 dogs exposed to 90y, a total of 38 dogs have died between 75 and 903 days
post-inhaltion exposure. The ILB of the dogs that have died ranged from 590 to 5200 ~Ci/kg with
cumulative radiation doses to lung to infinity or death from 9300 to 70,000 rads. In addition, one

dog (448B), with an ILB of 670 ~Ci/kg and a dose to lung to I0,000 fads has clinical findings
consistent with severe long-standing pulmonary fibrosis. The dog (449U) that died at 903 days

post-exposure had an ILB of 710 ~Ci/kg and a dose to lung of 11,000 rads. In addition to extensive,

long-standing pulmonary fibrosis, this dog also had 2 small pulmonary adenomas. The remaining 50

dogs with ILBs of 80 to 500 ~Ci/kg and doses to lung of 1300 to 7900 fads and the 12 control dogs

are surviving with no significant clinical abnormalities from 1278 to 1834 days post-inhalation

exposure. The dose-response pattern observed to date is further illustrated in Figure 2.
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Figure 2. Relationship between radiation dose to lung and
survival time for dogs that inhaled 90y in fused clay

(status as of 9/30/74)

Clinical and pathological findings observed to date can be related to radiation damage to the

lungs and to a lesser extent, the TBLN and heart. Clinically, all dogs that died showed progressive

respiratory insufficiency which varied in its time course. In general, the lower the dose, the

longer the time between exposure and the appearance of the clinical signs and the longer the course

of the disease. Pulmonary lesions found in the animals that have died have been active radiation

pneumonitis, denudation of bronchiolar epithelium and subsequently regenerative hyperplasia of the

epithelium, marked vasculitis which developed into fibrous obliterative intimal thickenings of both

medium and small arteries and arterioles, pulmonary fibrosis with both fibrillar thickening of

septal walls and large confluent scars, and adenomatous proliferation of alveolar epithelium which

in a few animals progressed to squamous metaplasia. In addition to severe pulmonary fibrosis, the

dog that died at 903 days after inhalation had two small (3-4 mm and 0.6 mm diameter), non-invasive,

pulmonary adenomas in the right apical lung lobe. The TBLN in dogs dying shortly after exposure

were depleted of lymphoid tissue. At later times, lymphoid hyperplasia was present. Right atrial

necrosis was found in the dogs with the highest doses and right heart dilatation and hypertrophy

were consistent findings in all dogs.
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The radiation dose to lung from inhalation of 90y in fused clay particles is delivered to the
lung at a relatively high but rapidly decreasing dose rate. In the other three fused clay studies
(91y, 144Ce and 90Sr), the initial dose rates are lower with higher cumulative doses due to their

longer half-lives. Deaths from pulmonary insufficiency have occurred in all four studies but at

significantly lower doses and at earlier times in this study than any of the other three. Thus, it

appears that a higher dose rate is more "efficient" in the production of acute pulmonary injury.

It will be of interest to see if the observation of pulmonary adenoma is followed by other, perhaps

malignant, tumors of this type in other dogs as opposed to the hemangiosarcomas observed to date in

other studies with inhaled beta-emitting radionuclides.
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TOXICITY OF 1NHALED 91y FUSED CLAY IN BEAGLE DOGS.IV

ABSTRACT

Studies of the radiological hazards due to inhalation of 91y

in fused clay particles are being conducted in Beagle dog to

aid in assessing the biological consequences of inhaling a

relatively insoluble, energetic ~-emitter with a short-to-

intermediate effective half-life in the lung. These consist

of two parallel efforts involving inhalation of 91y in fused

clay particles: (1) a radiation dose pattern study in which

30 dogs were serially sacrificed from 0 to 320 days post-

exposure, and (2) a longevity study in which 96 dogs received

initial lung burdens ranging from 11 to 360 vCi 91y/kg body

weight and 12 control dogs were exposed to stable yttrium in fused clay.
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The aerosols ranged in

size from 1.5 to 2.6 ~m A~D. Total body deposition of 91y ranged between 40 and 50% of the inhaled

activity with about 22% deposited in the alveoZar region of the lung. The 91y deposited in the al-

veolar region was retained with a mean effective half-life of 50 days whereas the whole-body effec-

tive half-life was 53 4ays. ~nall quantitites of 91y were translocated to the tracheobronchial

lymph nodes, liver and skeleton. Ooncentration in the tracheobronchial lymph nodes exceeded that of

the lung by 50 d~ys after exposure. To date, 42 dogs have died in the longevity study between 113

and !388 days post-exposure. Forty of these dogs with cumulative radiation doses to lung from 8300

to 60,000 rads died with clinico-pathologic findings of radiation pne~monitis and/or pulmonary fi-

brosis at 113 to 1011 days post-exposure. ~o dogs t~t died at 1115 and 1388 days post-exposure,

respectively, with c~lulative doses to lung of 23,000 and 25,000 rads had primary malignant

pulmonary epithelial neoplasms. All survivors will be observed over their total lifespan with par-

ticular attention directed toward relating the radiation dose distribution with the resulting clin-

ico-pathologic effects.

INTRODUCTION

Yttrium-91, an energetic beta-emitter with a physical half-life of 59 days, is I of 4 isotopes

in a series of dose-response studies in which beta-emitting radionuclides of varying physical half-

lives have been inhaled in fused clay particles. Inhaled in a common vector that is relatively in-

soluble in the lung, fused montmorillonite clay particles, the effective half-life of the radionu-

clide in the lung is a function of the biological retention of the clay particles and the physical

half-life of the radionuclide. Yttrium-91 serves as model of a short- to intermediate-lived radio-

nuclide. By comparing the results of this study with the results from the studies with 90y, 144Ce
and 90Sr in fused clay, it will be possible to assess the relative importance of total radiation

dose and radiation dose rate following chronic irradiation of the lung. Also, 91y is an important

contributor to the total fission product radionuclide inventory of a reactor after sustained operation.

A radiation dose pattern study in which 30 dogs were serially sacrificed at O, 4, 8, 16, 32,

64, 128, 193, 156 and 320 days after inhalation exposure to 91y in fused clay has been completed.

For the dose-response study, 96 dogs were exposed to 91y in fused clay aerosols which resulted in
graded initial lung burdens (ILB) and 12 dogs were exposed to stable yttrium and are serving 

controls.

Detailed descriptions of the experimental procedures, the results of the radiation dose pattern

study, the distribution and dosimetry of 91y in fused clay and the early biological effects have
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been reported previously (1969-1970 Annual Report, LF-54, pp. 163-182; 1970-1971 Annual Report, LF-

44, pp. 151-163; 1971-1972 Annual REport, LF-45, pp. 151-156; 1971-1972 Annual Report, LF-46, pp.

I08-111).

EXPERIMENTAL RESULTS

The experimental design of the dose-response study is illustrated in Figure i. The 12 blocks

of dogs represented by the vertical columns can be grouped into I0 levels with mean ILBs of 320,
270, 210, 160, 130, 100, 82, 49, 30 and 17 pCi of 91y/kg of body weight and a control level in which

the dogs were exposed to stable yttrium in fused clay. Two dogs per block in blocks E, F, I and J

were exposed to fill in dose levels not included in the original blocks. No new information on the

metabolism and dosimetry of 91y in fused clay has been obtained during the past year. Dosimetry
calculations for the dose-response study have continued by procedures previously described (1970-

1971 Annual Report, LF-44, pp. 151 and 163) by using each dog’s own whole-body retention data and 

standardized relationship between lung burden and total retained body burden. Doses to lung to

death or infinity for each of the dogs in the dose-response study are tabulated in Appendix A.

Forty-two dogs with ILBs of 47 to 360 pCi/kg have died from 113 to 1388 days post-exposure
with doses to lung to death from 8300 to 60,000 rads. Three additional dogs with ILBs of 59 to 130
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Figure 1. Experimental design for the 91y in fused clay longevity study (status as of 9/30/74).
Note: Dog 485U died on 10/3/74.
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pCi/kg and doses to lung of 12,000 to 25,000 rads have clinically and/or radiographically detectable

pulmonary damage. Two of these exhibited clinical and radiographic evidence of "spontaneous" pneu-

mothorax which eventually regressed over a period of 6 to 8 weeks. The 51 remaining dogs with ILBs

from 11 to Ii0 ~Ci/kg and corresponding absorbed 6 doses to lung of 2400 to 25,000 fads and the 12

control dogs are surviving at 1102 to 1655 days post-exposure with no detectable abnormalities. The

dose-response relationship observed to date is illustrated in Figure 2.

Forty of the dogs that died had clinico-pathologic findings of radiation pneumonitis and/or

pulmonary fibrosis. These dogs died at 113 to 1011 days post-inhalation exposure with cumulative

ababsorbed radiation doses to lung from 8300 to 60,000 rads. The pathologic findings in these dogs

have also been reported previously.

Two dogs (485U and 425T) have died since the last report. Dog 425T, with an ILB of 110 uCi/kg

body weight and an infinite cumulative radiation dose to lung of 23,000 rads died 1388 days after

inhalation exposure. This dog had clinical signs and radiographic findings consistent with radia-

tion pneumonitis which progressed to pulmonary fibrosis from 6 months after exposure to death. How-

ever, the pulmonary dysfunction and impairment appeared well-compensated until the day of death. No

evidence of a pulmonary tumor was present on a thoracic radiograph taken about 12 months prior to

the animal’s death. At necropsy, large scars were found in all lung lobes. A 2 cm diameter firm,

white nodule found in the right apical lobe was a bronchogenic adenocarcinoma. The neoplastic cells

were cubodial to colummar and formed clusters or acini that filled alveoli and destroyed surround-

ing structures (Fig. 3). Features of a bronchiolo-alveolar carcinoma were also present as repre-

sented by cuboidal cells lining fibrotic alveolar septa (Fig. 4). The nuclei varied greatly in size

and frequently contained prominent nucleoli. Mitotic figures were not common. In the central por-

tions of large tumor masses, there was differentiation to squamous epithelium (Fig. 5). This was

considered a metaplastic change because of the differentiation of the tissue and because no squam-

ous changes were present in the metastatic lesions. The neoplastic cells invaded both lymph and

blood vessels of the lung. In other lung lobes, clusters of neoplastic cells filled scattered al-

veoli, peribronchial lymphatics, arterioles and venules. In all lobes, many macrophages and some

neutrophils were present in the alveoli. It was difficult to tell if this was a persistent reaction

to radiation or a reaction to the intrapulmonary metastasis of the neoplasm. The carcinoma had
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Figure 3. The adenomatous pattern of the bron-
chiogenic carcinoma in dog 425T.

Figure 4. The bronchiolo-alveolar pattern of
the bronchiogenic carcinoma in dog 425T.

Figure 5. Extensive squamous metaplasia in
the bronchiogenic carcinoma in dog 425T.

Figure 6. The adenomatous pattern of the
matastasis to the tracheobronchial lymph
node in dog 425T.
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metastasized to the tracheobronchial, mediastinal and sternal lymph nodes and to the peritracheal

lymphatics where it had an adenomatous pattern of a bronchogenic adenocarcinoma (Fig. 6). Although

there was invasion of the pulmonary blood vasculature, extra-thoracic metastases were not found.

There was severe pulmonary fibrosis and focal epithelial proliferation in most lung sections examined.

Dog 485U, with an ILB of 130 ~Ci/kg body weight and an infinite dose to lung of 25,000 rads

died 1115 days post-exposure. The death date was shortly after September 30, 1974 (10/3/74) but 

discussion is included in this report because a bronchiolo-alveolar carcinoma was found in the right

apical lung lobe adding significance to the similar findings in dog 425T. This dog also had clini-

cal and radiographic findings of radiation pneumonitis which progressed to a compensated pulmonary

fibrosis from about 6 months after inhalation exposure until death. No pulmonary neoplasms were

evident on thoracic radiographs taken about 8 months prior to death. At necropsy, severe large

scars were present in all lung lobes and the carcinoma was in close association with several of these.

The carcinoma had a papillary pattern and had invaded and destroyed surrounding pulmonary parenchyma

and airways. Although clusters of neoplastic cells were present in scattered alveoli of the right

apical lung lobe, no invasion of blood vessels, lymphatics or distant metastases were found. In ad-

dition to the carcinoma and severe fibrosis, an acute bronchopneumonia with pulmonary edema was

present and was probably the immediate cause of death.

DISCUSSION

At the activity levels achieved in this study, the initial dose rate to the lung at the higher

levels was less than that in the 90y in fused clay study but decreased at a slower rate. The con-
verse is true when comparing this study with those in which the dogs inhaled 144Ce or 90Sr in fused

clay particles. The doses to lung to death in this study were about from 19,000 to 60,000 rads in

the dogs dying from relatively acute pulmonary insufficiency. This is a higher cumulative dose than

similar deaths which have been observed following inhalation of 90y in fused clay particles and
lower than those following inhalation of 144Ce and 90Sr in fused clay particles for similar causes

of death.

It is interesting to compare the two dogs that died from pulmonary neoplasms in this study with

other studies in which dogs have also died from pulmonary neoplasms. In this study, both dogs had

carcinomas while the dogs that died from pulmonary neoplasia following inhalation of 90Sr or 144Ce

in fused clay particles had pulmonary hemangiosarcomas rather than carcinomas (this report, pp. 126

to 129 and 113 to 117). Also, the appearance of the first pulmonary neoplasms in this study was
later (1155 days) than in similar studies with 90St or 144Ce in fused clay particles (vs. 644 

750 days). The lung doses to death are slightly lower than in the other two studies. The tumors

in these two dogs were associated with more severe and widespread pulmonary fibrosis than was ob-

served in these other studies. However, the tumors in these dogs are similar in type to those

observed in dogs exposed to aerosols of 144CeCI~ and 91ycI~ in this laboratory (this report, pp.

93 to 97 and 98 to I00) and in dogs that inhaled 239pu02 particles at Battelle-Northwest

Laboratory. I The tumors in the dogs that inhaled 23gPu02 have also been reported to be associated
with marked pulmonary fibrosis.I

As several dogs within this study have clinical evidence of pulmonary fibrosis, it will be of

interest to see if only epithelial neoplasms are observed. This study in conjunction with the others

underway in this and other laboratories should clarify the relative importance of such factors as

radiation dose rate, total radiation dose and the quality of radiation on the production of pulmo-

nary neoplasms.
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TOXICITY OF INHALED 144Ce FUSED CLAY PARTICLES IN BEAGLE DOGS. VII

ABSTRACT

The metabolism, dosimetry and effects of inhaled 144Ce in

fused clay particles are being investigated in the Beagle

dog to aid in assessing the biological consequences of

release of 144Ce in a relatively insoluble form such as

might occur in certain types of nuclear accidents. The

toxicity of inhaled 144Ce fused clay is also of general

interest since it is representative of intermediate-lived

beta-emitting radionuclides. Two major studies with young

adulv dogs (12-14 months of age at exposure) are involved:

(1) a metabolism and dosimetrg study in which 24 dogs were
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serially sacrificed over an extended period of time, and (2) a longevity study with 2 series 

dogs; Series I with 15 dogs exposed to aerosols of 144Ce in fused clay particles to yield initial

lung burdens of 11 to 210 ~Ci/kg body weight and 3 control dogs exposed to nonradioactive fused clay

particles and Series II with 96 dogs exposed to aerosols of 144Ce in fused clay particles to yield

initial lung burdens of 0.0024 to 66 ~Ci/kg body weight and 12 control dogs exposed to nonradio-

active fused clay particles. Twenty-eight dogs died or were euthanized at 143 to 2396 days after

inhalation of 144Ce. The prominent findings were radiation pneumonitis in 17 dogs that died or were

eut~nized at early time periods and neoplastic disease in 10 of the 11 dogs that died or were eu-

thanized at 750 days or later; ~ with hemangiosarcoma of the lung, 1 with both a hemangiosarcoma and

a fibrosarcoma of the lung, 1 with both a bronchioio-alveolar carcinoma and a hemangiosarcoma of

lung, i with a hsmangiosarcoma of lung, bronchiolo-alveolar carcinoma and a bronchiogenic adenocar-

cinoma and 1 each with ~ hemangiosarcoma of the mediastin~m and of the spleen. The cv~ulative radi-

ation dose to the lung at time of death has ranged from 22,000 to 140,000 fads. Seria~ observations

are continuing on the 83 survivors and 15 controls.

INTRODUCTION

Cerium-144 is an important constituent of a nuclear reactor’s fission product inventory after

a period of sustained operation and represents a substantial portion of the fission product activity

in spent fuel elements and the wastes associated with their chemical processing. Cerium-144 decays
to 144pr which has a half-life of 17.3 minutes; during decay, several gamma photons and a number of

beta particles with an average energy of 1.27 MeV are emitted. As used in this text, 144Ce refers

to an equilibrium mixture of 144Ce-144pr. Cerium-144 was selected for extensive study because of

these radiologic characteristics and the probability for release in nuclear accidents or in fuel

reprocessing.

The experimental details for these studies, including the results of a radiation dose pattern
study, have previously been reported. 1’2 Suffice it to note that one series of longevity dogs were

exposed to aerosols of prefused 144Ce clay particles (Fig. 1) and a second series of longevity dogs

were exposed to particles fused at the time of exposure (Fig. 2). This report will detail the cur-

rent status of this experiment.

RESULTS

No new information was obtained during the past year on the metabolism and dosimetry of inhaled
144Ce fused clay particles. Dosimetry calculations continue to be made with the procedures previously
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described (1968-1969 Annual Report, LF-41, pp. 19-35) using the dog’s own whole-body retention data

when available and a standardized relationship between lung burden and total retained burdens. All

dose estimates have used a lung weight to body weight ratio of 0.0110. For 24 low-level dogs, satis-

factory whole-body retention data were not available; a single component exponential function for

lung retention with an effective half-life of 170 days has been used. Current information on initial

lung burdens and dosimetry values are presented in Appendix A.

The current survival of dogs on the study is shown in Figure 3 and summary data on the 28 dogs

that have died or been euthanized to date are shown in Table i. During the past year, 5 dogs died

or were euthanized. Dog 479U was euthanized 790 days after exposure with a radiation dose to lung

of 59,000 fads. She had an elevated respiratory rate at 748 days after exposure and a radiograph on
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Figure 3. Survival of Beagle
dogs that inhaled 144Ce fused
clay particles (status as of
9/30/74).

Table 1
Summary of Deaths in Dogs Exposed by Inhalation to 144Ce in Fused Clay Particles

(to September 30, 1974)

ILBs Survival
Times

Diaqnosis DPE
Cumulative Dose
to Lung (rads)

Number ~Ci/kg
of Dogs Body Weight

Radiation Pneumonitis 16 41 - 210 143 - 410 28,000 - 140,000Pulmonary Fibrosis

Pulmonary Vasculitis I 33 193 24,000

Pulmonary Fibrosis I 32 1228 38,000Pulmonary Thrombosis

Pulmonary Hemangiosarcoma 5 26 - 54 765 - 1318 29,000 - 59,000

Pulmonary Hemangiosarcoma I 46 750 61,000& Fibrosarcoma

Pulmonary Hemangiosarcoma I 35 916 43,000& Bronchiolo-alveolar Carcinoma

Pulmonary Hemangiosarcoma
& Bronchiolo-alveolar Carcinoma I 29 1226 44,000
& Bronchiogenic Adenocarcinoma

Hemangiosarcoma - Mediastinum I 15 2396 22,000

Hemangiosarcoma - Spleen I 24 1895 33,000
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the next day showed a 2 cm diameter soft tissue density mass in the lung. At 774 days after expo-

sure, a subcutaneous mass was noted in the inguinal region. At necropsy, numerous nodules of he-

mangiosarcoma were present in the lungs with the largest (3.5 cm diam.) in the right apical lobe.

Metastases were found in the subcutis of the left inguinal region and in the liver. In lung areas

away from the loci of hemangiosarcoma, there was severe pulmonary fibrosis and some radiation pneu-

monitis.

Dog 453S died 1226 days after exposure with a radiation dose to lung of 44,000 fads and several

pulmonary tumors. Thoracic radiographs showed extensive alveolar and/or pulmonary hemorrhage 1134

days after exposure. At necropsy, a nodule of hemangiosarcoma was found in the left diaphragmatic

lobe along with extensive acute and chronic hemorrhage. In all lung lobes there were extensive

large cystic scars with which were associated extensive proliferations of alveolar and/or bronchial

lining cells. Several of these foci, although small, were considered neoplastic because of their

cytologic and growth patterns. A bronchiolo-alveolar carcinoma in the right apical lobe had ex-

tended out from a scar, compressing the surrounding tissue and resulting in central necrosis (Fig.

4). A bronchogenic adenocarcinoma also in the right apical lobe had tall columnar cells in an

adenomatous pattern that compressed surrounding structures (Fig. 5). A small bronchiolo-alveolar

carcinoma was also found in the left diaphragmatic lobe. None of these carcinomas metastasized.

Dog 454A died 1228 days after exposure with a radiation dose to lung of 38,000 fads. From 436

days after exposure until death there was clinical evidence of radiation pneumonitis and progressive

pulmonary fibrosis. At necropsy, extensive pulmonary edema, radiation pneumonitis, pulmonary fibro-

sis and thrombosis were present. Renal amyloidosis, affecting mainly the glomeruli was also found.

There was little proliferation of alveolar and bronchial lining cells around the pulmonary scars.

Figure 4. Photomicrograph of one of the bron-
chiolo-alveolar carcinomas in dog 453S. H & E.
X 215

Figure 5. Photomicrograph of the bronchiogenic
adenocarcinoma in dog 453S. H & E. X 215
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Dog 312B died 1895 days after exposure with a pulmonary radiation dose of 33,000 rads and a

hemangiosarcoma of the spleen. The dog was in generally good health until he was found dead in the

kennel run. At necropsy, a massive peritoneal hemorrhage from rupture of the splenic hemangiosar-

coma was found. The tumors in the spleen had both cavernous and capillary patterns with extensive

hemorrhage. Metastases were found in the liver, lung, tracheobronchial lymph nodes and mediastinal

lymph nodes. The tumor was considered primary in the spleen because of the size in the spleen com-

pared to the lung, where they were microscopic, and because of the pattern of metastases.

Dog 208D died 2396 days after exposure with a radiation dose to the lung of 22,000 rads and a

hemangiosarcoma of the mediastinum. The clinical history was uneventful until 2388 days after ex-

posure when the dog had a marked increase in respiratory rate (to 120/min) and marked pulmonary

edema. Dyspnea worsened and the dog was found dead in her cage 8 days later. At necropsy, a 10 x

6 x 4 cm mass was found in the mediastinum at the base of the heart and compressing bifercation of

the trachea. Histologically the tumor had a mixed sinusoidal and anaplastic pattern of hemangio-
sarcoma. The mass had invaded locally in the heart, lung and esophagus. Tumor thrombi were found

in the lung and heart and a metastasis in the adrenal.

DISCUSSION

Several of the 5 dogs that died during the past year require discussion. One (479U) that died

with a pulmonary hemangiosarcoma 790 days after exposure fits the pattern of occurrence that was
previously established. I The occurrence of carcinomas along with pulmonary hemangiosarcoma, such

as with 453S, has also been seen before. 1 However, two types of epithelial tumors were seen (bron-

chiolo-alveolar and bronchogenic adenocarcinoma) which indicates that cells of the airways may al-

so be the site of tumor formation as a result of this radiation dose pattern. The hemangiosarcoma
of the mediastinum (208D) emphasizes that many structures in the thorax are being irradiated at the

same time as the lung and that these may give rise to neoplasms. The hemangiosarcoma of the spleen

(312B) is difficult to relate directly to radiation damage since the dose to the spleen is very low,

however this possibility cannot be ruled out. It may be a "spontaneous" case since splenic heman-

giosarcomas have been reported in older dogs. Another possibility is that the tumor actually arose

in the lung, metastasized to the spleen and then to the liver since small foci of hemangiosarcoma

were found in the lung. However, this seems an unlikely possibility as this pattern of metastasis
has not been seen in the 20 other cases of pulmonary hemangiosarcoma in the 144Ce and 90Sr fused

clay studies.

Renal amyloidosis most likely initiated the pulmonary thrombosis and death of dog 454A. Such

an association of lesions has been reported in dogs with amyloidosis but unexposed to radioisotopes.

The role of irradiation in the renal amyloidosis is equivocal since the condition is fairly common

in older dogs.
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TOXICITY OF 144Ce FUSED CLAY PARTICLES INHALED

ABSTRACT

The metabolism, dosimetry and biological effects of 144Ce

fused clay particles inhaled by immature Beagle dogs (~ 

months of age at exposure) are being investigated for com-

parisan with studies of dogs exposed at 12-14 months of age

and 8-10.5 years of age. These studies will assess possible

age-related differences in the biological behavior and

effects of inhaled radionuclides, differences that may be

BY IMMATURE BEAGLE DOGS. Ill

PRINCIPAL INVESTIGATORS

B. B. Boecker
R. O. McClellan
F. P. Hahn
C. H. Hobbs
J. L. Mauderly

of significance in predicting the response of accidentally-exposed human populations t~t include

individuals of different ages. Eighteen i~nature dogs have been entered into a radiation dose pat-

tern study to be serially sacrificed at different intervals after inhalation exposure. During the

first 2 months post-exposure, lung clearance and uptake by the tracheobronchial lymph nodes appeared

to be greater in the i~nature dogs than in young adult dogs. Also, skeletal uptake was greater than

hepatic uptake in the immature dogs. ~nree blocks of longevity animals, 10 per block, with graded

initial lung burdens ranging from 0.004 to 120 ~Ci 144Ce/kg body weight and I control, are currently

on experiment. Three dogs with initial lung burdens of 73 to 120 ~Ci 144Ce/kg body weight died at

66 to 121 days after exposure with pulmonary injury and congestive heart failure. Another dog with

an initial lung burden of 70 ~Ci 144Ce/kg body weight died at 511 days after exposure with pulmonary

injury. Serial observations are continuing on the surviving 26 144Ce-exposed and 3 control dogs.

INTRODUCTION

Because a population of humans that might be exposed in a nuclear incident could contain indi-

viduals differing widely in age, it is important that age-related effects on the biological behavior

and effects of inhaled radionuclides be examined. Two experiments were initiated to complement the

study already under way in Beagle dogs exposed at 12 to 14 months of age to 144Ce in fused clay par-

ticles (this report, pp.113-117). One experiment involves dogs exposed at 8 to 10.5 years of age,

(this report, pp. 122-125) and the second involves immature dogs that were ~ 90 days of age at ex-

posure. Cerium-144 in fused clay particles was selected as the exposure aerosol because it is typi-

cal of many beta-emitting radionuclides with an intermediate retention half-time in lung.

Three blocks of longevity dogs have been entered into the experiment to date. Each block con-

tains 10 dogs exposed to graded activity levels of 144Ce in fused clay aerosols and 1 control dog

exposed to a fused clay aerosol containing only stable cerium. The arrangement of dogs within each

block and their respective initial lung burdens are shown in the experimental design (Fig. I). The

projected lung burden levels include all 8 of the levels used in the study with dogs exposed at 12

to 14 months of age and also 2 higher levels, 75 and 100 ~Ci 144Ce per kg body weight. These 2

higher levels were included as an attempt to compensate for the more rapid decrease in dose rate

during the first year after exposure seen in these immature dogs due to changing weight of the grow-

ing lung compared with the dose rates seen in young adult or aged longvity dogs. In addition, 18

dogs that were 85 to 97 days of age were entered into a parallel radiation dose pattern study for

serial sacrifice in pairs at different intervals after exposure. Their initial lung burdens ranged

from 9 to 18 uCi144Ce per kg body weight. Three other dogs with initial lung burdens of 37 to 46

~Ci 144Ce per kg body weight represent the start of a small, parallel sacrifice series for compari-

son with the young adult sacrifice series dogs exposed to 144Ce in fused clay. A listing of all
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dogs in the longevity and sacrifice studies is

provided in Appendix A. Information regarding

the exposure, metabolism, dosimetry and biolog-

ical effects has been given previously (1971-

1972 Annual Report, LF-45, pp. 167-171; 1972-1973

Annual Report, LF-46, pp. 116-121).

METABOLISM AND DOSIMETRY

The whole-body retention of 144Ce inhaled in

fused clay particles by immature Beagle dogs can

be readily described by 2-component exponential

functions in the early post-exposure period. In-

itial lung burdens for each dog were estimated as

being equal to the zero-time intercept of the

long-term component of whole-body retention. Dur-

ing the past year, the whole-body retention data

have been corrected for a change in the efficiency

of the whole-body counting system and have been

fitted with new, 2-component exponential functions

using a non-linear least squares method. Because

of this, the initial lung and body burden values

used in Figures 1 and 3 and in Appendix A are

slightly different than those reported last year,

but are considered our best values.

Calculation of the absorbed beta dose to the

lungs of these growing animals requires special

provisions. Data from the radiation dose pattern

study from 8 days to 2 years after exposure indi-

cate that the lung burden of 144Ce as a function

of the total body burden of 144Ce can be expressed

by the function 0.97e -0"00115t. A similar function

derived earlier for young adult (~ 18 ma.) dogs

was 0.98e -0"00097t. Thus, there was a more rapid

change in the fraction of body burden associated
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Figure I. Experimental design for study-
ing the effects of 144Ce in fused clay
particles inhaled by immature (3 ma.)
Beagle dogs (status as of 9/30/74).

with the lung in the dogs exposed at ~ 3 months of

age. Also, the immature dogs had much greater

body weight increases due to growth in the early post-exposure period. Typically, the body weight

increased linearly for 90 to 280 days after exposure at rates from 23 to 90 gm per day. After this

rapid growth period was completed, body weight tended to plateau. When the exsanguinated lung

weights of the immature radiation dose pattern dogs were expressed as fractions of total body weight,

the average value observed during the first 128 days post-exposure was 0.0108. For dogs sacrificed

at 256, 512 and 760 days post-exposure, this fraction averaged 0.0089, a value similar to the aver-

age seen in young adult dogs sacrificed at similar times, 0.0077 (1969-1970 Annual Report, LF-43, p.

108). A ratio of 0.0077 in an exsanguinated dog corresponds to a ratio of 0.011 in a living dog

(including normal complement of blood). By the same reasoning, the ratio in the living immature dog

should be: 0.0108 x 0.011 ÷ 0.0077 = 0.015. Therefore, lung weights for these dose calculations

were obtained by multiplying body weight by 0.015 in the early post-exposure period and by 0.011

after they reached adult status.
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All of these factors were taken into account this year in the recomputation of ~ dose rates and

cumulative doses listed in Appendix A. The basis for the computation is illustrated in Figure 2 for

dog 671B. The top curve represents a 3-component exponential function fitted to the whole-body re-

tention data and the curve directly below it represents an estimation of lung retention derived from

the whole body burden and the ratio of lung burden to body burden function given above. The bottom
curve represents the concentration of 144Ce in the lung, C(t), determined from corresponding values

of lung 144Ce burden and weight. It was used in the following equations for absorbed B dose rate

and cumulative dose:

fads/day = 51.2 E f C(t)

t
Cumulative rads = 51.2 E f IC(t) 

O

where E = average beta energy of 144Ce-144pr, 1.27 MeV

f = fractional energy absorption in the lung, 1.0
C(t) = lung concentration of 144Ce in ~Ci/gm

It was not possible to measure the whole-body retention for the entire first 2 years after ex-

posure for the dogs with the 8 lowest initial lung burdens. Therefore, to perform a similar calcu-

lation for these dogs, the lung concentration curves for the other dogs were normalized to fractions

of initial lung concentration (ILC) and averaged to obtain the following relationship:

C(t) = (ILB)(0.70e -0"038t = 0.30e-0 "0037t)

This was used with each dog’s own initial lung burden to provide values for C(t). Results of the

dosimetry calculations are given for each dog in Appendix A.

O.O1

20

I0-

I

D.OI

0.001
750

Figure 2. Measured whole-body retention of 144Ce after inhalation of 144Ce
in fused clay particles by immature Beagle dogs. Lung burden and concen-
tration curves are derived from the whole-body curve as described in the text.
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BIOLOGICAL EFFECTS

The current status of survival data for this experiment is summarized in Figure 3. Four dogs

have died to date. The first 3 had initial lung burdens of 73 to 120 ~Ci 144Ce/kg body weight and

died at 66 to 121 days after exposure with cumulative absorbed b doses to lung of 11,000 to 25,000
fads. Clinical results and necropsy findings were presented in the 1972-1973 Annual Report (LF-46,

pp. 119-121). Briefly, radiation pneumonitis and pulmonary fibrosis were present in all 3 dogs as

would have been predicted from the young adult longevity study with 144Ce in fused clay. In addi-

tion, a severe congestive heart failure associated with passive hepatic congestion and centrolobular

hepatic necrosis was present in all 3 dogs.
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Figure 3. Relationships between
initial lung burden of 144Ce and
survival time for immature (3
mo.) Beagle dogs that inhaled
144Ce in fused clay particles.

During the past year, one dog (673C) with an ILB of 70 uCi 144Ce/kg body weight died at 511

days after exposure. The cumulative absorbed B dose to lung to death was 24,000 rads. No clinical

abnormalities were present until ~ 6 months before the dog’s death. At that time, an elevated

respiratory rate was noted and the lung fields in thoracic radiographs were increased in density.

The respiratory distress continued to progress over the remainder of the dog’s lifespan. Signifi-

cant lesions noted at necropsy were a severe radiation pneumonitis and pulmonary fibrosis that caused

contraction of all lung lobes but especially the left diaphragmatic. In addition, there was a right

cardiac hypertrophy and hypertrophy of the tracheobronchial lymph nodes. Congestive heart failure,

a feature seen in immature dogs dying shortly after exposure, was not present.

Another dog (672B) with an ILB of 52 ~Ci 144Ce/kg body weight has clinical and radiographic

findings suggestive of a pulmonary neoplasm. A soft tissue density mass in the mid-portion of the

right apical lung field was observed in thoracic radiographs taken at 432 days post-inhalation ex-

posure. No other clinical abnormalities were noted at that time. This thoracic mass has progressed

in size on a series of thoracic radiographs obtained to date. The dog also has cutaneous and subcu-

taneous masses which have recently appeared and strongly suggest metastases from a primary neoplasm

of the lung. If this diagnosis is confirmed at necropsy, it will represent the shortest time after

inhalation exposure that a pulmonary neoplasm has been observed in our studies with dogs.

Because of the progressive increase in lung weight during the early post-exposure period, the
lung concentration of 144Ce changed at a faster rate than was seen in dogs exposed as young adults.

For dog 671B, the dose rate decreased by a factor of about I0 during the first 270 days after ex-

posure. Continuing observations on the surviving dogs should provide important information on the

effects of age at exposure and these early dose rate changes.
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TOXICITY OF 144Ce FUSED CLAY PARTICLES INHALED BY AGED DOGS. III

ABSTRACT

The toxicity of 144Ce fused clay particles inhaled by 8- to

lO.5-year-old dogs is being investigated to provide information

on age-related differences in the response of older members of

the human population to accidental inhalation of radioactive

aerosols. These data on aged dogs will be compared to the re-

sults of similar studies using dogs exposed at approximately

3 months or 12 to 14 months of age. To date, 7 blocks of 5

dogs each, divided into 4 exposure levels with mean initial luhg burdens of

PRIIJCIPAL INVESTIGATOHS

F. F. Hahn
B. B. Boecker
C. H. Hobbs
R. K. Jones
R. O. McClellan
J. A. Pickrell

7.5, 14, 24 and 57 zCi/
kg body weight and control dogs exposed to non-labeled fused clay particles have been entered into

a longevity study. Twelve dogs with initial lung burdens ranging from 20 to 75 uCi 144Ce/kg body

weight and cumulative doses to lung of from 22, 000 to 74,000 fads have died at 197 to 943 days post-

inhalation with clinico-pathologic findings of radiation pneumonitis and pulmonary fibrosis. Two

of these also had congestive heart failure. In addition, 4 dogs with ILBs of 8 to 14 ~Ci 144Ce/kg

body weight have died of mammary neoplasms or congestive heart failure but without radiation pneu-

monitis. One dog with an ILB of 9 vCi 144Ce/kg body weight died with a chronic interstitial foreign

body pne~onia. Two control dogs have died, one with a mammary carcinoma and one with pyometra.

~lmonary retention of the inhaled 144Ce was similar to that observed previously in dogs exposed

at 18 to 22 months of age in a radiation dose pattern study. Serial observations are continuing on

the 11 surviving 144Ce-exposed dogs and 5 controls.

INTRODUCTION

The long-term dose-response studies in this laboratory are being conducted to provide informa-

tion for predicting dose-response relationships in man. Most of these studies have involved young

adult animals, the individuals in a population who are probably the most physiologically fit. Thus,

dose-response predictions for man based on data obtained from exposure of young adults may under-

estimate the risk of exposure for older members of the population who are generally less physiolog-

ically fit. To obtain information relevant to this important problem, a longevity study has been

initiated with 8- to lO.5-year-old Beagle dogs exposed to 144Ce* in fused clay particles to achieve

initial 144Ce lung burdens of 6.0, 12.5, 25 and 50 pCi/kg body weight. This study complements two

others with 144Ce in fused clay; one with dogs exposed at 12 to 14 months of age (this report,

pp.113-117) and one with dogs exposed at approximately 3 months of age (this report, pp. I18-

121). The 50 pCi/kg level was selected to provide comparative information on the early pulmonary
response; the majority of 12 to 14 month-old dogs exposed at this level died between 180 and 320

days after inhalation exposure with only a few long-term survivors. The 25 ~Ci/kg level was se-

lected since dogs exposed at 12 to 14 months of age to achieve burdens between 25 and 50 uCi/kg

are known to develop lung neoplasms. It is anticipated that comparison can be made between young

adults and aged dogs exposed in this range to determine if the incidence or time of appearance of

radiation-induced lung lesions is altered. The lower levels (6.0 and 12.5 pCi/kg) were included for

similar comparisons in the event the dose-survival relationships are sharply altered due to the

older dogs being more susceptible to radiation injury.

*144Ce refers to 144Ce in equilibrium with its daughter, 144pr.
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BIOLOGICAL EFFECTS

The current status of the dose survival relationship is presented graphically in Figure 2. Of
the 28 aged dogs exposed to 144Ce fused clay aerosols, 17 with ILBs of 7.7 to 75 pCi/kg body weight

and cumulative doses to lung to death of 11,000 to 74,000 rads have died 197 to 943 days after ex-

posure. Two control dogs have died, one at 592 days after exposure with a disseminated mammary

carcinoma, and one at 843 days after exposure with pyometra.
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Three dogs exposed to 144Ce in fused clay particles and I control dog died during the last year.

Table I summarizes these dogs, the radiobiologic data and the major pathologic finding. FD i00 died

of pulmonary fibrosis 912 days after exposure. The fibrosis was severe and was a significant factor

in the death of the dog. Congestive heart failure was not a feature and no evidence of pulmonary

neoplasia could be found. FD 154 died with a chronic interstital pneumonia. The cause of the pneu-

monia and its relation to the earlier radiation injury is speculative. Not all the features of

radiation pneumonitis were present. In addition, many pigmented, apparently foreign bodies, of un-

known origin were found in the lung. There was an inflammatory reaction to these foreign bodies

Table 1

Summary of Data for Aged Beagle Dogs that have Died During the Past Year
After Inhalation of 144Ce in Fused Clay Particles

ILB
pCi/kg Initial Cumulative Age at

Dog Body Dose Rate Lung Dose to Death Death
Number Weight (rods/day) Death (rods) (days) (dpe) Major Pathologic Findings

FD I00 23 140 31,000 4784 943 Radiation pneumonitis;
pulmonary fibrosis

FD 154 9.0 52 11,000 3982 669 Chronic foreign body
pneumonia

FD 48 7.7 44 11,000 4448 904 Mammary carcinoma

FD 147 0 0 0 4368 843 Pyometra
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EXPERIMENTAL PROCEDURES

The procedures for exposure have been previously described (1971-1972 Annual Report, LF-45, pp.
172-176). Briefly, the dogs were exposed to 144Ce in fused clay aerosols whose sizes were distri-

buted log normally with activity median aerodynamic diameters that ranged, for individual exposures,

from 1.6 to 2.3 ~m with geometric standard deviation, Og, of 1.3 to 1.6. A profile scan and whole-

body count were obtained immediately after exposure and whole-body counting was continued at periodic

intervals to quantitate lung and whole-body retention. Detailed clinical evaluations were performed

prior to exposing the dogs and will continue for their lifespan.

To date, 6 blocks of females and i block of males have been entered into the experiment (Fig.

1). The block of males exposed in the past year was intended to receive a full range of ILBs; how-

ever, technical difficulties at the time of exposure resulted in only 2 ILB levels actually being

achieved. More blocks of male dogs will be added to the study when sufficient number become avail-

able.

METABOLISM AND DOSIMETRY

Cerium-144 content of lung, liver and skeleton at death as a percent of the ILB have been re-

ported (1972-1973 Annual Report, LF-46, pp. 122-177) and compared with similar data from young adult
dogs. The retention of 144Ce in the lungs of the older dogs was similar to that retained in the

lungs of the young adult dogs. In contrast, the uptake of 144Ce in the liver and the skeleton was

somewhat lower in the aged dogs. This difference was most pronounced for skeleton, a result that

may be influenced by decreased new bone formation in the older dogs.

Absorbed beta doses to lung have been calculated for each dog using the same method as for the
young adult dogs exposed to 144Ce fused clay particles (1968-1969 Annual Report, LF-41, pp. 27-28;

1970-1971 Annual Report, LF-44, p. 169). These doses are based on a lung weight (including blood)

to body weight ratio of 0.0110. The problems associated with using a fixed lung weight to body

weight ratio derived from young adult dogs for older: somewhat obese, female dogs were alluded to

previously. Consequently, it is possible that some of the lung weights implied when the lung bur-
den is expressed as ~Ci 144Ce per kg body weight may be too large. Corresponding dose calculations,

based on lung weight will then be underestimated by the same amount. Further information is re-

quired on this point.
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Figure 1. Experimental design for
studying the effects of 144Ce in
fused clay particles inhaled by
aged Beagle dogs (status as of
9/30/74).
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which undoubtedly contributed to the dog’s death. FD 48 died as a direct result of metastatic mam-

mary carcinoma. FD 147 died of the complications of pyometra. The mammary carcinoma and the chronic

interstitial pneumonia are probably not radiation-related conditions.

The remaining 11 exposed dogs with ILBs from 5.5 to 22 ~Ci/kg body weight and 5 control dogs

are surviving from 235 to 963 days after exposure with no clinical abnormalities, such as radiation

pneumonitis or pulmonary tumors, that are clearly related to radiation exposure. However, many dogs

in this study had mammary and other superficial tumors surgically removed either before or after

exposure.

DISCUSSION

Aged Beagle dogs died with radiation pneumonitis and pulmonary fibrosis at about the same time
after inhalation exposure to 144Ce fused clay aerosols and with clinico-pathologic findings similar

to young adult dogs exposed to similar aerosols. However, the aged dogs died from radiation pneu-

monitis at lower pulmonary radiation doses to death than did young adult dogs as has been discussed

in an earlier report (1972-1973 Annual Report, LF-46, pp. 122-127). Thus, aged dogs surviving 

the age when tumors are likely (> 650 days post-exposure) have a lower pulmonary dose. Only one dog

(FD I00) died at greater than 650 days post-exposure with a pulmonary dose which caused hemangio-

sarcomas in young adult dogs (> 29,000 rads) and only one dog remains alive with such a dose (FD

94). No dogs in this study have yet died with pulmonary neoplasia and none of the survivors have

clinical evidence of pulmonary neoplasia. The surviving dogs will continue to be observed closely
for pulmonary neoplasia so that the carcinogenicity of relatively insoluble forms of 144Ce in differ-

ent aged populations can be compared.
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TOXICITY OF INHALED 90Sr FUSED CLAY PARTICLES

ABSTRACT

Studies on the metabolism, dosimetry and biological effects of

90St in fused clay particles in Beagle dogs have continued with

a view toward defining the biological consequences of inhaling

this important radionuclide in a relatively insoluble form.

Seventy-two dogs were exposed to a polydisperse aerosol (AMAD

1.4 to 2.8 ~m and ~ 1.4 to 2.7) of fused montmorillonite clay
g 90Srparticles labeled with to achieve oraded initial lung bur-

dens (ILB) of 3.7 to 94 ~Ci/kg body weight; 12 control dogs

were exposed to an aerosol of stable strontiwn in fused clay

IN BEAGLE DOGS. V

PRINCIPAL INVESTIGATORS

M. B. Snipes
B. B. Boecker
F. F. Hahn
C. H. Hobbs
J. L. Mauderly
R. O. McClellan
J. A. Pickrell

particles. These 84 dogs were assigned to the 90St fused clay longevity study. An additional 26

dogs were exposed similarly (AVID 1.9 to 2.5 vm and ~ 1.6 to 2.0) and assigned for sacrifice
g

(Series II) at intervals after exposure to define metabolism and dosimetry of this aerosol in Beagle

dogs. Of the 72 longevity dogs, 32 dogs having ILBs of 29 to 94 vCi/kg and cumulative doses to lung

to death of 40,000 to 96,000 rods have died from radiation pneumonitis and~or pulmonary fibrosis

from 159 to 477 days post-exposure. Fourteen dogs with ILBs of 15 to 36 vCi/kg and cumulative doses

to lung to death of 34,000 to 68,000 fads have died from primary pulmonary hemangiosarcomas between

644 and 1214 days post-exposure. In addition, one dog developed a bronchiolo-alveolar carcinoma, an-

other epidermoid carcinoma of the lung and a third, a squamous cell carcinoma in the nasal cavity.

The remaining 26 exposed dogs and 12 controls of the longevity study are surviving at 1070 to 1707

days post-exposure. Dogs in the sacrifice series have been sacrificed to !536 days post-exposure.

INTRODUCTION

Strontium-90 is a major component of the fission product inventory in a nuclear reactor after

a period of sustained operation. It is also an isotope of major abundance in nuclear fallout. Stron-

tium-90 was selected for study because of its high probability for release in certain nuclear acci-

dents and because it represents a typical long-lived beta emitter; it decays by the emission of a

0.54 Mev (max) beta particle with a physical half-life of 28 years. A complementary study is 

progress with a relatively soluble form (90SrClp) of 90Sr (this report, pp. 89-92). In the study
to be reported here, a more insoluble form, 90S~ entrapped in fused montmorillonite clay, is being

studied.

Studies using 90Sr in fused clay are under way in two major areas; (I) evaluation of the radi-

ation dose pattern for inhaled 90St fused clay (Series II experiment), and (2) a longevity study 

which the dose-response relationship is being evaluated for dogs exposed to achieve graded initial
lung burdens of 90Sr in fused clay. Data from the Series II experiment and longevity study will be

used to describe the 90St distribution and retention patterns in various tissues of the Beagle dog

after inhalation of 90Sr fused clay aerosol. Initial results from this study have been reported

(1972-1973 Annual Report, LF-46, pp. 128-136).

EXPERIMENTAL PROCEDURES

Experimental procedures were detailed in a previous Annual Report (LF-44, pp. 181-192). Briefly,

the 84 (72 experimental and 12 control) dogs used in the longevity study were 12 to 14 months old 

the time of inhalation exposure. The size distributions of the 90Sr fused clay aerosols were log

*90Sr in this report refers to 90Sr-90y in secular equilibrium.
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normal with activity median aerodynamic diameters (AMAD) ranging from 1.4 to 2.8 ~m with a Og of 1.4
to 1.7. Initial lung burdens achieved ranged from 3.7 to 94 mCi of 90Sr per kg body weight. To

date, 12 blocks of 7 dogs each have been entered into the longevity study as indicated in Figure i.

RESULTS AND DISCUSSION

The dose response relationships observed in the longevity study to date are illustrated in

Figure 2. Of the 72 dogs exposed, 46 have died at from 159 to 1214 days post-inhalation exposure.

Thirty-two dogs, with ILBs of 29 to 94 ~Ci/kg and doses to lung to death of 40,000 to 96,000 rads,

died at from 159 to 477 days post-exposure with clinico-pathologic findings of radiation pneumonitis

and pulmonary fibrosis. Full descriptions have been noted in previous Annual Reports (LF-43, pp.

188-196; LF-44, pp. 189-192; LF-45, pp. 177-188). The major pathologic findings were (1) severe

radiation pneumonitis characterized by increased numbers of alveolar macrophages, hypertrophy and

hyperplasia of alveolar lining cells, degeneration of bronchiolar epithelium, hemorrhage and edema,
(2) severe pulmonary fibrosis characterized by fibrosis in alveolar septa, pleura, perivascular re-

gions and by large parenchymal scars, (3) acute and chronic vascular lesions which were either in-

flammatory or degenerative and involved both elastic or muscular pulmonary arteries, (4) bullous

emphysema adjacent to large parenchymal scars, (5) right ventricular dilation and hypertrophy with

congestive heart failure in a few cases, and (6) severe atrophy and fibrosis of the tracheobronchial

lymph nodes.

Fourteen dogs with ILBs ranging from 15 to 36 pCi/kg and doses to lung to death of 34,000 to
68,000 rads died at from 644 to 1214 days post-exposure due to pulmonary neoplasms (Table 1). These

14 dogs had high and relatively sustained dose rates between aerosol exposure and death. All of the

dogs developed pulmonary hemangiosarcomas. These neoplasms were all similar to those seen in dogs
exposed to 144Ce in fused clay and the ones described in an earlier report (1971-1972 Annual Report,

LF-45, pp. 177-188). Four of these dogs died during the past year (Table I). Clinical signs 

ILB

~6i/Kg

BLOCKS Meon
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Contro]

80 7r
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40 39
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Figure 1. Experimental design for 90Sr in fused clay longevity study (status as of 9/30/74).
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the four dogs were related to massive thoracic hemorrhage or to brain metastases, both a direct

result of pulmonary tumors. The pulmonary neoplasms were diagnosed 3 to 57 days before death or

euthanasia.
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Figure 2. Relationship be-
tween initial lung burden
of 90St and survival time
for dogs that inhaled 90St
in fused clay (status as
of 9/30/74).

Table i

Initial Lung Burdens and Absorbed Radiation Doses for the Dogs That Developed Neoplasms
After Inhalation of gOsr in Fused Clay Particles

ILB Initial
~Ci/kg Dose Cumulative
Body Rate Lung Dose to Days Post-

Dog No~ Weight (rads/day) Death (rads) E~sure
398D 35 190 65,000 644
497Ba 35 190 68,000 788
396T 34 180 60,000 718
355A 25 140 51,000 715
433C 24 130 58,000 693

414Ta 23 120 57,000 874
416C 22 120 52,000 1128

430S 22 120 51,000 809
398B 20 100 51,000 1032

a

399U 19 100 56,000 1170
401B 19 99 55,000 1025
354A 15 81 43,000 1214

352Ta 15 78 44,000 1185
413B 15 77 34,000 1213

aThese 4 dogs died between October I, 1973 and September 30, 1974.

Diagnosls
Pulmonary hemanglosarcoma

Pulmonary hemanglosarcoma

Pulmonary hemanglosarcoma

Pulmonary hemanglosarcoma

Pulmonary hemanglosarcoma

Pulmonary hemanglosarcoma

Pulmonary heman 1osarcoma;
Epidermoid carclnoma - lung

Pulmonary bemangiosarcoma

Pulmonary hemangiosarcoma;
Bronchiolo-alveolar carcinoma

Pulmonary hemangiosarcoma

Pulmonary hemangiosarcoma

Pulmonary hemangiosarcoma;
Nasal carcinoma

Pulmonary hemangiosarcoma

Pulmonary hemangiosarcoma
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At necropsy, all of the dogs had pulmonary hemangiosarcomas with a large mass in the apical or

cardiac lobes and many widely scattered smaller masses in other lobes. Metastases were widespread;

for example, dog 416C had 12 separate organs involved. The most common sites of metastases were the

sternal lymph nodes and the kidneys which were metastatic sites in three of the dogs. Microscopi-

cally, hemangiosarcomas were characterized by anaplastic, spindle-shaped cells lining vascular spaces

which had a solid, capillary or cavernous pattern. Hemorrhage, necrosis and fibrosis in and around

the larger tumor masses were a constant feature. A moderate radiation pneumonitis and a focal sep-

tal fibrosis occurred in areas away from the tumor masses except in dog 413B in which such lesions

were minimal. In all dogs, the tracheobronchial lymph nodes were completely fibrotic.

In addition to a pulmonary hemangiosarcoma, one dog (416C) atso naa an epidermoid carcinoma 

the left apical-cardiac and in the right cardiac lobes. The carcinoma in the left apical-cardiac
lobe measured about I cm in diameter, was moderately differentiated (Fig. 3) and was adjacent to 

mass from the hemangiosarcoma. The two neoplasms had grown into intimate contact (Fig. 4). The

carcinoma was a solid mass with an ill-defined border that had invaded a small bronchus. Individual

and small clumps of anaplastic cells, similar to those in this tumor, were present in the sternal

lymph node. The carcinoma in the right cardiac lobe was about 0.8 cm diameter, centrally necrotic

and poorly differentiated, generally resembling basalar cells. Small foci of glandular and squamous

patterns were also present.

The finding of pulmonary hemangiosarcomas in the four dogs that died during the past year con-
tinues the trend established during the past two years and indicates that prolonged pulmonary beta

irradiation from 90St results in induction of hemangiosarcomas in the lung. The epidermoid carcin-

oma in dog 416C is the first of such tumors found in any of our studies. This carcinoma and the

other two in this study suggest that irradiation of the respiratory epithelial tissues results in

neoplasia but the time required for their appearance is longer than for pulmonary sarcomas.

#
iiii!i

Figure 3. Epidermoid carcinoma in the left
apical cardiac lobe of dog 416C which died
128 days postexposure with a pulmonary rad-
iation dose of 1128 rads. 215 X.

Figure 4. Epidermoid carcinoma and heman-
giosarcoma of the lung which grew together
in dog 416C. H & E 215 X.
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TOXICITY OF INHALED 144Ce02 IN IMMATURE,

AND AGED SYRIAN HAMSTERS. II

ABSTRACT

Syrian hamsters have been exposed to aerosols of 1440e02 at

28 (immature), 84 (young adult) and 340 (aged) days 

to better define the dose-response relationships following

inhalation of this radionuclide by a population with a wide

range of ages such as would be the case with a hv~an popula-

tion folloving a catastrophic nuclear accident. The animals

YOUNG ADULT

PRINCIPAL INVESTIGATORS

C. R. Hobbs
R. O. McC~tlan
S. A. Benjamin

were exposed to achieve graded initial lung burdens (ILB) for the younger exposure ages of about

20, 5, 1.25, O. 31, O. 80 and O. 01 vCi and control groups exposed to stable ceri~n oxide. The aged

animals were exposed to achieve ILB of 20, 5, 1.25 and O. 31 ~Ci as well as a control group. Animals

are being maintained both for serial sacrifice to determine the radiation dose pattern and for

lifespan observation to determine dose response relationships. The effective half-life of 144Ce

in the l~ng appears to be about 63 days. This would result in a dose to lung of about 4000 rads/

vCi of !LB. Animals wivh IL~ of about 20 ~Ci have died at early times with radiation pneumonitis

and pulmonary fibrosis. No excessive mortality compared to that of controls has been observed in

the remaining exposure levels. Bistopathologic exa~ination is not complete on all animals that

have died, but no pulmonary neoplasms ~ve been observed to date.

INTRODUCTION

A number of studies are under way in this laboratory to evaluate the biological effects of in-
haling relatively insoluble forms of 144Ce and other beta-emitting radionuclides. To date, the

primary experimental animal used has been the Beagle dog with limited studies in the C57BL/6J

mouse. Studies on the Syrian hamster have been initiated to broaden the base for extrapolation of

the data to man. This study includes hamsters exposed at 28 (immature), 84 (young adult), and 

(aged) days of age to aerosols of 144Ce02 to achieve graded initial lung burdens (ILB). Each 
leve] contains animals to be sacrificed at selected intervals for determination of the radiation

dose pattern and evaluation of sequential pathological changes as well as animals that will be

observed over their total lifespan to determine dose response relationships. This study will

provide data on the toxicity of inhaled 144Ce02 in animals exposed at different ages, a situation

analogous to the exposure of the human population following a catastrophic nuclear accident. The

data will also provide a basis of interspecies comparison for this important radionuclide.

EXPERIMENTAL PROCEDURES

All the Syrian hamsters (Mesocricetus auratus, Sch: SYR) used were purchased from ARS Sprague-

Dawley, Madison, Wisconsin and received at this laboratory at 3 weeks of age. Animals within any

one shipment were born within a 4-day period. For this report, the last day of this period was

taken as the birthdate for all animals in the shipment and was used to compute exposure age. The

animals exposed at 28 and 340 days of age were received as one shipment; those exposed at 84 days

of age were received in a separate shipment 3 weeks previously. Equal numbers of each sex were

used.

The 144Ce02 aerosols were generated from a solution containing about 4 mg of 144Ce in 0.6 M
HCI using a Lovelace nebulizer and passed through two heat columns maintained at 390°C and 850°C,
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respectively, prior to delivery to the exposure apparatus. The exposure apparatus and associated
imethods of generation and characterization of the aerosols have been described. Control animals

were exposed to stable cerium oxide aerosols in an identical manner.

Whole-body retention patterns for 144Ce were determined by whole-body counting with a Nal

scintillation detector. At death or sacrifice, samples were taken for pathology and the lung, head

and head skin, liver, gastrointestinal tract, spleen, kidneys, left femur, and remaining carcass
were gamma counted to determine 144Ce content. Animals were scheduled for sacrifice at O, 2, 4, 8,

16, 32, 64, 128, 256, 384, 512, 640 and 728 days after inhalation exposure from the groups with 5

~Ci ILB; at 8, 64 and 256 days after exposure from the groups with ILB of 20, 1.25, 0.31, 0.08 and

0.01 ~Ci and at 32, 64, 128, 256, 384, 512, 640 and 728 days after exposure for the controls.

RESULTS AND DISCUSSION

The activity median aerodynamic diameters (AMAD) of the aerosols ranged from I to 2 ~m with

geometric standard deviations of 1.5 to 1.8. The experimental design of the studies, the estimated

ILB obtained for each of the groups for the three exposure ages and the mortality data to date are
presented in Tables I and 2. Data on the early retention and distribution of 144Ce at serial

sacrifice times through 64 days for the immature and young adult animals have been reported previ-

ously (LF-46, 1972-1973 Annual Report, pp. 141-145). From that data an estimated effective half-

life of 63 days in the lung for the 144Ce02 was obtained. While analysis of the data is not complete

at this time, the estimates reported previously for whole body and lung retention do not appear to

have changed appreciably and no apparent differences have been observed in these values for the

animals exposed at 340 days of age. The estimated cumulative dose to lung for an ILB of 1 ~Ci was

2000 rads to i00 days and 4000 rads to 2 yrs (the approximate lifespan of a hamster) post-exposure

for the animals exposed at 12 weeks of age. For this dose estimate, 50% of the beta energy was

assumed to be absorbed by the lung, the lung weight used was i gm and the ILB was taken to be

equivalent to the 8-day whole-body burden. The animals exposed at 4 wks. of age weighed about 50

gms at exposure compared to about 125 gms for the young adults. Thus, for these younger animals,

the dose will have to be computed using a variable lung weight with time. This has not been done

as yet. The dose to lung for the animals exposed at about 340 days of age would be essentially the

same as that for the young adult animals.

Mortality patterns for all the exposure groups are given in Tables 1 and 2. In Table I, the

values are based on days post-inhalation while in Table 2 they are based on days of age so that

comparisons of survival of the three exposure ages is possible. It is apparent that most of the

data in Table 2 for the aged animals relate to their survival prior to exposure. As can be seen

from these tables, the only groups of animals with obvious increased mortality compared with controls

were experiments 1215 and 1182 in which young adult and immature animals had ILB’s of about 20 uCi.

The median survival times of these two groups were 22 and 12 weeks after inhalation, respectively.

Gross and histopathological findings in these animals were consistent with deaths from radiation

pneumonitis.

All animals that die are being subjected to complete gross and histopathological examination.

To date, only selected animals of those exposed as young adult or immature animals and none of the

animals exposed at 340 days of age have been evaluated histopathologically. Of those animals

evaluated, individuals at each dose level were included to gain insight into the dose-response

relationship for the early effects. In the animals exposed at 28 days of age, no significant

radiation-related changes were seen in animals with ILBs of 0.01 to 1.25 ~Ci 144Ce02 through one

year post-exposure. Changes observed in the lungs of hamsters with ILB’s of 5 or 20 uCi 144Ce02
and sacrificed at 64 or 128 days after exposure have been described (Annual Report 1972-1973, LF-

46, pp 143-144). Briefly, these consisted of radiation pneumonitis and pulmonary fibrosis with
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Desired
Experiment ILB

Number (uCi)

Table i

Current Status of 144Ce02 Toxicity Study in Syrian Hamsters

Based on Days Post-lnhalation Exposure

Weeks
Post

Achieved Number Days of Cumulative Survival Rate (%)c Exposure
ILB of Age at Weeks Post-lnhalation As of As Of

(~Ci)a Animals b Exposure 26 39 52 65 11/21/74 11/21/74

1215 20 18 ± 6 45 84 26 + 7 10 4 4 5 ± 5 0 0 69

1214 5 5.6 ± 1.3 67 84 90 ¯ 4 60 ~ 7 26 + 6 9 ± 4 9 ± 4 69

1213 1.25 1.2 ± 0.36 45 84 83 + 6 45 ÷ 8 20 ~ 6 5 + 3 2 ± 2 69

1212 0.31 0,29 ± .08 45 84 90 + 5 61 + 8 31 + 7 8 + 4 8 ± 4 69

1211 0.08 0,056 ± 0.021 46 84 85 ± 6 57 ± 8 31 + 8 II ± 5 9 ÷ 5 69

1210 0.01 0.016 ± 0.007 36 84 88 + 6 67 ÷ 8 30 ± 8 6 + 4 6 + 4 69

1216 Controls Controls 36 84 88 ± 6 67 ± 8 30 + 8 6 + 4 6 + 4 69

1182 20 23 ± 7 28 28 0 0 0 0 0 --

1181 5 4.3 ± 1.2 54 28 97 ~ 3 76 ± 8 36 ± 10 28 ± 9 23 ± 9 74

1180 1.25 0,64 ± 0,21 29 28 95 + 5 95 ± 5 24 ± i0 12 ± 8 6 ± 6 74

1179 0.31 0,18 ± 0.047 30 28 87 + 7 59 ~ II 34 ± 10 20 ± 9 15 ± 7 74

1178 0.08 0.056 ± 0.016 30 28 91 + 6 66 ¯ ii 55 ± 11 39 ± 11 22 ± 10 74

1177 0.01 0.0096 + 0.022 34 28 95 ± 5 74 + I0 68 + II 40 ± 12 6 ± 6 74

1183 Controls Controls 37 28 94 ± 4 84 ± 7 35 ± 9 15 ± 7 11 ± 5 74

1246 20 27 ± 8 19 340 6 ± 6 - 4 ± 4 30

1247 5 4.8 ± 1.7 20 340 32 ± 12 - 13 ± 6 30

1248 1.25 2.0 ± 0.48 14 340 7 ÷ 7 - 4 ± 4 30

1249 0.31 0.51 ± 0,19 13 340 20 + i0 - 7 ± 5 30

1250 Controls Controls 28 340 25 + 8 - 16 ± 6 30

aMean ± Standard Deviation

bNumber of animals that survived more than 1
of males and females.

CBy the

day post-inhalation includes animals scheduled for sacrifice. Approximately

method of Cutler and Ederer, + I Standard Error.2

Median
Survival

Time
(Weeks
P.E.)

22

42

38

43

42

43

38

12

49

47

43

55

58

46

13

22

16

7

14

equal number



Table 2

Current Status of 144Ce02 Toxicity Study in Syrian Hamsters

Based on Days of Age

Desired Achieved Number Days of
Experiment ILB ILB of Age at

Number (uCi) (~Ci)a sbAnimal Exposure

Cumulative Survival Rate (%)c
Weeks of Age

26 39 52 65

1215 20 18 ± 6 45 84 98 ± 2 26 ± 7

1214 5 5.6 + 1.3 67 84 96 ~ 3 86 + 5

1213 1.25 1.2 + 0.36 45 84 93 ~ 4 83 + 6

1212 0.31 0.29 + .08 45 84 I00 88 ~ 5

1211 0.08 0.056 ± 0.021 46 84 95 ÷ 3 85 + 6

1210 0.01 0.016 ± .007 36 84 94 + 4 88 ÷ 6

1216 Controls Controls 48 84 I00 86 ± 5

1182 20 23 ~ 7 28 28 4.7 0

1181 5 4.3 ± ].2 54 28 97 ± 3 84 + 7

1180 1.25 0.64 + 0.21 29 28 95 + 5 95 ± 5

1179 0.31 0.18 + 0.047 30 28 91 ± 6 78 ± 9

1178 0.08 0.056 ¯ 0.016 30 28 91 + 9 82 ± 8

1177 0.01 0.0096 + 0.022 34 28 i00 90 ~ 6

1183 Controls Controls 37 28 100 87 , 6

1246 20 27 + 8 28 340 i00 86 ± 6

1247 5 4.8 ± 1.7 44 340 90 ± 4 84 ± 5

1248 1.25 2.0 ± 0.48 28 340 89 + 6 75 ± 8

1249 0.31 0.5] + 0.19 28 340 ]00 96 ± 4

1250 Controls Controls 37 340 92 + 4 76 ±

aMean ± 1 Standard Deviation.

bNumber of animals that survived more than
males and females.

CBy the

Median
Survival

Weeks of Time
As of Age on (Wks of

78 11/21/74 11/21/74 Age)

10 ± 4 5 ÷ 3 0 0 -- 34

53 ¯ 8 26 ¯ 6 9 + 4 9 + 4 81 54

40 ~ 8 20 ~ 6 5 ~ 3 2 ¯ 2 81 51

56 ~ 8 31 + 7 8 4 4 8 + 4 81 55

51 + 8 31 + 8 11 + 5 9 + 5 81 54

67 + 8 30 + 8 6 + 4 6 ÷ 4 81 54

41 ± 8 18 ± 6 5 -+ 3 3 + 2 81 50

0 0 0 0 -- 16

52 ± I0 28 ± 9 23 ± 9 23 ± 9 78 54

42 ± 10 12 -+ 8 6 ± 6 6 ± 6 78 51

44 ± 11 25 ± 10 15 ± 8 15 ± 8 78 48

55 ± 11 39 ± 11 22 ± 10 22 ± I0 78 58

68 + 11 45 ± 12 6 -+ 5 6 ± 5 78 58

45 ~ 9 22 ± 8 11 + 6 11 ± 5 78 51

63 + 9 26 + 9 4 + 4 4 + 4 78 56

50 ± 7 36 ÷ 8 13 + 6 13 + 6 78 52

39 ± 9 25 + 8 4 + 4 4 + 4 78 50

39 ± 9 14 ± 7 7 + 5 7 + 5 78 48

57 ± 8 27 + 7 16 ± 6 16 + 6 78 55

1 day post-inhalation includes animals scheduled for sacrifice. Approximately equal number of

method of Cutler and Ederer, + i standard error.2



some animals showing hyperplastic epithelium and vascular necrosis. Changes were much more uniform

and severe in the 20 uCi group. At later times animals dying in the 5 uCi group showed more severe

changes than they had at 128 days. These changes were still focal however, and not severe enough

to be the cause of death. Bronchiolar epithelial hyperplasia was evident in these animals at later

times. No pulmonary neoplasms have been seen in any animals in this study.

exposed to 144Ce02 at 84 days of age were chosen for histopatho-Selected animals from those

logical examination. Animals at each activity level and out to 11 months after exposure were

included. In the animals exposed at 84 days of age, as was seen in the animals exposed at 28 days

of age, there were no significant radiation-related findings in animals with ILB’s of 0.01 to 1.25

~Ci 144Ce02 up to 315 days after exposure. Hamsters with ILB of about 5 ~Ci showed minimal changes

of radiation pneumonitis at 128 days and minimal to moderate radiation pneumonitis and pulmonary

fibrosis from 177 to 331 days post-exposure. Animals with ILB of about 20 ~Ci that died between

135 and 300 days all showed moderate to severe radiation pneumonitis and pulmonary fibrosis (Fig.

1). The lesions were characterized by accumulation of alveolar macrophages as well as other in-

flammatory cells and erythrocytes in alveoli. Macrophages and alveolar epithelial lining cells

were often large with vacuolated cytoplasm. Interstitial septal fibrosis and organization of

fibrin exudate was variable but often coalesced to form larger scars. Epithelial changes were

marked with hypertrophy of alveolar lining cells and adenomatous hyperplasia of bronchiolar epithe-

lium. The epithelium in scarred areas was often quite bizarre in appearance with large nuclei and

prominent nucleoli (Fig. 2). Vascular necrosis was an occasional finding. No neoplastic lesions

have been seen in any animals to date. Many of the hamsters in the 20 ~Ci level died because of

pulmonary insufficiency related to the radiation damage, but this syndrome was not sufficiently

severe to account for the deaths in lower level groups. In these animals, a variety of lesions of

other organ systems were seen but the most common findings related to severe arteriolar nephroscle-

rosis often complicated by amyloidosis of the kidney, liver, spleen and adrenal.

Figure 1. Radiation pneumonitis and alveolar
septal fibrosis in a Syrian hamster exposed
to 20 ~Ci 144Ce02 and which died 135 days
after exposure. H & E stain X340.

Figure 2. Epithelial hyperplasia in a pul-
monar% scar in a hamster which received 20
~Ci 144Ce02 and died 207 days after exposure.
H & E stain X135.
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these studies on the toxicity of inhaled 144Ce02 in Syrian hamsters can be com-Results from
pared with similar studies in the Beagle dog (this report, pp. 113 to 117) and the C57BL/6J mouse.3

single acute exposures of mice to aerosols of 144Ce02, animals with ILB of less than about 4With
~JCi of 144Ce did not show any lifespan shortening as compared to the controls. On a uCi/kg of body

weight basis an ILB of 4 uCi in those mice would be approximately equivalent to 160 ~Ci/kg. The

hamsters in this study with lifespan shortening from early deaths due to radiation pneumonitis and

pulmonary fibrosis have had ILB of about 20 uCi or about 160 uCi/kg of body weight while animals

with ILB of about 5 ~Ci or 40 ~Ci/kg have shown no lifespan shortening to this time. Also, lung

tumors were not observed in the mice and have not been observed to date in this study. Due to the

kinetics of the 144Ce02 in the mice and hamsters, the cumulative doses to lung from anretention
ILB of i l~Ci have been estimated to be 5700 and 4000 rads or about 140 rads and 500 rads/~Ci ILB/kg

of body weight, respectively for the mice and hamsters.

In contrast to the above results in mice and hamsters, dogs that have inhaled 144Ce in fused

clay (also a relatively insoluble form of 144Ce) have died at early times from radiation pneumonitis

with ILBs as low as 60 ~Ci/kg of body weight. Dogs in that study with ILB from 26 to 54 ~Ci/kg of

body weight have died with primary pulmonary neoplasms (mainly hemangiosarcomas) from 765 to 1318
days post-inhalation exposure. However, due to the greater pulmonary retention of the inhaled 144Ce

by the dog and the greater absorption of the ~ energy (~ 100%) the dose to lung was about 1100 rads/

uCi ILB/kg of body weight. Repeated exposures of mice (this report, pp. 307 to 313) to aerosols 

144Ce02 have produced dose and dose rate patterns in mice similar to those in the dogs. Pulmonary
epithelial tumors have been observed in three mice.

The above discussion emphasizes the importance of consideration of the radiation dose pattern

where interspecies comparisons of the toxicity of inhaled radionuclides are made. Rodents con-

sistently have a much shorter lung retention of inhaled relatively insoluble particulates than

dogs. Thus the radiation dose pattern and the resulting biological effects may differ markedly

when the species are compared.
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TOXICITY OF INHALED ALPHA-EMITTING RADIONUCLIDES AN EXPERIMENTAL APPROACH

ABSTRAOT

A series of interrelated dose-response studies in which Beagle

dogs and Syrian hamsters are being exposed to aerosols of trans-

uranic alpha-emitting radionuclides is described. The char-

acteristics of monodisperse aerosols of 239pu, 238pu, 241Am,

244Cm and 242Cm oxides are discussed relative to their use

in studies to determine the relative importance of such factors

as the local dose around the particle, the specific activity

of the particle and the size and number of particles inhaled

(the hot particle questionJ on the resulting biological ef-
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fects. Other factors such as the elemental characteristics and the chemical form of the material

and ~he age of the animal at the time of inhalation which may influence the toxicity of these ra-

dionuclides are also being studied. The purpose of the studies is to determine the basic relation-

ships between the radiation dose pattern and the resuZting biological effects.

INTRODUCTION

Over the past several years, there has been increasing concern over the toxicity of plutonium

and other transuranic alpha-emitting radionuclides. With the proposed use of mixed-oxide fuels in

current light water reactors and the development of Liquid Metal Fast Breeder Reactors, there will

be a marked increase in the quantitites of these radionuclides present in the nuclear inventory.

Thus, there will be an increased potential for the exposure of man to these radionuclides at both

the environmental and industrial levels. The most likely route of internal deposition in man is

via inhalation.

Over the past 18 months, a number of dose-response studies with inhaled transuranic elements

have been initiated in this laboratory. In a manner similar to the beta-gamma dose-response studies,

a series of integrated studies with experimental animals exposed to well-defined aerosols is being

used to better understand the relationships between radiation dose pattern and resulting biological

effects. This approach should provide information that can be applied to a wide variety of exposure
situations including those that may be encountered in accidents within the nuclear industry.

The basic experimental philosophy of the alpha-emitter dose-response studies initiated to date

will be presented here. A more detailed progress report of each of the studies are presented else-

where in this document. Some of this information and a more detailed discussion of the interrela-

tionships of these dose-response studies with other studies being conducted has been presented pre-
1viously.

EXPERIMENTAL APPROACH

For any inhalation exposure, a number of factors may influence the dose to lung and other tis-

sues and the subsequent biological effects. For inhaled alpha-emitting radionuclides, these factors

include the (a) elemental characteristics of the material, (b) the chemical form, (c) the specific

activity, (d) the particle size, and (e) the particle size distribution. Our dose response studies

and associated radiation dose pattern studies are designed to obtain a better understanding of the

relative importance of each of these factors.

136



Due to the relatively short range of the alpha particles emitted from aerosol particles of these

radionuclides deposited in the lung (~ 180 Nm if a lung density of 0.22 is assumed), the local dose

and dose rate around individual particles of the deposited aerosol is high but only a small fraction

of lung tissue is irradiated from a single particle of the radionuclide. Further, the dose and dose

rates around the deposited aerosol particles will vary depending on the activity per particle which

for a given particle size depends on the specific activity of the radionuclide. This has often been

termed the "hot particle question". Corresponding values of particle size and activity per particle

are presented in Table I for transuranic alpha-emitters of major importance in reactor fuel cycles.

For 239pu02, an increase in the real particle size from 0.18 ~Jm to 0.96 Bm results in a 150-fold
difference in the activity per particle, whereas for the same size of particle, there is a 55,000-

difference in activity between 239pu02 and 242Cm01.7 due to the differing specific activity.fold

To study the influence of particle size and activity per particle on the resulting biomedical

effects following inhalation of alpha-emitting radionuclides, dose-response studies have been in-

itiated or are planned in which Beagle dogs and Syrian hamsters are being exposed to monodisperse

particles of the aerosols listed in Table I. The use of monodisperse aerosols (Og < 1.2) of these

Table i
Some Characteristics of Particles of Transuranic Alpha-Emitting Radionuclides

Activity (picocuries) per Particlea

ADb = 3.0 Bm AD = 1.5 BmSpecific Activity
Aerosol !Ci/gm) RDc = 0.96 ~m RD = 0.44 ~m

239pu02 0.0547 0.20 0.020

238pu02 15.5 57 5.6

241AmO2 3.05 11 I.I

244Cm01.7 74.7 274 27

242Cm01.7 2990 11,000 1076

AD = 0.75 ~m

RD = 0.18 Nm

0.0013

0.38

0.075

1.82

73

aA density of 8 was used for these calculations. This is the measured density for 238pu02 and
241Am0~ particles produced by standard methods with the Lovelace Aerosol Particle Separator;
bAD = Aerodynamic diameter of monodisperse particles (eg < 1.2); CRD = Real diameter of the particle.

radionuclides will allow direct comparisons to be made on the relative importance in the production

of biological effects of the local dose around the particle, the average dose to lung and the frac-

tion of lung irradiated. For example, a series of 5 dose-response studies in which Beagle dogs are

being exposed to monodisperse aerosols of either 238pu02 or 239pu02 are outlined in Tables 2 and 3.

When the initial lung burden (ILB) is held constant (Table 2) there is a 50,O00-fold difference 

the local dose rate around the particles and a wide variation in the fraction of lung irradiated,

although the average or mean dose to lung remains essentially constant. However, when the ILB is

varied (Table 3), the local dose rate around the particle remains constant while there is a wide

variation in the average lung dose and fraction of the lung irradiated. A progress report for the

studies in which Beagle dogs are being exposed to monodisperse aerosols of 238pu02 appears on pp.

140-144 of this report. Syrian hamsters have also been exposed to monodisperse aerosols of 238pu-

02 (this report, pp. 145-149) and to monodisperse aerosols of 241Am02 (this report, pp. 156-159).
It is recognized that the calculations presented in Tables 2 and 3 are based on certain assumptions

and are Very much an over-simplification of the dose and dose distribution following the inhalation

of these particles. Rather than representing absolute values, such calculations are presented to

illustrate the variations of the parameters under study.
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Table 2
Local and Smeared Dose Estimates for Beagle Dog Lung: ILB = 1 ~,Ci

Aerodynamic Initial Dose Rate

Diameter No. of Particles rads/day/~Ci ILB

Aerosol (~m) per ~Ci Local a Avera9eb

239pu02 0.75 8.0 x 108 0.061 2.4

239pu02 1.5 5.2 x 107 0.94 2.4

239pu02 ~ 4.9 x 106 9.9 2.4

238pu02 1.5 1.9 x 105 280 2.6

238pu02 3.0 1.7 x 104 3,100 2.6

a~ased on a homogeneous distribution of energy from each particle in a tissue sphere of
volume equal to 2.4 x 107 ~m3 and density of 0.22 gm/cm3; bMean dose rate to lung as-
suming a lung weight of 110 gm; CWith an assumed uniform dispersion of particles, a
value greater than i implies that, due to the large number of particles, there is ever-
lap in the volume irradiated by adjacent particles.

Fraction of
Lung c

Irradiated

39

2.5

0.24

0.0093

0.00083

Table 3

Local and Average Lung Dose Estimates for 238pu02 Beagle Dog Dose-Response Study

(AD = 1.5 ~m)

Initial Dose Rate
Number of (rads/day) Fraction of

Initial Lung 1.5 umAD Lung c
Burden (~Ci) Particles Locala Averageb Irradiated

5.6 I.i x 106 280 15 0.054

2.8 5.3 x 105 280 7.3 0.026

1.4 2.7 x 105 280 3.6 0.013

0.7 1.3 x 105 280 1.8 0.0064

0.29 5.5 x 104 280 0.75 0.0027

0.I 1.9 x 104 280 0.26 0.00093

abased on a homogeneous distribution of energy from each particle in a tissue sphere of
volume equal to 2.4 x 107 ~m3 and density of 0.22 gm/cm3; bMean dose rate to lung as-
suming a lung weight of 110 gm; CWith an assumed uniform dispersion of particles, a
value greater than i implies that, due to the large number of particles, there is over-
lap in the volume irradiated by adjacent particles.

In addition to the above factors, the elemental characteristics and chemical form of the in-

haled radionuclide may markedly effect the observed biological effects. Studies here and at Bat-

telle-Northwest Laboratories (BNWL) have demonstrated that the lung retention of 239pu02, 238pu02,

244Cm01.7, 241Am02 and the more soluble forms of these radionuclides (i.e. nitrate) vary markedly
1-3

with corresponding differences in the radiation dose distribution to lung, liver and bone, While
there is little information available on the long-term biological effects from these differing rad-

iation dose patterns, it can be anticipated that the observed biological effects may vary markedly.

For example, studies in dogs at BNWL have shown that a larger fraction of plutonium was translocated

to bone and liver following inhalation of 238pu02 than was the case following
239pu_inhalation of

02.3 The dogs that inhaled 238pu02 have developed bone tumors while the dogs that inhaled 239pu02
developed lung tumors but no bone tumors. It could be anticipated that similar differences in the

biological effects observed would occur following inhalation of different forms of the same radio-

nuclide (i.e. 239pu oxide vs. 239pu nitrate). Thus, it is essential that dose-response studies 

conducted to determine the biological effects from inhaling the various radionuclides and various

forms of the radionuclides.
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In the case of human exposure to these radionuclides, the exposed population may consist of a

spectrum of individuals with different ages. Little information is available on the effect of age

at exposure on the resulting dose-response relationships following inhalation of alpha-emitting ra-

dionuclides. Studies have been initiated (this report, pp. 150-155) in which Syrian hamsters were

exposed to aerosols of 239pu02 either as immature (~ 4 wks of age), young adult (~ 12 wks of age),
or aged animals (~ I yr of age).

DISCUSSION

There are few definitive results now available from any of the studies initiated to date and

it will take several years to complete the series of studies that is planned. However, these dose-

response studies will provide many needed answers concerning the toxicity of inhaled transuranic

elements. The need for these answers has recently been emphasized by the preparation of and criti-

cism of the environmental impact statements for the Liquid Metal Fast Breeder Nuclear Reactor and

the mixed-oxide fuel programs.

The studies outlined above complement studies underway at other laboratories. At BNWL, Beagle

dogs, rats and Syrian hamsters have been exposed to graded activity levels of polydisperse aerosols

238pu02 and 239pu02. At Los Alamos Scientific Laboratory, studies are underway in which Syrianof

hamsters have been given intravenous injections of plutonium-labeled microspheres of sufficiently

large size that they lodge in the lung capillaries resulting in chronic irradiation of the lung tis-

sue. The studies with monodisperse and polydisperse aerosols of these materials at ITRI in conjunc-

tion with the studies in other laboratories will provide information on the toxicity of these ma-

terials in various species of experimental animals, making the task of extrapolation to man less

difficult.
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TOXICITY OF INHALED 238pu02. IN BEAGLE DOGS,

A. MONODISPERSE 1.5 ~m 238pu02 PARTICLES. B. MONODISPERSE 3.0 um 238pu02_ PARTICLES

ABSTRACT

I,

Studies on the metabolism, dosimetry and biological effects

~nhat~a 238Pu02 particles haue been initiated in Beagleof " ~D ~

dogs. To obtain essential information on the importance of Catherine S. Lustgarten
J. A. Mewhinney

the homogeneity or non-homogeneivy of the radiation dose to
C. R. Hobbs

lung (the hot particle question), dogs have been e~osed R.K. Jones
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~ono<~isperse aerosols < 1.2) of of either 1.5 ~(qg R. O. McClellan
or 3.0 um aerodynamic diameter. By using monodisperse J.J. Miglio

particles o~ these ~wo sizes, the average dose to lung is
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held constant for a given initial lung burden (ILB) but the

local alpha dose around the ~o sizes of particles varies by
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Ca factor of about 10. To date, 48 avis have been exposed to each of the two particle sizes of

238~02 (total of 96 dogs) resulti~ in graded ILBs which range from O. 008 to 2.2 bCi/k~ of body

weight. Sixteen dogs exposed to a diluent aerosol are serving as controls. Of the total activity

inhaled, the dogs ex~)osed to 1.5 ~Lm~ AD particles deposited 53% i~ total body and 43% in the

pulmonary region while corresponding deposition val~.es in the dogs exposed to 3.0 ~m AD aerosols

were 73% and 45%. All Vhe dogs are surviving with no detectable abnormalities at from 10 to 293

days post-inhalation exposure. It is anticipated that an additional 48 dogs (24 for e~ch particle

size) and 8 controls will be added to these dose response studies over the next few months. In

addition, a serial sacrifice study will be initiated to determine the radiation dose p~ttern

resulting" ,C~om inhalation of these monodisperse s-~ses" of 238p~02.

INTRODUCTION

Plutonium-238, with a physical half-life of 84.6 yrs., decays by emission of two alpha particles

with energies of about 5.5 MeV. On an activity basis, it accounts for a substantial portion of the

total alpha activity present in both current nuclear reactors and projected Liquid Metal Fast

Breeder Reactor fuels at certain stages of the fuel cycle. Due to its comparatively short half-life
and resulting high specific activity, 238pu is also of interest because the inhalation of a few

particles of low mass will be associated with very high local dose rates around the particles in

the lung. Thus inhalation of monodisperse particles (~g < 1.2) of 238pu02 is associated with 
very non-homogeneous dose distribution, i.e., hot particles. These results will be compared with

those observed after inhalation of another alpha-emitting radionuclide in a monodisperse aerosol,

239pu02, that has a lower specific activity and consequently results in a more uniform dose distri-
bution to lung.

In the studies reported here, Beagle dogs have been exposed to monodisperse aerosols of 238pu02
of either 1.5 ~m or 3.0 um aerodynamic diameter (AD) and will be maintained for lifespan dose-

response studies. These dose-response studies will be complemented with others to be initiated in

the near future in which dogs will be serially sacrificed to determine the radiation dose patterns

associated with the inhalation of 238pu02 in different sized aerosols.

EXPERIMENTAL PROCEDURES

Two dose-response studies with inhaled monodisperse particles of 238pu02 have been initiated

in the past year. At the present time, 48 pure-bred Beagle dogs from the ITRI colony have been
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exposed to aerosols of monodisperse particles of 238pu02 with aerodynamic diameters of 3.G (ogbm <
1.2) and 8 dogs (controls) have been exposed to aerosols generated from an identical generator

solution that contained no plutonium. Forty-eight other dogs and 8 other controls were exposed to

monodisperse aerosols of 238pu02 with 1.5 ~m AD (~g < 1.2) or to the diluent aerosols. All dogs
were 52 to 63 weeks of age at the time of exposure and weighed 5.4 to 12.9 kg. The experimental

designs for the two studies are illustrated in Figures I and 2. Dogs of the same sex were exposed

in blocks represented by the vertical columns and the animals were randomly assigned to one of the

6 exposure levels or the control level of each block. At the present time, it is anticipated that

at least 4 additional blocks will be added to each of the studies within the next 4 to 6 months.
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Figure 1. Experimental design
for 238pu0~ (1.5 ~m AD) longevity
study (status as of 9/30/74).

Figure 2. Experimental design
for 238Pu02 (3.0 um AD) longevity
study (status as of 9/30/74).
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Each dog was transferred from the kennel to an individual metabolism cage about 3 weeks prior

to exposure for a period of acclimation and pre-exposure examination. Prior to exposure, each dog

received a complete medical workup consisting of a physical examination, electrocardiography,

electroencephalography, phonocardiography, survey radiography, hematology, clinical chemistry,

urinalysis, fecal flotation and respiratory physiology workup. Only dogs determined to be free of

abnormalities were utilized. The dogs remained in the metabolism cages for 21 days after exposure,

at which time they were returned to the kennel facility where they were housed two to a run with

comparable dose level dogs housed together.

On the day of exposure, food was withheld until the exposure was completed. Each dog was

given 60 mg of phenobarbital sodium orally 2.5 hr before exposure followed by an intravenous injec-

tion of triflupromazine hydrochloride (0.55 mg/kg body weight) 45 min before exposure. Individual

exposures were conducted using the apparatus and techniques described previously (1972-1973 Annual
Report, LF-46, pp. 10-15).

Monodisperse 238pu02 particles with aerodynamic diameters of 1.5 um and 3.0 um were prepared
using the Lovelace Aerosol Particle Separator (LAPS) by methods described earlier (1972-1973 Annual

Report, LF-46, pp. I-9 and 78-80). The particles of 238pu02 were tagged with the gamma emitter
169yb at the time of the LAPS separation to facilitate quantitation of the initial lung burdens

of the dogs by external counting during the early post-exposure period. On a mass basis, the ratio
of 169yb to 238pu was 0.3. On an activity basis, the ratio of Yb/Pu has varied from 0.8 to 0.4 at

the time of the exposure of the dogs.

Appropriate foil segments from the LAPS production runs were subjected to ultrasonic treatment
in a solution of distilled water containing 0.01% of dipalmitoyl lecithin (DPL) at 24 hours prior

to their use for exposure. Foil segments 5 and 12 were used from all production runs for the 3.0

um AD and 1.5 um AD particles respectively. A total of five production runs have been used to

provide aerosols for the exposures completed to date. In general, 2 blocks of dogs of both particle

have been exposed to 238pu02 particles from one production run. For exposures,sizes the aerosols

were generated from a Lovelace nebulizer containing the resuspended 238pu02 particles in a 0.01%

solution of DPL in distilled water. The resulting aerosol was passed through a heating column

maintained at 300°C to oxidize the surfactant DPL and then cooled by the addition of 20 I/min of

diluting air prior to being inhaled by the dog. The control dogs were exposed in an identical
fashion except that the generator contained only the 0.01% solution of DPL in distilled water.

During each exposure, the aerosol was characterized using a cascade impactor, electrostatic precipi-

tator and small filter sample to determine air concentration, particle size and to confirm the

monodisperse nature of the aerosol. Duration of the inhalation exposures ranged from 3 to 70 min

for the exposed dogs and was 12 min for the controls.

Whole-body counting for detection of the gamma emission of the 169yb tag was done immediately

following exposure and at selected intervals thereafter. When the 16gYb decayed beyond the point

of detection, selected dogs were counted with a Phoswich crystal to detect the low-energy x-ray
emissions from the 238pu. Values for initial lung burdens (ILB) given in Figures I and 2 and 

Appendix A are estimates made from the 169yb whole-body counting data obtained during the first two

weeks after exposure. Past experience with dogs exposed to beta-gamma emitting radionuclides has

shown that extrapolation back to zero time of data obtained during the early post-exposure period

after clearance of the upper respiratory tract is complete provides a reasonable estimate of that

amount initially deposited in the alveolar or pulmonary region of the lung, the ILB.

Daily collections of urine, feces and cage wash water were made from all exposed dogs for the

first 21 days post-exposure. Thereafter, three-day excreta collections were made every 6 weeks for

the first 6 months post-exposure and will be continued at 6 month-intervals for an indefinite
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period. Radiochemical techniques are being used for quantitation of the 238pu activity in the

excreta. These results will then be used to confirm the accuracy of the ILBs estimated from the
169yb whole-body counting. Hopefully it will be possible to reduce the number of excreta collec-

tions and analyses when further experience relating to the accuracy of the 169yb tag is obtained.

All dogs are being kept under close clinical observation and serial hematological, clinical chem-

istry, radiographic and pulmonary function observations are being made.

RESULTS

The ILB and current status of each dog in the two studies are summarized in Figures 1 and 2

and a complete listing of each dog is given in Appendix A of this report. For the dogs exposed to

~m AD 238pu02 particles, the exposures resulted in 6 levels with mean ILBs of I.I, 0.47, 0.26,1.5

0.12, 0.058 and 0.017 ~Ci/kg of body weight. For dogs exposed to the 3.0 ~m AD particles, the mean

ILDs of the 6 levels were 1.3, 0.67, 0.36, 0.15, 0.073 and 0.023 JCi/kg of body weight. At the

present time, all 96 exposed dogs and the 16 controls (48 exposed and 8 controls in each study) are

surviving at from i0 to 293 days post-inhalation exposure with ILBs ranging from 0.008 to 2.2

~Ci/kg of body weight.

Based on current estimates of the dogs’ initial body and lung burdens, the measured total air

inspired by each dog during exposure and the mean air concentration during exposure, it has been

calculated that the dogs exposed to 1.5 ~m AD particles deposited 53% ± 18% of the total activity

inhaled in the respiratory tract (IBB) with 43% + 14~ of the total activity inhaled deposited 

the pulmonary region (ILB). For the dogs that inhaled the 3.0 ~m particles, the corresponding

deposition values were 73% ± 18% for the IBB and 45% + 15% for the ILB. Based on the results of
the 169yb whole-body counting data over the first 40 to 60 days after inhalation, the whole-body

retention was typical of that seen for inhaled relatively insoluble materials in that 20 to 40% of
the IBB was rapidly excreted presumably via the gastrointestinal tract into the feces over the

first 24 to 48 hours. The remainder (ILB) was then retained with a longer half-life. Based 

results of fitting single exponential functions to the whole-body 169yb counting data from day 4-8

to days 40-60 after exposure on 8 of the highest level dogs in each of the studies, the dogs that

inhaled the 1.5 um AD particles retained 77.7 ÷ 8.2,% of the initial body burden with a mean biolog-

ical half-life of 141 days (range 58 to 900) while those that inhaled the 3.0 um AD particles

retained 59.5 + 14.9% with a mean biological half-life of 121 days (range 58 to 530 days). The

reason for the large range in slopes of the retention curves is not clear but probably results from

a combination of the relatively low activity levels present, the small number of data points avail-

able and individual variability among the dogs. As no dogs have died and results of radiochemical
analysis of the ~creta are not yet available, no information on the long-term retention of 238pu

can be presented at this time.

The only consistent biological effect observed to date is a peripheral lymphopenia in many of

the higher level dogs that are several months post-exposure. Although the data are not sufficiently

complete for analysis, it appears that this lymphopenia may be more severe in the dogs exposed to

1.5 ~m AD particles than in those exposed to 3.0 um AD particles. No significant changes have been

observed in the other health parameters monitored including thoracic radiographs and pulmonary

function tests (selected dogs) at 6 mos. after the inhalation exposure.

DISCUSSION

Total body deposition was higher in the dogs that inhaled 3.0 ~m AD particles than in those

that inhaled 1.5 ~m AD particles (73% vs. 53%). This was due to a larger deposition of activity 

the combined nasopharyngeal and tracheobronchial regions of the respiratory tract as indicated by

the similar deposition percentage in the pulmonary region (43 and 45% for the two particle sizes).
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These results are similar to the results of Cuddihy et al. 1 for the total body deposition in Beagle

dogs of inhaled polydisperse aerosols with activity median aerodynamic diameters (AMAD) similar 

the AD of these dogs exposed to monodisperse aerosols. However, the pulmonary deposition in these

dogs appears to have been greater than was the case with the polydisperse aerosols. This is not

surprising as greater than one-half the activity of a polydisperse aerosol is associated with

particles larger than the AMAD. Results of previous studies with monodisperse 238pu02 aerosols
(1972-1973 Annual Report, LF-46, pp. 78-80) showed somewhat lower mean deposition percentages for

the pulmonary region for 1.5 and 3.0 um AD particles (32 and 27% respectively vs. 45 and 43% for

this study). However the differences in these results are not statistically significant. A portion

of this apparently greater deposition in these dogs could be due to over-estimation of the lung
burden of 238pu from the 169yb data. This problem should be resolved by results of a serial sacri-

fice study using 169yb-tagged, monodisperse 238pu02 aerosols.

In planning this study, the upper level of exposure (5.6 pCi-ILB) was selected based 

results of studies at Battelle-Northwest Laboratories in which Beagle dogs inhaled aerosols of

239pu02. In those studies, dogs with ILBs of 0.I uCi/gram of lung or higher (ILB = 7 pCi in a 10
kg dog) died at from I to 12 months after inhalation from radiation pneumonitis. It was desired to

have an upper limit in this range to provide a common level of rather acute toxicity for comparative
purposes with this study and with those at this laboratory in which dogs have inhaled 90Sr, 144Ce,
91y and 90y in fused clay. Currently in the present 238pu02 studies, no dogs have clinical findings

consistent with acute pulmonary damage even though some of the dogs have ILBs as high as 9 to 14 uCi

and are as far along as i0 months post-exposure. However, when compared to the dogs that inhaled

239pu02 at BNWL, these dogs inhaled many fewer particles to obtain an equivalent lung burden (see

Appendix A) and the radiation dose would be delivered to a much smaller fraction of the total lung

tissue. While the study is in much too early a stage for definitive statements, it now appears

that for acute pulmonary’ effects, the high local dose rate to a relatively small volume of the
total lung tissue may be less effective than greater numbers of particles, a lower dose rate around

the particles and a larger volume irradiated. This, of course, may or may not relate to the rela-

tive rate of tumor production for the two situations.
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TOXICITY OF INHALED POLYDISPERSE OR MONODISPERSE AEROSOLS OF 238pu02

IN SYRIAN HAMSTERS. II

ABSTRACT

Syrian hamsters have been exposed via inhalation to polydis-

perse aerosols, or e,,~ of three sizes of monodisperse aero-

of 238pu02 to achieve ? levels of initial lung burdensols

in the polydisperse study and 4 levels at each of the three

monodisperse studies, Animals were exposed as young adults

at 84 days of age. Groups of animals are being maintained

for serial sacrifice to determine the radiation dose pattern

and for lifespan observation to determine dose response relationships.
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J. A. Mewhinney
C. H. Hobbs
R. O. McClellan
J. J. Miglio
D. O. Slauson

The data show slight trans-

location of 238pu from the lung to liver and skeleton to 256 days post-exposure, confirming the

relatively insoluble nature of the 238pu02 particles. Significant excess mortality has been ob-

served in animals exposed at the higher levels (I00-720 nci achieved initial lung burden) in the

polydisperse study. The major pathological finding in animals that have been examined has been ra-

diation pneumonitis and pulmonary fibrosis. No malignant lesions have been observed to date. Ob-

servations are continuing on all survivors.

INTRODUCTION

Use of mixed-oxide fueled power reactors and development of the liquid metal fast breeder re-

actor will lead to a substantial increase in the quantities of 238pu being handled in this country

over the next decade. The increased inventory and increased potential for human inhalation exposure

of 238pu at some stage of the processing of fuels and waste products from such reactors requires

that a thorough knowledge of the biomedical consequences of inhalation exposure to 238pu aerosols

be obtained. The work reported here represents a portion of the effort underway in this Institute

to elucidate the biomedical effects of 238pu02 deposited in the lung and the influence of total lung

burden, particle size distribution, local dose in the vicinity of particles, and the time course of

retention and distribution of 238pu from lung to other tissues. Initial phases of inhalation studies

in which Syrian hamsters were exposed to polydisperse 238pu02 aerosols have been reported (1972-1973

Annual Report, LF-46, pp. 146-149). This report extends that earlier work in time and includes the

initial phases of corollary work using monodisperse aerosols of 238pu02. These studies in Syrian

hamsters provide an important adjunct to other studies reported in this volume in which Beagle dogs

were exposed to monodisperse aerosols of 238pu02. Thus, important information is being obtained on

interspecies comparisons of the biomedical consequences of inhaled 238pu02 to determine more firmly

the potential consequences of inhalation exposure of man to 238pu02 under accident conditions.

METHODS

For both sets of inhalation exposures, i.e. polydisperse and monodisperse aerosol, the Syrian

hamsters (Mesocricetus auratus, Sch:SYR) were purchased from ARS Sprague-Dawley, Madison, Wis., and

received at this Institute at 3 weeks of age. All animals exposed within an experiment were born

within a four-day period; the last day of the period was used in computing animal age at exposure.

All exposures were conducted using animals 12 weeks of age with equal numbers of both sexes included

in each graded level of initial lung burden. After exposure to 238pu02 aerosols, animals were main-

tained in individual cages and given food and water ad libitum. Animals were housed in a barrier-

type facility to minimize colony diseases.
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production of a polydisperse aerosol of 238pu02 and exposure of animals to this aerosolThe

have been described previously (1972-1973 Annual Report, LF-46, pp. 146-149). Methods of production

of monodisperse 238pu02 particles labeled with 169yb have also been reported (1972-1973 Annual Re-
port, LF-46, pp. i-9). The three specific monodisperse particle sizes used in these studies were

obtained from a single production run and had aerodynamic diameters of 0.7, 1.7, and 2.7 ~m, respec-

tively. These particle sizes were obtained from Lovelace Aerosol Particle Separator (LAPS) foil

segments adjacent to those used in lifespan studies in the Beagle dog reported elsewhere (this re-

port, pp. 140-144 ). During all animal exposures, samples were taken on membrane filters to deter-

mine mean aerosol activity concentration, by cascade impactor to determine activity median aerody-

namic diameter (AMAD) and particle size distribution (Og), and by point-to-plane electrostatic 
cipitator on electron microscope grids for visual inspection of particle shape.

Animals were exposed in groups to achieve graded initial lung burden levels of 240, 60, 15,
3.5, 0.95, 0.24, and 0.027 nCi of 238pu in the polydisperse studies and to achieve initial lung bur-

den levels of 240, 60, 15 and 3.8 nCi 238pu for each of the three monodisperse particle sizes. Ex-

tra animals in each case were exposed at the 60 nCi level to provide animals in the serial sacrifice

and radiation dose pattern studies. Six to 10 animals were sacrificed at 2 hours post-inhalation

exposure at each lung burden level to provide information on the actual initial lung burden achieved

for that group.

Animals in the serial sacrifice groups were sacrificed by intraperitoneal injection of sodium

pentobarbital at 4, 8, 16, 32, 64, 128, 256, 384, 512, 640, and 778 days post-inhalation exposure.

Gross necropsy was performed on all animals, either sacrificed or that died, for radiochemical anal-
ysis of 238pu using internal sample liquid scintillation counting. In addition, material from major

organs and any lesions found at necropsy were taken for histopathologic examination and autoradio-

graphy on all radiation dose pattern animals sacrificed after 16 days post-exposure and from all

animals that died.

RESULTS AND DISCUSSION

A summary of the current status of the polydisperse study is presented in Table 1 and of the

monodisperse study in Table 2. A discussion of the measured characteristics of the polydisperse

aerosol and the deviations from the expected characteristics including the problems involved in at-

taining specific lung burden levels have been presented (1972-1973 Annual Report, LF-46, pp. 146-

149). Aerosol characteristics for the monodisperse aerosols are not subject to the same problems.

In the latter case, the measured AMAD and Og were quite close to the expected values. The Og for

the smallest monodisperse particle size, while slightly out of the range we have defined for mono-

dispersity (monodispersity = Og ~ 1.2), is typical of our experience when a surfactant is employed

during resuspension and nebulization of the particles and results from a surfactant coating on these

small particles. Attainment of specific lung burden levels of monodisperse aerosol particles is

subject to similar problems discussed regarding polydisperse aerosols in that at these relatively

low levels of radioactivity, the number of particles to be deposited in lung are quite low (less

than 50,000 1.5 um AMAD particles for the 240 nCi level). Thus, quite small changes in aerosol

activity concentration and animal respiratory function during the exposure procedure could easily

account for the lack of precision in achieved lung burdens as well as the relatively large variation

depicted by the standard deviation for each exposure group.

Complete analytical radiochemistry results are not available on the 238pu content in tissues

at several sacrifice times. Available data indicate that animals exposed to polydisperse 238pu02

at an achieved lung burden of 240 nCi tended to accumulate small quantities (less than 0.1 nCi) 

238pu in the liver as early as 16 days post-exposure. This liver deposition increases to approxi-

mately 1.0 nCi by 256 days post-exposure. Similar small quantities were also found in the skeleton

146



indicating that the inhaled 238pu02 was relatively insoluble as expected. The quantity of 238pu

found in the lung of the 240 nCi achieved lung burden animals at 16, 32, 64 and 128 days post-expo-

sure was 89, 94, 55, 60%, respectively, of the initial lung burden determined from animals sacri-

ficed immediately post-exposure, indicating relatively avid retention of these polydisperse parti-

cles in the lung. No data on lung retention from the serial sacrifice animals in the monodisperse

study are available at present.

Mortality data for the polydisperse and monodisperse studies are shown in Tables i and 2, re-

spectively. In the polydisperse study, no animals survived to 38 weeks post-exposure at the 720
nCi achieved initial lung burden level and no animals in the 240 nCi achieved level survived to 52

weeks post-exposure. In the monodisperse study, all animals in the 0.8 um AMAD 220 nCi achieved

initial lung burden level died by 48 weeks post-exposure. All other groups in both studies have ani-

mals surviving on November 21, 1974.

Median survival times are shown in Tables I and 2 for those groups for which the median survival

calculation was possible. These data indicate a significant lifespan shortening among animals ex-

posed to polydisperse aerosols of 238pu02 at achieved initial lung burdens of 100 or more nanocuries.

For animals exposed to monodisperse aerosols, only the 0.8 um AMAD group with an achieved initial

lung burden of 220 nCi and the 1.9 ~m AMAD group with an achieved initial lung burden of about 140

nCi have shown significant lifespan shortening to date. These results are similar to those in which

hamsters have been exposed to aerosols of 239pu02 (this report, pp.150-155) or 241Am02 (this 
port, pp. 156-159).

The polydisperse and monodisperse aerosols of 238pu02 were readily visualized in autoradio-

graphic studies of lung tissue (Fig. 1). The pulmonary histopathologic changes in these animals

have been essentially those of radiation pneumonitis. Many of the early deaths were directly attri-

butable to severe radiation-induced pulmonary inflammation. As histopathological and radiochemical

analysis is not complete on all animals, no attempt has been made thus far to relate specific lesions

to exposure levels but, in general, the lesions were more severe and occurred at an earlier time

post-exposure in animals in the higher dose level groups.

Desired
ILB
nCi

240

60

15

3.8

0.95

0.24

0.029

Control

Table 1

Experimental Design and Current Status of A

Exposed to Inhalation to Polydisperse

Achieved
ILB nCia

Study of Syrian Hamsters

Aerosols of 238pu02

Cumulative Survival Rate %c
Weeks PE

No. of as of Weeks Post-Exposure
AMAD ~g Animals b 11/21/74 26 39 52

720 ± 300 1.9 1.5 48 9 ± 4 0 0

240 ± 150 1.6 1.5 111 42 ± 6 12 ± 4 0

I00 ± 25 1.0 1.9 46 63 72 ± 7 39 ± 8 10 ±

9.5 ± 8.4 1.8 1.4 45 63 85 ± 6 59 ± 8 28 ±

1.8 ± 1.0 1.5 1.6 43 63 95 ± 4 61 ± 8 35 ±

2.1 ± 1.4 0.7 2.2 46 63 95 ± 3 59 ± 8 27 ±

0.06 ± 0.03 0.7 2.8 35 63 97 ± 3 61 ± 9 34 ±

54 63 96 ± 3 58 ± 7 26 ±

aMean ± 1 standard deviation; bHumber of animals that survived more than 1 day

includes animals scheduled for sacrifice, approximately equal numbers of each

of Cutler and Ederer I ± 1 standard error.

Median
Survival

as of Time
11/21/74 Weeks PE

0 9.6

0 23

5 5±4 36

8 8±5 42

8 17 ± 6 44

7 15 ± 6 44

9 17 ± 7 42

6 16 ± 6 44

post-inhalation;

sex; CBy the method
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Figure 1. Photomicrographs of plutonium particles in lung tissue
showing differences between the monodisperse and polydisperse particles:
(a) polydisperse; (b) 3.0 ~m AD monodisperse; (c) 1.5 ~m AD monodisperse;
(d) 0.75 ~m AD monodisperse. H & E autoradiograph, X180. 2-Day Exposure.

Figure 2. Photomicrograph of lung of hamster
exposed as an immature animal to 238Pu02.
There is cellular exudation and fibrous
thickening of alveolar septa. H & E, X135.

!

Figure 3. Pulmonary fibrosis and cellular
exudation in hamster exposed to 238pu02 as a
young adult. H & E, X135.
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Table 2

Experimental Design and Current Status of Monodisperse 238pu02 Study in Syrian Hamsters

Cumulative Survival Rate %c Median
Desired Weeks PE Weeks

ILB Achieved No. of as of Post-Exposure
nCi ILB nCi a AMAD og Animalsb 11/21/74 26 39

23 ± 15 2.8 1.1 28 48 95 ± 5 75 ± 10 64 ± 11
95 ± 50 2.8 1.1 51 48 89 _+ 5 64 + 8 51 ± 9
6.8 -+ 4.6 2.8 i.I 27 48 95 ± 5 84 _+ 9 56 ± 12
1.9 ± 0.9 2.8 1.1 28 48 95 ± 5 75 ± i0 64 ± 11

140 ± 56 1.9 I.I 28 48 87 + 7 53 ± ii 37 ± ii

51 -+ 14 1.9 I.I 50 48 94 ± 4 73 ± 8 55 ± 9
8.0 ± 2.3 1.9 I.I 28 48 81 ± 9 57 + Ii 39 + 11
2.3 ± 0.9 1.9 I.I 28 48 95 + 5 65 ± Ii 54 ± 11

220 i 200 0.8 1.1 28 48 5 + 5 5 + 5 0
51 i 10 0.8 I.I 50 48 89 ± 5 70 -+ 8 47 ± 9
12 + 5 0.8 1.1 28 48 91 ± 6 68 ± 9 49 ± 11

4.2 ± 1.8 0.8 1.1 28 48 87 + 7 73 + 9 52 ± 11

240

6O

15

3.8

240

60

15

3.8

240

60

15

3.8

Control

Survival
Time

11/21/74 Weeks PE

4O

13

46

44

39 48 90 + 5 67 ± 7 49 ± 8 48

aMean ÷ I standard deviation; bNumber of animals that survived more than 1 day post-inhalation

includes animals scheduled for sacrifice, approximately equal numbers of each sex; CBy the method

of Cutler and Ederer I ± 1 standard error.

Lesions developed rather quickly at the highest initial lung burdens and initiated a series of

events which included all histopathologic features of radiation pneumonitis. The earliest changes

consisted of congestion and dilation of alveolar capillaries which seemed to continue until a patchy

interstitial and alveolar edema was apparent. An increasing cellularity of the alveolar walls was

apparently due to infiltrating mononuclear cells. Neutrophils were not a prominent part of the re-

action at any stage of development, The interstitial edema and cellularity progressed to include

attempts at organization which progressed until a definite fibrillar thickening of alveolar septae

was evident (Fig. 2). Many alveolar macrophages were noted in the alveolar spaces. The alveolar

septal thickening progressed and became a prominent part of the progressive reaction.

Some areas of lung exhibited destructive emphysema associated with severe fibrosis and loss of

architecture of the involved lung. Exudation of leukocytes including large numbers of alveolar

macrophages was a prominent part of the reaction. Animals often showed variation in the histologic

pattern with zones of striking fibrosis and scarring intervening with areas of alveolar septal
thickening and macrophage exudation (Fig. 3). Such lesions were also frequently combined with focal

areas of atypical epithelial proliferation. These changes were similar to those seen in animals
that inhaled 239pu as outlined elsewhere (this report, pp. 150-155).

The apparent cause of the early deaths in most of these animals was respiratory insufficiency

secondary to severely compromised lungs showing marked changes of radiation pneumonitis. A signi-

ficant number of animals in all groups surviving to approximately one year of age died of renal

disease (see this report, pp. 261-264). No pulmonary tumors have been seen in the animals examined

to date. Observations are continuing on all surviving animals.
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239pu0.2 IN IMMATURE, YOUNG ADULTTOXICITY OF INHALED

ABSTRACT

Syrian hamsters have been exposed at either 28 (immature),

84 (young adult) or 340 (aged) days of age to polydisperse

aerosols of 239pu02 to better define dose-response rela-

tionships for this radionuclide in a population with a wide

range of ages such as would be the case with a human popula-

tion following a catestrophic nuclear accident. Animals

were exposed to obtain initial lung burdens of 240, 60, 15,

AND AGED SYRIAN HAMSTERS. II

PRINCIPAL INVESTIGATORS
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D. A o Slauson
R. O. McClellan
J. J. Miglio

3.8, 0.95, 0.23 and 0.029 nci for the immature and young adult animals and 240, 60, 15 and 3.8 nCi

for the aged animals. Animals are being maintained both for serial sacrifice to determine the

radiation dose pattern for lung and other tissues and for lifespan observation to determine dose-

response relationships. At the present time, only animals with ILB of about 200 nCi or higher

exposed as either immature, young adult or aged animals have shown increased mortality as compared

to controls. At this time, the youn3 adult, immature and aged animals are 68, 73 and 27 weeks

post-inhalation exposure, respectively. The animals that died in the higher ILB groups had radia-

tion pne~onitis and pulmonary fibrosis along with atypical pulmonary epithelial hyperpiasia.

Histopathological examination is not complete on all animals that have died, but no pulmonary

neoplasms have been observed to date.

INTRODUCTION

As part of a series of studies on the toxicity of inhaled alpha-emitting radionuclides, Syrian

hamsters have been exposed to polydisperse aerosols of 239pu02 at three ages (28-day immature; 84-

day young adult; 340-day aged animals) to achieve graded initial lung burdens (ILB) of 239pu02.
Each experiment contains serial sacrifice animals used to determine the radiation dose pattern and

to evaluate serial pathologic changes, and longevity animals to be observed in lifespan studies to

determine dose-response relationships. This study includes initial lung burdens which parallel the

maximum permissible lung burden in man on an activity per unit body weight basis. In addition, the

differences in age at exposure will provide information for extrapolation regarding the potential

consequences of accidental plutonium exposure of a heterogeneously aged human population.

METHODS

All Syrian hamsters used in these studies were received at 3 weeks of age from ARS Sprague

Dawley, Madison, Wisconsin. All animals within each shipment were born within a 4-day period, the

last day of which was used to compute exposure age. Equal numbers of each sex were used within any

initial lung burden level.

Aerosols of 239pu02 were produced by a Lovelace or Retec nebulizer from a freshly prepared
plutonium (IV) hydroxide suspension in 0.6 M HCI with a concentration of 2.5 mg Pu/ml. The aerosol

was passed through two successive heating columns maintained at 325°C and I150°C, respectively, to

prepare 239pu02 particles of nearly spherical shape and uniform density. The apparatus used for
these inhalation exposures has been described. Aerosol characterization was accomplished during

these exposures by cascade impactor, filter and electrostatic precipitator samples.

The graded levels of initial lung burdens of 239pu and the number of animals exposed at each

level are presented in Tables I and 2. Eight to ten animals from each exposure were sacrificed at
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Desired
Experiment ILB

Number (nCi)

1225 240

1224 60

1223 15

1222 3.8

1221 0.95

1220 0.24

1219 0.029

1226 Controls

1193 240

1192 60

1191 15

1190 3.8

1189 0.95

1188 0.24

1187 0.029

1194 Controls

1251

1252

1253

1254

1255

Table 1

Inhaled 239pu02 Toxicity Study in Syrian Hamsters (By Days Post-lnhalation Exposure)Current Status of

As of
65 11/21/74

0 0
12 +- 5 10 ± 4

6-+ 4 6-+ 4

Ii -+ 6 11 -+ 6
9_+ 5 6-+ 4

18 -+ 7 12 ± 6

15 -+ 6 12 + 6
5-+ 3 5+ 3

0 0

24 -+ 8 i0 -+ 7

18-+ 9 6-+ 6

21 -+ 9 I0 -+ 7

16-+ 9 5-+ 5

22 -+ I0 11 -+ 7

26 -+ 10 11 -+ 7

27 -+ 8 20 ± 7

0 0

13 + 5

I0 -+ 5

I0 + 5

17 ~ 6

Achieved Age at Number Cumulative Survival Rate (%)c
ILB Exposure of Weeks Post-lnhalation

(nCi)a (Days) Animalsb 26 39 52

340 -+ 76 84 41 13 -+ 5 3 -+ 3 0

72 + 19 84 66 92 -+ 4 55 -+ 7 29 -+ 7

24 + 8 84 42 79 ± 6 66 -+ 8 33 -+ 8

6.1 -+ 3.8 84 43 85 ± 6 65 -+ 8 27 -+ 8

0.16 ± .04 84 41 95 -+ 4 64 -+ 8 26 -+ 7

0.2 ± 0.25 84 35 97 ± 3 69 ± 8 39 -+ 8

0.010 ± 0.007 84 39 95 ± 4 67 ± 8 38 -+ 8

Controls 84 42 85 ± 5 64 -+ 7 17 ± 6

190 ± 57 28 29 8 ± 5 4 + 4 0

50 -+ 13 28 52 84 + 7 60 ± 9 36 ± 9

21 + 5 28 24 90 ± 7 64 + 11 47 -+ 12

5.1 -+ 2.2 28 28 92 -+ 6 77 -+ 9 51 ± II

0.8 -+ 0.22 28 27 96 -+ 4 76 ± 9 38 ± ii

0.ii -+ 0.06 28 28 88 -+ 7 67 ± i0 39 -+ Ii

0.017 ± 0.004 28 27 I00 90 -+ 7 42 -+ 11

Controls 28 37 97 ± 3 80 ± 7 54 -+ 9

240 590 + 310 340 12 0 0

60 37 + 22 340 31 23 -+ 8 -

15 35 + 22 340 19 21 + 9 -

3.8 6.2 + 1.6 340 22 13 + 7 -

Controls Controls 340 22 25 + 15 -

aMean -+ I Standard Deviation.
bNumber of animals that survived more than i day post-inhalation, includes ~nimals scheduled for sacrifice.
Approximately equal numbers of each sex.

CBy the method of Cutler and Ederer ± I Standard Error

Weeks
of P.E.

(11/21/74)

-=

68

68

68

68

68

68

68

73

73

73

73

73

73

73

27

27

27

27

Median
Survival

Time
Wks P.E.

14

41

45

42

44

46

46

42

12

48

5O

52

47

45

47

54

9

15

14

12

15



Table 2

Current Status of Inhaled 239pu02 Toxicity Study in Syrian Hamsters (By Age)

Desired Achieved Age at Number Cumulative Survival Rate (%)c
Experiment ILB ILB Exposure of sb Weeks of A~e

Number (nCi) (nCi)a (Days) Animal 26 39 52 " 65

1225 240 340 + 76 84 41 53 + 8 13 + 5 0 0

1224 60 72 ± 19 84 66 96 ± 4 92 ± 4 55 ± 7 29 ± 7

1223 15 24 ± 8 84 42 i00 79 ± 6 66 ± 8 33 + 8

1222 3.8 6.1 ± 3.8 84 43 100 85 ± 6 65 ± 8 27 ± 8

1221 0.95 0.16 ¯ .04 84 41 100 87 ± 5 61 ± 8 26 ± 8

1220 0.24 0.2 + 0.25 84 35 100 97 ± 3 60 + 8 39 ± 8

1219 0.029 0.010 ± .007 84 22 97 ¯ 3 92 ± 4 64 + 8 35 ± 8

1226 Controls Controls 84 42 93 + 4 86 ¯ 5 62 ± 7 17 ± 6

1193 240 190 + 57 28 29 12 + 7 8 + 5 4.1+ 4 0

1192 60 50 ± 13 28 52 87 ± 6 70 + 8 52 ± 9 32 + 9

1191 15 21 ± 5 28 24 95 + 5 64 ± Ii 64 + 11 23 + i0

1190 3.8 5.1 ¯ 2.2 28 28 100 88 ± 7 57 ± ii 36 + 11

1189 0.95 0.8 ~ 0.22 28 27 96 + 4 87 ± 7 49 ± ii 22 + 10

1188 0.24 0. ii + 0.06 28 28 92 ± 5 71 ± 9 45 ± Ii 22 ± I0

1187 0.029 0.017 + 0.004 28 27 I00 100 42 ± ii 32 ± 11

1194 Controls Controls 28 37 97 + 3 94 ± 4 67 ± 9 34 ± 9

1251 240 590 + 310 340 36 94 + 4 89 + 5 44 ~ 8 7 ± 5

1252 60 37 ± 22 340 60 I00 92 ± 4 55 + 6 25 + 6

1253 15 35 ± 22 340 36 97 ± 3 89 + 5 64 + 8 27 ~ 8

1254 3.8 6.2 ± 1.6 340 36 97 ± 3 92 ± 5 62 + 8 32 , 8

1255 Controls Controls 340 36 I00 92 ± 5 58 ± 8 31 + 7

aMean + 1 Standard Deviation.

78

0

12 ± 5
6+ 4

115 6

95 5

18 + 6

15 ± 6

5+ 3

bNumber of animals that survived more than i day post-inhalation, includes animals scheduled for sacrifice.
Approximately equal numbers of each sex.

CBy the method of Cutler and Ederer + I Standard Error.

As of
11/21/74

0

I0 + 4

6+ 4

11 ± 5

65 4

12 ± 6

12 ± 5

55 3

0

i0 + 7

6~ 6

i0 + 7

5+ 5

Ii± 7

Ii÷ 7

20 ± 7

0

13 ± 5

I0 ± 5

10 ± 5

17 ± 6

Weeks
P.E.

(11/21/74)

8O

8O

8O

8O

8O

8O

8O

77

77

77

77

77

77

77

77

77

77

77

77

77

Median
Survival

Time
(Wks of

Age)

26

53

57

55

56

58

58

55

16

52

54

56

51

49

51

58

54

54

58

58

59



two hours post-exposure to obtain data on the ILB achieved. All other animals were housed one per

cage with food and water provided ad libitum. Serial sacrifice animals were scheduled for sacrifice

at 4, 8, 16, 32, 64, 128, 256, 384, 512, 640 and 728 days post-exposure by intraperitoneal injection

of sodium pentobarbital. Portions of selected tissues taken at necropsy were used for histopathol-
ogy and autoradiography. All remaining tissues were subjected to radiochemical analysis for 239pu

content. Animals in the longevity group that succumbed were necropsied and major organs as well as

any lesions noted were sampled for histopathologic examination.

RESULTS AND DISCUSSION

The activity median aerodynamic diameter of the aerosols ranged from 1.9 to 2.6 ~m with geomet-

ric standard deviations of about 1.5 to 1.8. The experimental design, ILB for each group within

the three exposure ages, and the mortality data to date are presented in Tables I and 2. Data on

Report, LF-46, pp. 146-149) indicated that 239pu02 was re-early lung retention (1972-1973 Annual
tained in the lung with an effective half-life of about 60 days over the first 64 days after expo-
sure. Incomplete radiochemical data to date show that only minute quantities of 239pu have been

translocated to liver and bone to 256 days post-inhalation. At the present time, the percentages

translocated to liver and skeleton appear to be less in this study with 239pu02 than in a similar

study with 238pu02 (this report, pp. 145 to 149), but the data available for comparison are
incomplete.

Mortality patterns for all exposure groups are presented in Tables I and 2. In Table 1, the
survival values are based on days post-inhalation while in Table 2 they are based on days of age

to allow comparisons of survival for the three exposure ages. Much of the survival data in Table 2

for the animals exposed at 340 days of age represents survival of this group prior to their expo-

sure. The only groups of animals with clearly decreased survival rates are the groups with the
highest ILB within each of the three exposure age groups. The mean ILB of these groups were 340,

190 and 590 nCi and median survival times were 14, 12 and 9 weeks after inhalation for the young

adult, immature and aged animals, respectively. The majority of these animals had pathological

findings consistent with death from radiation pneumonitis. Animals in all groups from all three

exposure ages with lower ILB have not shown increased mortality or lifespan shortening to this

time.

The pulmonary histopathologic changes in the animals examined to date have been essentially of

two types: inflammatory lesions characteristic of radiation pneumonitis, and atypica] proliferative

epithelial cytopathologic changes of several histologic patterns. No pulmonary tumors have been

observed to date. Many examined animals that died at later times after exposure have had severe

kidney lesions (this report, pp. 261 to 264) which were probably responsible for the deaths of many

of the animals.

The acute radiation-induced inflammatory reaction typically consisted of septal congestion,

edema and a varied leukocytic infiltration initially which was followed closely by an increase in

the alveolar macrophage population, vascular and interstitial inflammation and the development of

pulmonary fibrosis (Figure I). These lesions were more diffuse, more severe and appeared at 

earlier time after exposure in animals in the higher dose level groups.

Many of the bronchioles exhibited ballooning degeneration and striking cytologic atypia.

Mitotic figures, some of which were abnormal, were occasionally encountered. The nuclei of many of

the bronchiolar epithelial cells were hyperchromatic, and occasional binuclate cells were seen.

Nuclear enlargement often accompanied the hyperchromasia and there was loss of surface cilia.

Basal cells were similarly abnormal and showed hyperplastic and degenerative changes. The lungs of

some animals exhibited mild adenomatous hyperplasia of the superficial bronchial epithelium which
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Figure I. Lung of hamsters exposed to 340
nCi ILB of 239pu02 as a young adult. There
is cellular exudation and fibrous thickening
of interalveolar septa (radiation pneumonitis).
H & E autoradiograph, X135.

ii iii~iiiiii ~iii~i~¸ iiiii i¸

Figure 2. Focus of squamous metaplasia of
apparent origin in terminal bronchiole showing
typical layering of squamous epithelial
elements (a) and focal keratinization with
sloughing of dead squamous cells. Alveolar
macrophages have accumulated in the lumen
(b). H & E, X215.

Figure 3. Atypical proliferation of bronch-
iolar or alveolar duct lining cells (a)
accompanied by inflammatory changes with
accumulations of alveolar macrophages (b).
H & E, X215.

Figure 4. Diffuse alveolar injury with
proliferation of alveolar lining cells
resembling Type II pneumocytes (a) and
desquamation of similar appearing cells
into alveolar spaces (b). H & E, X215.
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gave it a somewhat buckled appearance. Basal cell hyperplasia was not commonly observed. Squamous

metaplasia was occasionally seen and was more frequently encountered in the higher dose level

animals. The lesions often seemed to begin as several layers of flattened keratinized epithelium

within the terminal bronchioles (Figure 2).

The alveolar and alveolar duct epithelium appeared to be particularly sensitive to radiation

injury, and was focally denuded in many of the animals examined. Some of the distal bronchiolar

lining epithelium was also lost, but more commonly it exhibited cytoplasmic and nuclear atypia with

focal areas of atypical regenerative hyperplasia (Figure 3). Two patterns of alveolar hyperplasia

were seen: bronchiolo-alveolar hyperplasia with papillary or adenomatous proliferation of small

cylindrical to cuboidal cells with densly basophilic nucleii and modest amounts of faintly eosino-

philic cytoplasm, or repopulation of alveolar walls by cells resembling Type II pneumocytes (Figure

4). Fibrous thickening of alveolar septal walls was prominent and was arranged in a patchy manner

to produce web-like patterns of alveolar fibrosis in the distorted distal lung tissue. Areas of

atypical epithelial hyperplasia were frequently found in or near remnants of distorted alveoli at

the margins of inflammatory or fibrotic foci.

The results from these studies in which Syrian hamsters were exposed to aerosols of 239puOp

can be compared to those in which Syrian hamsters have been exposed to aerosols of 238pu02, 241Am02

144Ce02 (this report, pp. 144 to 149, pp. 156 to 159 and pp. 130 to 135). In all of theseor

studies the only groups of animals in which an increased mortality has been observed to this time

is in the groups with high ILB where the deaths have been primarily due to radiation pneumonitis.
No pulmonary neoplasms ahve been observed in the animals examined to date in this or any of the

other studies in spite of the fact that animals in this study have been observed out to 73 weeks

after exposure. In this study, some groups of animals have ILB as high as 50 and 75 nCi. This can
be contrasted to the studies of Little in which pulmonary neoplasms have been reported I to appear

in Syrian hamsters as soon as 18 to 20 weeks after the initial injection of a series of intratracheal

injections of 210po in saline or 210po absorbed onto hematite particles. The radiation dose patterns

to the lung in our studies and those of Little are difficult to compare and may be one reason for

the apparent disparity of the results to date.

It should also be recognized that dogs exposed to 239pu02 aerosols at Battelle-Northwest
2Laboratories developed pulmonary neoplasms with ILB in the range of 0.01 to 0.05 uCi/gm of lung.

As the hamster lung weighs about I gm, many of the animals in this study have equivalent lung

burdens. However no dogs developed pulmonary neoplasms before 38 months (3+ years) post-exposure.

Thus, the hamsters may not live long enough to develop pulmonary tumors if the latent period for

tumor development is not porportional to the lifespan of the species. Also, as many hamsters are
dying at later times with kidney disease, this competing cause of death may be influencing the

number of pulmonary tumors that may be observed in these hamsters.
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TOXICITY OF INHALED POLYDISPERSE OR MONODISPERSE AEROSOLS OF 241Am02

IN SYRIAN HAMSTERS

ABSTRACT

Syrian hamsters have been exposed via inhalation to polydis-

perse or monodisperse aerosols of 241Am02 to better define the PRINCIPAL INVESTIGATORS
resulting dose response relationships. The data reported are J.A. Mewhinney
preliminary because the study has been in progress less than I O.H. Hobbs

D. O. Slauson
year. Animals were exposed to achieve graded initial lung H.A. Boyd
burdens of 240, 60, 15, 3.8, 0.95, 0.24 and 0.029 nci 241Am

for the polydisperse aerosol and 240, 60, 15, and 3.8 nCi

241Amfor three sizes of monodisperse aerosols (0.75~ 1.5 and 3.0 ~mAD). Animals are being main-

tained both for serial sacrifice to determine the radiation dose pattern and for lifespan observa-

tion to determ~tne dose response relationships. To date only animals with the highest two initial

lung burden levels have shown an excess mortality compared with the control groups. The major

pathological findings to date in animals that have died has been radiation pneumonitis and pulmonary

fibrosis. Observations are continuing on all surviving animals.

INTRODUCTION

Americium-241 will be produced in large quantities in mixed oxide-fueled power reactors and in
the proposed liquid metal fast breeder reactor. The presence of 241Am in spent fuel material from

such reactors requires that it be separated and disposed of as waste. Separation and handling of
much larger quantities of 241Am in the nuclear fuel cycle than has been the situation with present

day uranium-fueled reactors indicates that the potential for population and environmental exposure

will be increased. Previous work in this Institute I has shown that following inhalation, 241Am02

behaves in quite a different fashion than PuO2, being considerably more soluble in the lung. The
sites of deposition of 241Am translocated from lung are essentially the same as for Pu; however,

the local distribution pattern of 241Am in the skeleton is quite different, being more diffusely

and uniformly deposited on all bone surfaces. Potential differences in biological response after

241Am02 inhalation are being assessed in this study, using Syrian hamsters exposed to polydisperse

or monodisperse aerosols.

METHODS

Syrian hamsters (Mesocricetus auratus, Sch:SYR) were exposed via inhalation to polydisperse

or monodisperse aerosols of 241Am02 in groups to achieve graded initial lung burdens. Animals were

purchased from ARS Sprague-Dawley, Madison, Wisconsin and received at this Institute at 3 weeks of

age. All animals in a shipment were born within a four-day period; and the last day of this period

was used to compute age for all animals in the shipment. Animals were exposed at about 84 days of

age with equal numbers of each sex at each level of initial lung burden.

The polydisperse 241Am0~ aerosol was produced by nebulization of an americium (Ill) hydroxide

suspension (2.5 mg 241Am/ml)~in 0.01 molar nitric acid on a one-to-One mM basis at a pH of 7.1 

7.5. The aerosol droplets were dried and degraded through two stages of heat treatment maintained

at 300° and 1050°C, respectively, to produce aerosol particles of 241Am02 of nearly sperical shape

and uniform density. The production of monodisperse 241AmO2 aerosols is described in detail else-

where (this report, pp. I to 7). All three monodisperse sizes were produced in a single production
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run with a Lovelace Aerosol Particle Separator (LAPS) and had aerodynamic diameters of 0.75, 1.5,

and 3.0 ~m, respectively. During all animal exposures, aerosol was sampled on membrane filters to

determine mean aerosol activity concentration, by cascade impactor to determine activity median aer-

odynamic diameter (AMAD) and particle size distribution (~g), and by collection on electron micro-
scope grids by point-to-plane electrostatic precipitation for a visual check of particle shape.

Animals were exposed to achieve graded initial lung burden (ILB) levels of 240, 60, 15, 3.8,

0.95, 0.24, and 0.029 nCi 241Am for the polydisperse study and to achieve ILBs of 240, 60, 15, and

3.8 nCi 241Am for each of the three monodisperse size studies. Extra animals were exposed at the

60 nCi ILB level in each study to provide animals for serial sacrifice and radiation dose pattern

studies. Six to I0 animals were sacrificed at 2 hours post-inhalation exposure at each lung burden

level to provide information on the actual achieved initial lung burden for that group.

Animals in the serial sacrifice groups were sacrificed by intraperitoneal injection of sodium

pentobarbital at 4, 8, 16, 32, 64, 128, 256, 384, 512, 640, and 778 days post-exposure. Gross nec-

ropsy was performed on all animals, either sacrificed or that died. Tissues were taken for radio-
chemical analysis of 241Am and analyzed by ashing followed by interal sample liquid scintillation

counting. In addition, material from major organs and any lesions found at necropsy were taken for

histopathologic examination and autoradiography on all radiation-dose pattern animals sacrificed

after 16 days post-exposure and from all animals that died.

RESULTS AND DISCUSSION

A summary of the current status of the study in which the animals were exposed to polydisperse

aerosols is presented in Table 1 and of the animals exposed to monodisperse aerosols in Table 2.

The polydisperse aerosol size and size distribution are close to the expected values. The aerosol

nebulizer solution was freshly made each exposure day and small differences in concentration of
241Am hydroxide could have easily accounted for the slightly larger AMAD noted for the 3.8 and 0.95

nCi ILB levels. The size difference is not considered significant. Actual achieved initial lung

burden levels are also shown in Table 1. The achieved levels are close to the desired ILBs at the

higher ILB levels. At low ILBs, the number of particles which makes up the ILB is quite small com-

pared to the numbers of particles necessary for good aerosol statistics. Superimposed on this con-

Table I

Experimental Design and Current Status of A Study of Syrian Hamsters

Exposed by Inhalation to Polydisperse Aerosols of 241AmO2

Desired Weeks PE
ILB Achieved ILB

og
No. of as of

(nCi) (nCi)a AMAD Animalsb 11/21/74

240 220 ± 85 1.3 1.8 47 17

60 110 ± 41 1.3 1.7 60 17

15 21 ± 6 1.3 1.8 47 17

3.8 2.0 ± 1.0 1.7 1.8 44 17

0.95 0.11 ± 0.03 1.8 2.0 48 17

0.24 0.08 ± 0.05 1.3 1.8 48 17

0.029 1.7 ± 1.5 1.3 1.8 47 17

Contro] - 67 16

Cumulative
Survival Median

Rate % as Survival
of Time

II/21/74 c Weeks PE

37±7

65±7

87±6

93+4

98±2

100

95±3

97_+3

14.4

aMean ± 1 standard deviation; bNumber of animals that survived more than 1 day post-inhalation

includes animals scheduled for sacrifice, approximately equal numbers of each sex; CBy the

method of Cutler and Ederer2 ± I standard error.
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dition are the additional factors of respiratory function of the animals, polydisperse particle size

distribution and some variation in aerosol activity concentration. These factors, in combination,

result in a variable deposition in the lung of animals at low levels of initial lung burden.

The monodisperse aerosols were found to be slightly larger in AMAD than expected. This situa-

exposure of Syrian hamsters to 238pu02 (this report, pp. 145-149) also, and maytion occurred in the
reflect small differences in calibration values between the Lovelace Aerosol Particle Separator and

the cascade impactors. The measured AMAD for each size was consistant and the particle size distri-

butions for all sizes were monodisperse (Og ~ 1.2). The achieved initial lung burdens measured from
zero day post-exposure sacrifice animals are shown in Table 2 for the 0.75 and 1.5 um sizes. Data

are not available for the 3.0 ~m size at present. Note that at the 0.75 ~m size, no animal exposure

was accomplished at the 240 nCi ILB level. The experimental protocol used for inhalation exposure

to monodisperse aerosols at this Institute provides that the concentration of particles in suspen-

sion in the nebulizer solution must not exceed a calculated maximum number concentration (MNC).

This value is computed based on the nebulizer droplet volume required to insure that 95% of these

droplets contain only a single particle. Thus, as particle size decreases, the allowable activity

per unit volume decreases. Hence the inhalation exposure of Syrian hamsters to 0.75 ~m 241Am02
particles to achieve an ILB of 240 nCi was not feasible due to a required exposure time of several

hours.

Analytical radiochemistry data on the 241Am content of tissues from the serial sacrifice ani-

mals is not available at present. The mortality data as of November 21, 1974, are shown in Tables

1 and 2. Significant excess mortality has occurred for achieved initial lung burden levels of 220

and II0 nCi in the polydisperse study. The median survival time for the 220 nCi lung burden level

in this study was 14.4 weeks compared to a median survival of control hamsters in several other

studies of approximately 42 weeks after exposure at 12 weeks of age. This median survival time is

similar to that observed in hamsters with equivalent initial lung burdens exposed to aerosols of

Table 2

Experimental Design and Current Status of a Study of Syrian Hamsters

Exposed by Inhalation to Monodisperse Aerosols of 241Am02

Cumulative
Survival Median

Desired Weeks PE Rate % as Survival
ILB Achieved ILB No. of as of of Time

(nCi) (nCi)a AMAD ~_ AnimalsD 11/21/74 ii/21/74c ~eeks PE
60 20 ± 4 0.89 1.19 47 31 82 ± 6 -

15 8.0 ± 2.9 0.86 1.19 30 31 92 + 6 -

3.8 7.1 + 2.1 0.83 1.20 30 31 92 ± 6 -

240 263 ± 59 2.0 1.11 30 31 73 ± I0 -

60 34 ± 14 1.9 1.07 55 31 80 ± 6 -

15 12 ± 5 1.8 1.12 30 31 95 ± 5 -

3.8 1.4 ± 1.0 1.8 1.14 30 31 86 ± 7 -

240 NA 3.5 1.10 30 31 81 ± 8

60 NA 3.5 1.11 58 31 95 ± 3 -

15 NA 3.3 1.20 30 31 86 ± 7

3.8 NA 3.5 1.14 29 31 97 ± 3

Control .... 67 31 96 + 3

aMean ± I standard deviation; bNumber of animals that survived more than 1 day post-exposure

includes animals scheduled for sacrifice, approximately equal numbers of each sex; CBy the

method of Cutler and Ederer2 + 1 standard error.
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239pu02 (this report, pp. 150-155) or 238pu02 (this report, pp. 145-149). In the monodisperse
studies, some indication of excess mortality was evident at the 20 nCi ILB level for 0.8 um AMAD

particles, at 263 and 34 nCi ILB for 1.8 um AMAD particles, and at the 240 nCi ILB levels for 3.5

um AMAD particles. Due to the relatively short time period since exposure of these animals, it is

not prudent to comment further on these mortality data at this time. Similarly, only a limited num-

ber of animals have been examined histologically. The monodisperse and polydisperse aerosols are

easily distinguishable in autoradiographic preparations of lung sections (Fig. 1). Animals from

the higher dose groups have shown changes of focal and diffuse radiation pneumonitis with cellular
exudation and thickening of alveolar septa. Early pulmonary fibrosis and atypical epithelial changes

were occasionally encountered. No pulmonary neoplasms have been seen.

..... .....

Figure I. Photomicrographs of 241Am particles in lung tissue showing
differences between the monodisperse and polydisperse particles: (a)
polydisperse; (b) 3.0 um AD monodisperse; (c) 1.5 um AD monodisperse;
(d) 0.75 um AD monodisperse. H & E autoradiograph, lO-day exposure.
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EFFECT OF INHALED 90y IN FUSED CLAY PARTICLES ON THE GASTROINTESTINAL TRACT

OF BEAGLE DOGS

ABSTRACT

Ten Beagle dogs were exposed by inhalation to aerosols of

90y in fused clay particles to study the radiation dose to

the gastrointestinal (GI) tract and effects resulting from

clearance of the upper respiratory tract after the deposi-

tion of high initial body burdens of inhaled 90y. Focal

colonic lesions were found in 2 dogs, 8 and 12 days after

inhalation of 90y which resulted in transient GI burdens (GIB)

PRINCIPAL INVESTIGATORS

R. F. Hahn
J. E. Barnes
C. H. Hobbs
J. L. Mauderly

of 18 and 34 mCi. Similar, but less severe, lesions were found in 2 dogs sacrificed 27 days after

exposure with GIBs of 18 and 32 mCi. No GI lesions were found in 6 dogs with GIBs of 9 to 18 mci.

Two of the 10 dogs had thermol~minescent dosimeters surgically implanted in the GI tract lumenand

submucosa. Nighest radiation doses were measured in the colon. One dog, with measured doses to

the colon of 3200 to 5700 fads, had focal colitis when sacrificed 8 days after exposure. The other

dog, with doses to colon of 1000 to 2800 rads had no GI lesions at sacrifice 8 days after exposure.

Although focal colitis was found, no dogs died due primarily to GI injury. Other significant

findings were nasal dez~atitis and radiation pneumonitis. The latter was more severe and life

threatening than the GI injury.

INTRODUCTION

Inhaled radioactive particles may deposit in either the deep lung, tracheobronchial passages

or nasopharynx, depending upon their aerodynamic diameter. Cuddihy et al. I studied the deposition

and retention of radioactive aerosols in Beagle dogs and found that 10% of the total body burden of

deposited aerosols with an activity median aerodynamic diameter (AMAD) of 2.2 ~m were located 

the tracheobronchial tree, 45% in the nasopharynx and 45% in the deep lung. The relatively insol-

uble particles deposited in the deep lung remained for long periods; however, those in the tracheo-

bronchial tree cleared to the stomach with a half-time of 18.5 hours and those that deposited in

the nasopharynx cleared to the stomach with a half-time of 0.7 hours. Thus, gastrointestinal (GI)

effects also need to be considered when exposure to radioactive particles is by inhalation.

In conjunction with studies in our institute concerning the distribution, retention, dosimetry

and biologic effects of inhaled 90y in fused clay particles in Beagle dogs, we studied the dose to

the GI tract and effects resulting from high initial body burdens of 90y inhaled in fused clay
particles.

METHODS

Ten Beagle dogs raised in our colony were exposed to aerosols of 90y in fused clay particles.
Three additional dogs, exposed to aerosols of fused clay only, served as controls. At exposure

they were 13-16 months old and weighed 5.8-11.2 kg. The radioactive aerosol preparation and

exposure methods were those previously used in this laboratory. The aerosols were log-normally

distributed with AMADs ranging from 1.9-2.6 ~m and geometric standard deviations from 2.0-2.2.

Periodic whole-body counts and rectilinear scans were obtained for each dog as soon as possi-

ble after exposure and at frequent intervals thereafter to determine whole-body and lung burdens.

Initial lung burdens (ILB), representing 90y activity deposited in the deep lung, were estimated
from linear scanning data obtained between 3 and 8 days after exposure. The gastrointestinal

burden (GIB) was calculated as the initial body burden (IBB) minus the 
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Two dogs exposed to radioactive aerosols and one control dog had thermoluminescent dosimeters

surgically implanted at i0 sites in the GI tract (Table 2). The dosimeters were lithium fluoride

solid chips encapsulated in a polycarbonate tube. All dosimeters were implanted at mucosal sites

and between muscle and mucosal layers one week before exposure. Dosimeters were calibrated by sus-

pending them in a large volume of 90Sr-90y solution of known concentration simulating an infinite

beta-emitting solution.

The 2 dogs with dosimeters were sacrificed 8 days after aerosol exposure. One dog (34@V) was

euthanized 12 days after exposure when moribund due to respiratory insufficiency. Remaining dogs

were sacrificed at 27-29 days post-inhalation exposure. Each dog was necropsied after sacrifice

and tissue sections were taken for histopathologic examination.

RESULTS

The fraction of the inhaled radioactivity deposited within the body ranged from 51 to 93% with

a mean of 68%. Initial whole-body burdens ranged from 23 to 65 mCi; corresponding ILBs ranged from

9 to 35 mCi. The ILB as a percentage of the IBB ranged from 32-69% with a mean of 53i~. The whole-

body retention curves showed a rapid initial decrease in body burden, typical of an insoluble

material deposited by inhalation which was due to clearance of particles from the upper respiratory

tract.

The relationship of the initial burdens, clinical signs and lesions at necropsy for all

exposed dogs is summarized in Table 1. In all dogs, clinical signs were related to either GI or

pulmonary injury, or both. Four of the 6 dogs with highest GI burdens (18-34 mci 90y) developed 

mucoid diarrhea 3-6 days after exposure. One dog (327V) with surgically implanted dosimeters had 

mucoid diarrhea following surgery which persisted until the time of sacrifice, 8 days after expo-

sure, probably due to surgical complications. Dog 340V, with the highest GIB (34 mCi) developed

hemorrhagic diarrhea 7 days after exposure and was euthanized 12 days after exposure. Stool sam-

ples from all dogs sacrificed 27 to 29 days after exposure had returned to normal by that time,

except for dog 326S.

Table I

Radiation Burdens and Short-Term Effects After Inhalation of Relatively Large Amounts

of 90y in Fused Clay Particles by Beagle Dogs

Initial Burdens, mCi Post Mortem Lesionsb
Radiation

Clinical Signs Colitis Pneumonitis Dermatitis
Sacrifice

Do9 No. DPEa Body Lun9 GI Tract
328B 8 23 15 8 None

327V 8 28 g 19 Mucoid diarrhea 6 days ++b
before exposure to
sacrifice

34DV )2 65 31 34 Mucoid diarrhea 3 dpe, ++ + +
hemorrhagic diarrhea 7 dpe,
mucoid nasal discharge,
5 dpe, pneumonia 7 dpe

346A 27 42 !9 23 None

340A 27 39 21 18 Purulent nasal discharge + ÷
10 dpe

334S 27 32 14 18 Mucoid diarrhea B dpe + + +

326S 27 50 18 32 Muco-hemorrhagic diarrhea ++ + +
6 dpe, muco-purulent nasal
discharge 6 dpe

335C 28 24 15 9 Slight mucoid nasa] dis-
charge 21 dpe

347U 28 40 22 18 Muco-purulent nasal dis- + +
charge 21 dpe

333C 29 51 35 16 Pneumonia 10 dpe +

a DPE - Days post exposure
b

+ = Presence and relative severity of lesions.

161



The two dogs with the highest initial lung burdens developed clinical signs of radiation

pneumonitis 7 to 10 days post-exposure. Dog 340V was euthanized at 12 days after exposure when

moribund due to severe radiation pneumonitis. Five dogs had a mucoid nasal discharge which was

noted 5 to 21 days after exposure and continued until sacrifice. These signs were generally asso-

ciated with severe acute radiation dermatitis of the nares and GIBs of 18 mCi or greater.

The lesions found at necropsy were confined to the colon, lung or nose, except for one dog
(340V) in which an acute ulcerative esophagitis was also found. The most severe pathologic altera-

tions in the colon were loss of mucosal epithelial cells and collapse of the lamina propria and

were found in the dogs sacrificed 8 and 12 days after exposure. Some intestinal crypts were

filled with necrotic debris and mucin. Large bizarre epithelial cells with giant nuclei were found

at the base of such crypts. Similar cells were more prominent at the periphery of the lesions and

were accompanied by many mitotic figures. In the dogs sacrificed 27 days after exposure, loss of

epithelial cells and collapse of the lamina propria were present but less severe. Large bizarre

epithelial cells, however, were not present. The one dog sacrificed 12 days and 6 of the 7 dogs

sacrificed 27-29 days after exposure and with ILBs of 14 to 35 mCi had histologic evidence of

radiation pneumonitis.

Five dogs with GIBs of 18 to 34 mci had an acute ulcerative dermatitis of the external nares

which developed 5 to 21 days after exposure. In some dogs, portions of the nares sloughed several

weeks after exposure leaving ulcerated open lesions. Histologically, there was complete loss of

surface epithelium that extended into the antrum in some instances.

Radiation doses to the various portions of the intestine as determined by thermoluminescent

dosimeters are indicated in Table 2. No significant radiation doses (> 0.5 rad) were recorded 

any of the dosimeters in the control dog. The colon received the highest radiation dose in the two

exposed dogs although the stomach and small intestines also received significant doses. Lesions

were seen at necropsy only in the colon of the one dog (327V) that received 3200 to 5700 rads. 

histologic lesions were seen in portions of the gut in the dog that received 2800 rads or less.

Table 2

Radiation Dose Measured in the Gastrointestinal Tracts of Two Beagle Dogs

During 8 Days After Inhalation of 90y Fused Clay Particles
Dose (Rads to 8 Days)

Dosimeter locationa Dog 328B Do9 327V

I Stomach 2000 1200

2 Stomach 5 i0

3 Duodenum 300 400

4 Jejunum 800 2000

5 Ileum 600 1200

6 Cecum 40 600

7 Upper colon 2300 3200

8 Mid colon i000 5700

9 Mid colon 30 b

10 Lower colon 2800 3600

Gastrointestinal burden mCi 8 19

Gastrointestinal lesions (at 8 days)c +

a See text for exact location of dosimeters. All were in the lumen of the gut

except No. 2 which was on the serosal surface and No. 9 which was between the
mucosa and tunica muscularis; b Dosimeter migrated into lumen and found in
feces 77 hr post-exposure; c Lesions only in the colon, see text.
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Calculated doses based on the ICRP Committee II model for radiation doses to the GI tract are

shown in Table 3. The tract contents and transit times used were derived from Anderson2 and data
from this institute: stomach contents 300 g and transit time 4 hours, small intestine contents

250 g and transit time I hour and large intestine contents 200 g and transit time as determined

from 90y fecal excretion data on each dog. Agreement between calculated doses and measured doses
to the colon was not good; calculated doses were about 20-80% of the measured doses. Doses to the

stomach and small intestine were in even wider disagreement: calculated doses were 5-10% the

measured dose. These discrepancies were probably due to differences in the geometry of the ab-

sorbed dose in the intestine and the dosimeter, and to variations in transit time through various

segments of the GI tracts of individual dogs. The dosimeters were 0.75 cm in diameter, and pro-

trusion of the dosimeters into the lumen of the gut may have produced nonuniform exposure and the

physical presence of the dosimeters may have impeded the flow of radioactive material through the

tract.

DISCUSSION

Several important points were illustrated by this study. No dog died with a typical GI

syndrome or due primarily to GI injury even though GIBs of 34 mCi were achieved. It may be that
the typical GI syndrome results from hematopoietic injury as well as GI injury 3 and radiation dose

to the bone marrow from beta-emitting isotopes in the intestine of large animals, such as dogs, is

very small. Thus, in the case of inhalation of relatively insoluble ~-emitting radionuclides,

death from a classical GI syndrome is unlikely.

The 90y, however, did cause gastrointestinal injury. The colonic lesions were more severe in
dogs examined 8 and 12 days after exposure than in dogs with similar GI burdens that were sacri-

ficed 27-29 days after exposure. It is tempting to speculate that the lesions in the dogs sacri-

ficed at 27-29 days after exposure were more severe at earlier times and that some repair had

occurred. These nonlethal focal ulcerations were induced by levels of 90y which resulted in meas-
ured doses to the colon of 3200-5700 rads in 196 hours. This finding is in general agreement with
those of another study in which dosimeters were placed in the intestinal lumen of dogs4 colonic

lesions were found 7 days after feeding 90y resulting in doses to the colon of 2500-12,000 rads.

Table 3

Calculated Radiation Dose to the GI Tract and GI Lesions in I0 Beagle Dogs

After Inhalation of 90y in Fused Clay Particles

Large c
G.I. Intestine Calculated Radiation Dose (rads)
Burden G.I.a Transitb Large Small

Do9 No. (mCi) Lesions time (hrs) Intestine Stomach Intestine

328B 8 20 640 I00 30

327V 19 ++ 36 2740 250 70

340V 34 ++ 36 4900 440 120

346A 23 20 1840 300 80

340A 18 20 1440 230 60

334S 18 + 20 1440 230 60

326S 32 ++ 40 5120 400 110

335C 9 20 720 120 30

346U 18 20 1440 230 60

333C 16 20 1280 210 60

a Lesions seen only in the colon, see text; b Transit time estimated from 90y fecal
excretion data for each dog. Transit time for stomach = 4 hr, small intestine = i hr,
see text; c Calculated based on ICRP Model, see text.
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Higher radiation doses to the colon and the presence of pathologic changes were undoubtedly

due to the long transit time through the colon compared to the other portions of the GI tract.

Richmond and Furchner have shown that, in the dog, particles move rapidly from the stomach to the
5large intestine where their residence time is about 9 to 46 hours.

Radiation dermatitis of the nares and surrounding skin was probably the result of high radia-

tion doses due to beta irradiation during the inhalation exposure, residual external contamination

and residual internally deposited activity.

Of greater significance than the GI and nasal injury was radiation pneumonitis which was

present in 6 of the 7 dogs sacrificed at 27-29 days after exposure and was a major factor in the

moribund condition of the dog sacrificed 12 days after exposure. All of these dogs, if not sacri-

ficed, probably would have died of radiation pneumonitis because the ILBs were 2 to i0 times

greater than those in dogs that died from radiation pneumonitis 100-200 days after inhalation of
90y in fused clay in other studies conducted in this institute.

These findings emphasize that inhalation by dogs of relatively insoluble particles of 90y in

the 1-3 micron size range does not cause a life-threatening irradiation of the GI tract. This type
of exposure represents one of "the worse cases" because the short half-life of 90y yields a high

radiation dose rate that results in a significant dose to the GI tract during the short residence

time of the radioactive material in the tract.

For other relatively insoluble radionuclides with longer half-lives, the relative damage to

lung would be even greater than that to intestine and nasopharynx due to great differences in

residence half-times; = 300 days in deep lung vs 1 to 2 days in intestine. Thus, it appears that

only under purposely contrived conditions using large sized aerosols in which a large portion of

the initial body burden passes through the GI tract and short effective half-life isotopes can the

GI tract become the critical organ following inhalation of relatively insoluble aerosols by dogs.

In all other cases, the lung remains the major critical organ either for early death or late-

occurring sequelae.

REFERENCES

I. Cuddihy, R. G., R. P. Hall and W. C. Griffith, "Inhalation Exposures to Barium Aerosols:
Physical, Chemical and Mathematical Analysis," Health Phys. 26: 405-416, 1974.

2. Anderson, A. C., (ed.), The Beagle as an Experimental Animal, Iowa State University Press,
Ames, lowa, 1970.

3. Bond, V. P., T. M. Fliedner and J. O. Archambeau, Mammalian Radiation Lethality, Academic
Press, New York-London, 1965.

4. Nold, M. M., R. L. Hayes and C. L. Comar, "Internal Radiation Dose Measurements in Live Experi-
mental Animals. II.," Health Phys. 4: 86-100, 1960.

5. Richmond, C. R. and J. E. Furchner, "Movement of Discrete Particles in the I00 to 200-Micron
Diameter Range Through the Gastrointestinal Tract of Laboratory Animals and Man," In Gastro-
intestinal Radiation Injury, (M. F. Sullivan, ed.) Excerpta Medica Foundation, 1968.

164



SECTION IV

PATHOGENESIS OF RADIATION-INDUCED DISEASE

CHROMOSOME ABERRATION FREQUENCY IN BLOOD LYMPHOCYTES OF ANIMALS

WITH 239pu LUNG BURDENS

A~STRACT

Other investigators ha~e suggested a causal relationship

between accidental 239pu exposures in ~nan and the presence of PRINCIPAL INVESTIGATORS

chromosome aberrations in blood ly~hocytes. To assess this
A. Lo Brooks

~. J. LaBours
relationship experimentally, 16 Rhesus monkeys and !71 Chinese R.O. McClellan

hamsters were expose~ by inhalation to 239pu0 aerosols and Debra A. Jensen

an ~ditionai 5 hamsters were injected ~t#~ Pu aerate ana

the I~equency of aberrations in blood lymphocytes determined.

Lunc~ bz~rdens ~n the ha~,!sters were estimated by serial sacrifice and ra4ioana!ysis. After an initial

~’apid clearance phase, ~ne~ 239D~ ~ was retained in the ~Tionkey lung with a long effective h~!if-life

ix> 500 C~{~US, ~ At ;ilO dC]~ S after inhalation, 99% o£ the " ~’~ ~"sa~ztj ~c~ bo~! burden was tn the lungs of

both s;)ec!i~s. Ch~ r ~p~ ~;s, ~ r.: a,,~r,~7~ti ;e ra4~tion dose to the hamster Zungs 30 days after inhalation

i acre c,~:~utated t) 1. t’O-i70, ~’? "~4 ~ .... ",,> ~c-c ~ on(~ 6C0-2120 reds for ~n’~a~ i~nkl burden levels of !0-30,

~0-70 a~a ?~0-2~?0 ~,~/j~ res;,,ect,oe;,,._.~ ....i29 da~!s, tk~ss aoses were calculacea tw be 40-350, 500-

7~0 and 1440-2!70 ~’aJs. Ea,ist~a ;~t~’ ~he hiphcst ~n,; b~rdens had a median surviva~ ti~7~e of ~bo~t

~ays. Z~o ~!eaths o c~’re4 tn an~ of" the other ~r~ate~ ho~sters or monke~s by 250 days after 239pu

~(la~C t~ X~. ,Wamct~ rL~ 8,xcriff ~,d ~z, 30 a’ajs showe~ an inc~rease ~n chro~osomg aberration frequency

with 7~a~ ~i~,,~ ~’~s~ be i¢~, ~f O, O, 0.014 7n~ 0.0~ aberratiz~:s,/cei~ in tl%e aontrols~ 80-120,

~20-540 ana ~.,,-,/_,~ ~:a~.! ~’ro~{s, r~s[ea~iveij. Bv~ 1~,2 4a,s~ ,Ifter ¢nhaiation, th~ aberration fre-

gc(no/ 17~ thk ,v nt2’ s wa~ O. OJ2. ~h~ fr,:~qu.ency in :;;i~a~’s ~ivh aoses that r~roauceo’ significant

~twte shc>~"t~n~ (]4k’,}-2275’ ,,~ds ) ]~d fecreTsed to O. t’~_! a~J to O. ,~, ~, ~be~ratle~s/cel! tn anim~’Ts

~)ith tuna ~/oses ,-f 600-710 ~;: J,~. ,~t,.~5 days after ~n~ection o~" ~0 nci 239~m~ a’~trate/;?%" l~c~a~ster-

{~ilm~>hc<<yt~s h,zc~ ,~n a/~.,~’,rat’on f~,equ~,’n~y of O. 048 aberrati ns/celi The ~eveT~ of chro~,~iosome o~s~aje

249 ~:’:~0,)
~’n th~ ~::~’!;w~ / ~onke,~’s at 30 and 90 da;ys ai’te’r inho~ati n was not different than observed

t n T’072 t ;~ (; t S.

INTRODUCTION

A potential energy source for supplementing our fossil-fuel-based energy economy is the Liquid

Metal Fast Breeder Reactor (LMFBR), which will generate a predicted annual inventory of 239pu that
may reach 80,000 kg by the turn of the century. 1 It is essential that the amount of 239pu that

enters the environment be minimized and a means of detecting this isotope and measuring its biologi-

cal effects be developed¯

Several large human populations have been exposed to internally deposited radioactive materials.2

In each of these populations, there was an increase in cancer and other late effects. Each of these

populations has also shown an increase in the level of chromosome damage in the blood lymphocytes.

Workers with measurable 239pu body burdens have also been reported to have an increase in the inci-

dence of chromosome damage in blood lymphocytes. 3 Other workers with known 239pu burdens were ana-

lyzed in another study and failed to demonstrate an increase in chromosome aberration frequency in
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the blood lymphocytes. 4 Chromosome damage in lymphocytes may be a biological indicator of early

cellular change that may be useful in predicting possible late-occurring radiation effects in a given

human population.

METHODS

a single acute inhalation exposure to 239pu02. The particles,Sixteen Rhesus monkeys received

whose size distribution was characterized as having both an activity median aerodynamic diameter

(AMAD), and geometric standard deviation (~g), of 1.6, were labeled with 169yb with about twice 
much 169yb as 23gPu activity. Exposure times differed to achieve the desired lung burdens. In the

cytogenetic study, four groups of monkeys (3 per group) were exposed to achieve final lung burdens
of 0.1-0.30, I-5, 10-15 and 50-90 nci 239pu/gm. Four additional monkeys with total lung burdens of

230-300 nci were sacrificed at zero and 30 days after inhalation to determine the distribution of
the 239pu. Two monkeys were sham exposed and served as controls.

One hundred and seventy-one (171) Chinese hamsters were exposed via inhalation to a polydisperse

239pu02 aerosol prepared by the same techniques used in the monkey exposure. The aerosol size dis-
tribution had an AMAD of 1.5 and a standard deviation of about 2.0 and contained no 169yb label.

Thirty-five additional hamsters were sham exposed and served as controls. Exposure times and aero-

sol concentrations were adjusted to give initial lung burdens of approximately 10-30, 30-70 and 180-

260 nCi/gm. At 2 hours, 4, 13, 30, 60 and 120 days after inhalation, five animals with initial lung

burdens of 30-70 nCi/gm were sacrificed, dissected and tissues analyzed to determine the distribu-

tion and retention of the 239pu02.

At 30 and 120 days after inhalation, five hamsters from each exposure level and five control

animals were anesthetized, exsanguinated by cardiac puncture, and their lymphocytes cultured to de-

frequency. The remaining 239puO2-exposed animals are being re-termine the chromosomeaberration

tained for long-term observations.

A second group of five Chinese hamsters was injected with 239pu citrate to achieve an initial

body burden of 2 x 10-3 nCi/gm body weight or about 60 nci per animal. These animals were bled 360

days after injection and lymphocyte cultures were established.

RESULTS AND DISCUSSION

Two monkeys were sacrificed at 2 hours, and two at 30 days after inhalation to determine the

distribution of 239pu and 169yb. The remaining monkeys were whole-body counted at frequent inter-

vals to determine the retention of 169yb. The amount of 239pu in the lungs was estimated by assum-

ing that the lung burden at longer times was equal to the body burden, as was noted in animals sac-
rificed 30 days after inhalation, and that the 239pu:169yb ratio remained the same in the monkey as

was measured in the aerosol. The 239pu injected in Chinese hamsters as the citrate was retained

with a long effective half-life and was divided about equally between the liver and skeleton with

the rest of the body containing only a very small amount (1972-1973 Annual Report, LF-46, p. 20).

Lung burdens in the hamsters that inhaled 239pu02 were determined at sacrifice by radiochemical

analysis. Their variability made a retention curve difficult to determine. Thus, a constant reten-

tion was assumed in calculating dose to the hamster lungs, i.e. the lung burden observed at sacrifice

was considered to be also the initial lung burden.

Calculated doses to the monkey lungs ranged from 1.0 to 700 fads at 30 days and increased by a

factor of three to 3.0 to 2100 rads by 90 days. The hamsters had a range of doses to lung of 80 to

2100 rads at 30 days and 40 to 2200 rads by 120 days. If the dose to blood is a constant percent of

the dose to lungs (6%), (1971-1972 Annual Report, LF-45, pp. 119-128), then the maximum blood 

would be about 40 rads at 30 days and 125 fads at 90 days post-inhalation for monkey and 130 rads at

both 30 days and 120 days for hamsters.
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Survival:

There have been no radiation-related deaths in the monkeys through 250 days after inhalation

exposure. Survival data indicated a marked life-shortening in hamsters with initial lung burdens

of 180-260 nCi/gm with a median survival time of about 80 days. There were no deaths through 120

days after inhalation in animals with lung burdens of 10-20 or 30-70 nCi/gm. The life-shortening
effect of injected 239pu citrate body burden of about 60 nCi was minimal over 380 days post-injec-

tion. The animals dying in the inhalation group had severe radiation pneumonitis and fibrosis.

Chromosome Aberration Frequency:

Chromosome data from the monkeys are summarized in Table I and the hamster data are shown on

was no increase in the aberration frequency in the 239puO2-exposed monkeys throughTable 2. There

90 days after inhalation.

The aberrations/cell frequency in blood lymphocytes of the Chinese hamster related to time of

exposure and estimated maximum dose to lung or body burden are shown in Figure 1. This graphically

illustrates that total aberration frequency increased with increased activity in the animals sacri-

ficed at 30 days. By 120 days, the total response in the aberration frequency was lower on a per
rad basis than at 30 days. The high level group (maximum dose 2100 rads), had a lower aberration

frequency than the animals receiving a maximum of 710 rads. Of the 27 animals exposed to the high-

est lung burden, only 4 survived to 120 days and had cells cultured for chromosome scoring. This

high mortality rate may have influenced the chromosome aberration frequency and resulted in a dose

response relationship that was not as high as that seen in the 30-day group.

At 30 days after inhalation, only the group of hamsters with the highest lung burden (180-260

nCi) showed a significant increase in aberration frequency over controls. The aberration coefficient

monkeys with lung burdens of 239pu02 could not be determined because of the lack of a responsefor
above the control value, but seemed to be less than 10-5 aberrations/cell in lymphocytes/rad to lung.

The specific activities of 23gPu in the animal lungs in this experiment were much higher than
those seen in 239pu workers that had reported increased aberration frequencies in blood chromosomes.

These higher lung burdens resulted in doses to lung in the experimental animals that were much high-

er than those seen in human plutonium workers. However, the exposure times were much shorter in our

experiments than in the humans.

The Effect of Inhaled 239pu02

in the Lymphocytes of the Rhesus Monkey

Time
Post-Exposure

(days)

3O

9O

Activity
Lung

(nCi/g)

50-90

10-20

1-5

0.1-0.3

50-95

10-20

1-5

0.1-0.3

Table i

Particles on the Chromosome Aberration Frequency

Dose to Lung Total Aberrations
(rads) Cells Dicentrics CSDa Other Cell

400-750 68 I 0 0 0.015

90-130 169 0 4 0 0.024

6-30 147 0 2 0 0.013-
1-3 91 0 0 0 0.0

Control 131 0 0 0 0.0

1190-2250 85 I 0 0 0.012

260-400 261 0 5 1 Ring 0.023

20-90 228 0 0 1Cs Excb 0.004

2-7 319 0 0 0 0.0
Control 237 I 3 0 0.017

aCSD= chromosome deletions; bcs Exc = chromosome exchange.
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Table-2

239pu02 Particles or Injected 239pu CitrateThe Effect of Inhaled

on the Chromosome Aberration Frequency in the Lymphocytes of the Chinese Hamster

Time Activity
Post-Exposure Lung

(days) (nCi/g)

30 180-260

30-70

10-30

50-70

15-20

5-10

120

280

Dose to Lung Total Aberrations
(fads) Cells Dicentrics CSDa Other Cell

830-2120 157 5 9 0 0.089
220-540 172 i 1 0 0.012
80-170 96 0 0 0 0.0

Control 87 0 0 0 0.0

1440-2170 163 2 i 0 0.018

500-710 250 4 2 2 Cs Excb 0.032

40-350 280 I I 0 0.007

Control 334 I I 2 Cs Exc 0.012

60 nCic 333 5 6 5 Cs Exc 0.048

aCSD = chromosome deletion; bcs Exc = chromosome exchange; c60 nCi injected as a citrate.

.12

o

,oHl
- 30 Day .... 120 Day~ 380Day

DOSE (rads)

Figure I. The frequency of chromosome
aberrations in the blood lymphocytes of the
Chinese hamster is related to dose to lung at
30 and 120 days after inhalation of 239Pu02
or 380 days following injection of 2 nCi
23gPu citrate/gm body weight. The maximum
calculated individual dose to lung for each
group is included for reference on the figure.

If human blood lymphocytes had the same sensitivity as hamster lymphocytes, 3.2 x 10-5 aberra-

tions/cell in lymphocytes/rad to lung, and if a worker had a lung burden of 16 nCi (the maximum per-

missible lung burden for radiation workers which produces a lung dose rate of 1.5 rads/year), it

would take about 40 years to double the spontaneous rate of chromosome damage of 0.002 aberrations/
cell. 5 This is based on an assumption of no repair, cell turnover, or changes in effective dose

rate to the blood as a function of time.

This discussion emphasizes the differences in the results from experimental animals and human

data. These differences may be due to a variety of causes. The animal models may not be as sensi-

tive as man. In our model systems using internally deposited 239pu02, the monkey seems to be less

sensitive than the Chinese hamster. Although species differences do exist, they apparently do not

completely account for the differences observed between animal and human data. Another possible

explanation may be related to the exposure of humans to other chromosome breaking agents that may

exist at higher concentrations in the 239pu workers environment than in the rest of the population.
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These agents may act alone or synergistically with 239pu to enhance chromosome damage. A variable

that this experiment has not addressed yet because of time limitations is the possible interaction
of dose rate and time. This may be important due to the later translocation of 239pu to lymph nodes

where it might produce chromosome damage. The effects reported in man may represent damage accumu-

lated over long periods.

The level of chromosome damage in blood lymphocytes seems to be a rather insensitive measure
of early biological damage from the radiation dose to lung following inhalation of 239pu02. Levels

239pu02 in the lung that produced marked life-shortening only increased the frequency of chromo-of

some damage in blood lymphocytes of the Chinese hamster very slightly. In Rhesus monkeys, the chro-

mosome aberration frequency in blood was not increased over background levels with lung burdens as

high as 1800 nCi and exposure times as long as 90 days.
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RETENTION, DISTRIBUTION AND EXCRETION OF 239pu02 PARTICLES LABELED WITH 169yb

IN THE RHESUS MONKEY AFTER A SINGLE ACUTE INHALATION EXPOSURE

ABSTRACT

were exposed to a high fired 239~02Sixteen Rhesus

aerosol labeled with 169yb, and retention, distribution and
PRiNCIP/_L INVESTIGATORS

excretion patterns were determined. After an early rapid
R. J. LaBauve

clearance phase, which had a half-life of less than one day, A.L. Brooks
R. O. McClellanthe remaining plutonium was retained in the lungs with a
Diane K. Mead

half-life that appeared to be greater than 500 days. By 30

days after exposure, 99% of the 239pu in the body was in the

lungs. At this time, 6 to 10% of the 169yb burden was in the

carcass and skeleton suggesting that there was dissociation of some 169yb from the particles. The

remaining 169yb activity was in the lungs. There was little 239pu in the liver, bone or lymph

nodes. The particulate material was cleared rapidly from the gastrointestinal and upper respira-

tory tracts and appeared in feces over the first four days. The level of 239~ in $~ces returned
to background by six days. Urinary excretion of 239pu reached a peak by 8 to 10 days and then re-

mained at a constant rate throughout the remainder of the experiment. These data are useful in

calculating radiation dose to a variety of organs and relating this d~se to the ~ppearance of late

effects from inhaled alpha-emitting particles.

INTRODUCTION

The expanding use of nuclear energy for generating electricity may increase the possibility of

accidental exposure and internal deposition of insoluble alpha-emitting particles associated with

different segments of the fuel cycle. These particles are a prime concern as a potential health

hazard, and the lung may be the primary organ at risk. Development and characterization of a primate

model for studying the retention, distribution and potential effects of insoluble alpha-emitting

particles is described, using Rhesus monkeys that inhaled high-fired 239pu02 particles labeled with
169yb. The 169yb label was used to facilitate determination of the initial lung burdens of 239pu by

external counting.

METHODS

Sixteen Rhesus monkeys were exposed by inhalation to a polydisperse aerosol of 239pu02 labeled
with 169yb. Two additional monkeys were sham-exposed and served as controls. Of the exposed monkeys,

12 were followed for long-term retention and 4 were sacrificed, two at 2 hours and two at 30 days

after inhalation. Distribution of 239pu and 169yb was determined in the sacrificed animals. The

animals followed for long-term retention were exposed to one of four different levels of 239pu ac-
tivity resulting in a range of lung burdens from 2 to 1800 nCi. The 169yb activity was determined

at frequent intervals by counting in a liquid scintillation whole-body counter. The counter effi-

ciency was determined with a frozen monkey phantom that had calibrated sources of 169yb placed at
different depths in the chest cavity. The 169yb content was divided by the 16gYb to 239pu ratio in

the generator solution on the day of exposure to provide an estimate of the 239pu present in the in-

tact animal.

The exposure apparatus was similar to that used in dog exposures I with the exception of the

exposure mask and chamber. To accomodate the flat face of a monkey, an airtight latex mask was de-

signed that covered the whole head of the animal. It consisted of two parts, a thin mask and a

heavy rubber exposure sleeve that was attached to the front of the mask and could be sealed onto
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the exposure tube. When the mask was in place and the sleeve connected to the outer of two concen-

a small airtight exposure chamber. The 239pu02 aerosol was drawn down thetric tubes, it formed

inner tube, which extended to within a few millimeters of the monkey’s nose, back out through the

outer tube and collected on a filter. The exposure time and concentration in the generator solution
were varied to achieve the desired body burdens. The 169yb to 239pu ratio was determined both by

analyzing the generator solution and the lung burdens of animals sacrificed at 0 and 30 days post-

inhalation. Excreta were collected periodically on all monkeys and daily on the two monkeys sacri-

ficed 30 days after inhalation.

RESULTS AND DISCUSSION

The aerosol size distribution was polydisperse and log normal with an AMAD and a o of 1.6 and
g

a density of 8.5 gm/cm3, The 169yb to 239pu ratio in the generator solution varied with values of

2.1, 2.1, 2.2 and 0.72 on the four exposure days.

Results of the whole-body 169yb counting and the estimated initial lung burdens of 239pu in

nCi are in Figure I. The figure illustrates that a wide range of lung burdens was achieved and that

pattern was similar to that observed following inhalation of 239pu02 inthe whole body retention
Beagle dogs. 2 The retention of 169yb in each monkey could be adequately described by a 2-component

exponential equation of the form:

-~i t -Z2t
y = Ale + A2e

In this equation Y is the fraction of the initial 16gYb whole-body count, A1 is the fraction of in-

itial activity lost with the short half-life, and A2 is the initial activity in the long-term compo-
nent, ~1 and ~2 are the decay constants and t is time in days. An average of 62% of the initial ac-

tivity was lost with half times of between 0.5 and 1.5 days. The remaining activity, thought to be

deposited in the deep lungs, was lost very slowly. Analysis of the data by an exponential least

squares method for the seven animals that could be counted for more than 100 days showed a slightly

negative slope in the long-term component in 5 monkeys and a slightly positive slope for 2 animals.

The shortest negative half-life calculated for any of these animals was 380 days and the shortest

positive half-life was 820 days. Since an increase in activity with time is not possible, the pos-

itive half-life observed may be due to chance variation in the data, a change in the counting effi-
ciency due to redistribution of the 169yb or a small error in the half-life of 169yb. Since the

half-life of 169yb is only 31.8 days and retention of the particles seems to be very long, an

accurate determination of long-term retention cannot be made. Our data do illustrate tha~ the half-

life is in excess of 500 days in five of seven animals measured.

1800. Ci

Iooo .c~

’~ 235nci 210 .c~

65.c~

~SnCi

20 40 60 80 IO0
DAYS POST-INHALATION EXPOSURE

, ,t ~,
I.=~ 140 100 200

Figure I. Whole body retention
of 169yb in the^Rhesus monkey as
a measure of ZJYPu02 ac~xity.
Activities plotted arel~Pu
nCi based on observed 69Yb data.
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Distribution of the inhaled radionuclides in these animals was determined two hours and 30 days

after inhalation, Results of these analyses are given in Table 1 as nCi 239pu or 169yb and as per-

cent of the sacrifice body burden in each tissue for both isotopes, The notation N.D. stands for

not detectable and blank spaces indicate that a sample was not analyzed. Values which were calcu-

lated rather than measured are indicated.

Table 1

Distribution of 239pu and 169yb in Rhesus Monkeys Following Inhalation of 239pu02 Particles
Labeled with 169yb

Organ

Sacrifice 0 Days
Post-lnhalation

Lung

GI Tract

Carcass

Pelt

Head Skin

Skeleton

Bronchial Lymph
Node

Other Lymph Nodes

Trachea-Larynx

Turbinates - Nares

Liver

Spleen

Kidneys

Testes

Sacrificed 30 Days
Post-lnhalation

Lung 114.6

GI Tract 0.08

Carcass 0.05

Pelt 0.48

Head Skin 0.043

Skeleton 0.159

Bronchial Lymph
Node 0.015

Other Lymph Nodes 0.024

Trachea-Larynx 0.008

Turbinates - Nares 0.010

Liver 0.020

Spleen 0.009

Kidneys 0.033

Testes 0.005

Percent of Percent of
Activity Sacrifice Activity Sacrifice

(nCi) Body Burden (nCi) Body Burden
239pu 169yb 239pu 169yb 239pu 169yb 239pu 169yb

Animal #14 Animal #5

207.2 159.6 47.0 27.4 360.1 265.8 61.3 48.2

68.6 276.7 15,5 47.5 205.4 265.7 34.9 48.1

I05.5a 94.6 23.9 16.2 i0.9a 9.8 1.85 1.80

17.5a 15.3 4,0 2.6 1.8a 1.6 0.31 0.29

5.96 5.80 1.36 0.99 1,6 1.9 0.27 0.34

0.032 0.19 0.01 0.030 0,22 0.26 0.030 0.050

2.45 0.15 0.56 0,26 0.55 0,16 0.090 0.29

33.9 29.1 7.7 5.0 6.1 6.7 1.02 1.2

Animal #13 Animal #1

138.9 99.1 92.4 209.7 182,8 99.1 83.9

0.27 0.07 0.18 0.16 1.5 0,07 0.69

7.1 0.04 4.7 0.089 18.8 0,04 6.8

1.2 0.42 0.80 0.94 2.4 0.44 i,I

0,15 0.04 0.I0 0.08 0.19 0.04 0.09

1.6 0.14 1.10 0.204 7.0 0.I0 3.2

N.D. 0.01 0.224 0.70 0.11 0.32

0.59 0.02 0.39 0.011 0.70 0.005 0.32

0.02 0.007 0.01 0.033 2.0 0.02 0.92

N.D. 0,009 N.D. 0,48 0.22

N.D. 0.020 0.024 N.D. 0.01

0.50 0,008 0.33 N.D. 0.41 0.19

N.D. 0.030 N.D. N.D.

N,D. 0.004 N.D. 0,71 0,33

apu value calculated based on average Yb/Pu ratio in lungs and the Yb in the tissue of interest,
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In animals sacrificed on day O, about half of the total activity was in the lung. The carcass,

gastrointestinal and upper respiratory tracts accounted for most of the remaining activity. By 30

days after exposure, surface contamination from the carcass had been eliminated. The upper respira-

cleared of 239pu02 activity, leaving 99% of the re-tory and gastrointestinal tracts had also been
maining activity in the lungs. A similar pattern was observed for 169yb with the exception that at

30 days after inhalation, the skeleton plus carcass contained 6 to 10% of the sacrifice body bur-

den in the two monkeys. Some fraction of the 169yb was apparently released from the particles and

deposited in bone. Plutonium-239 appeared to be solubilized and translocated very slowly as sites

for deposition of soluble 239pu, bone and liver, 3 contained less than 0.2% of the sacrifice body

burden by 30 days. More data at longer time intervals are needed to more adequately determine the

movement of 239pu in primates after inhalation of 239pu02.

The ratio of 169yb to 239pu in the generator solution was 0.72 for animals sacrificed at 0 and

30 days post-exposure whereas the average ratio in the lungs of sacrificed animals was 0.89. It is
difficult to resolve the observation that the 169yb to 239pu ratio in experimental animals was high-

er than that in the generator solution when 169yb seemed to be leaving the lungs faster than 239pu,

which would decrease the ratio in the animals. Additional data from animals exposed to generator
solutions with higher ratios would be useful in justifying the use of 169yb:239pu ratios to calcu-

late the 239pu activity in lungs of living monkeys.

The data derived from the sacrificed animals indicate that most of the activity in the monkeys
that were whole-body counted was in the lungs. Whole-body counts of 169yb are useful for estimating

initial 239pu lung burdens.

Urine and feces were collected daily from the two animals sacrificed at 30 days. Plutonium-

239 activity in feces reached a peak I to 3 days after inhalation, then returned to pre-exposure

levels by 5 to 6 days. Urine reached an apparent peak 6 to 10 days after inhalation and then re-

turned to an elimination rate of 0.01 to 0.03% per day.

monkeys appear to retain inhaled 239pu02 for long periods and may provide an importantRhesus

link in extrapolating animal results to man. Further observation of these animals will be useful in

determining dose-response relationships in primates and may ultimately be of value in helping to

evaluate risk from insoluble alpha-emitting particles in man.
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THE EFFECT OF MICRODOSE DISTRIBUTION ON CHROMOSOME ABERRATION FREQUENCY IN LIVER CELLS

OF THE CHINESE HAMSTER FOLLOWING EXPOSURE TO 239pu02 OR 238pu02 PARTICLES

ABSTRACT

Chinese hamsters were injected intravenously with 239p~02

or 238pu02 particles of known size or with 238pu citrate

to determine the effect of particle size and specific

activity on the frequency and distribution of chromosome

damage in the liver. Three particle sizes were used in
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239
the ~0~ experiment: 0.15, 0.44 and 0.89 ~m, and all animals were injected with a _onstant activ-

ity, 5 x 1~-4 ~Ci 239pu/gm body weight. The 238pu0~ was injected in three particle sizes, 0.17, 0.41
2~ ¯ . ~ 38 . ¯ ¯ -3 . 238ana 1.1 ~m and a~ three act~vttu levels. ~he Pu c~trate was tnjected at 5 x 10 ~Ct Pu/gm

+ ~ 239 . .
body weigh~. Hamsters injected with PuO were sacrtftced at 15, 42 and 122 days after injection

¯ ¯ . ~ . 238 2~8 . 7and those injected w~tn etther P~O2 or Pu c~trate were sacrificed 12 days after injection.

The approximate sizes and distribution of particles were determined by autoradiographic methods.

The number of alpha tracks~star increased as a function of the particle size injected. A change in

particle size with time was noted as smaller particles were aggregated into larger ones by the pha-

gocytic action of Kupffer cells. Injection of 239pu02 and 238pu02 produced a distribution of chro-

mosome damage which was non-poissan in nature. 239pu02 produced increased damage with increasing

average dose with some cells cantaining a large n~er of aberrations, but there was relatively little

particle size effect. Conversely, aberration frequencies after 238pu02 injection were inversely re-

lated to particle size and no cells were seen with large amounts of damage. The 238pu citrate pro-

duced 6 x 10-3 aberrations/cell/rad which was a higher rate than observed for 238pu particles. This

rate is similar to that observed previously for 239pu citrate. Risk for the production of cellular

d~age in the liver was gre~ter per vCi following injection of either 238pu or 239pu citrate than

was following deposition of the same amount of 239pu02 or 238Pu02 particles.it

INTRODUCTION

Radiation dose is normally calculated by determining the energy deposited per unit of tissue.

The calculation involves an averaging and is meaningful when the energy is uniformly distributed

throughout the volume being analyzed. As smaller tissue volumes are considered, the range of energy

deposited in any one of these increases. This is especially true for internally deposited alpha-

emitting radioactive particulates where the range of the alpha emission is small and the deposition

may be nonuniform. Understanding and evaluating the risk from this wide range of local doses is

important in setting standards for exposure to alpha-emitting radioactive particles. This study

characterizes the dose distribution and the frequency and distribution of chromosome aberrations in

liver cells exposed to radioactive particles of 239pu02 or 238pu02.

METHODS

To investigate time-related changes in dose distribution from different particle sizes of

239pu02 and the relationship between particle size and aberration frequency for 238pu02, particles

of known size of each radionuclide were suspended in distilled water which contained 0.01% dipalmi-

toyl lecithin, a surface-active agent, and 1% ethanol, and were intravenously injected into Chinese

hamsters.
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The first group of hamsters was injected with a constant activity, 5 x 10-4 pCi 23gPuo2/gm

body weight, using three monodisperse particle sizes, 0.15, 0.44 and 0.89 um real diameter. Six

animals in each experimental group and six controls were sacrificed two days after partial-hepatec-

tomy and 15, 42 and 122 days after injection. At hepatectomy and sacrifice, the alpha activity,

dose and particulate distribution were determined.

Additional hamsters were injected with 238pu02 particles or 238pu citrate and sacrificed et a

constant time, 12 days post-injection. There were three monodisperse particle sizes, 0.17, 0.41
and 1.1 ~m and three activity levels for each particle size. The activities were 5 x 10-3 , 5 x

10-4 and 2 x 10-4 ~Ci/gm for the 0.17 pm particles, 7.1 x 10-3 , 2.7 x 10-3 and 7.1 x 10-4 ~Ci/gm

for the 0.41 ~m particles and 5 x 10-2 , 5 x 10-3 and 5 x 10-4 pCi/gm for the 1.1 um particles. The

238pu citrate was injected at a specific activity of 5 x 10-3 ~Ci/gm. There were six animals at

each experimental point and six control animals. Chromosomes were prepared, coded and scored as pre-

viously described I for both groups. This included determining the frequency and the distribution of

damage among cells. Autoradiographs of liver were prepared at hepatectomy and sacrifice and exposed

for 48 or 72 hours, depending on particle size. The distribution of activity was determined by mea-

suring the number of stars/400 X microscopic field for both 239pu02 and 238pu02. A measure of par-

239pu02 was obtained by counting the number of tracks of silver grains per star, butticle size for

238pu02 particles had such a high specific activity that the number of tracks/star could not bethe

determined. Measurement of tracks/star provided a useful index of changes in particle size distri-

bution with time.

Total alpha activity in the liver was determined at hepatectomy and sacrifice by liquid scin-
tillation counting. This activity was combined with retention patterns previously determined I to

calculate the radiation dose to the liver of individual animals.

RESULTS

The number of tracks per star was determined from autoradiographs of liver as a function of

particle size injected and time after injection. Figure i illustrates the distribution of tracks/

star for 239pu02 particles 13 days after injection. For 0.17 um particles, more than 80% of the

stars had ten or fewer tracks with no stars containing more than 50 tracks. Particles with a diam-

eter of 0.44 ~m produced stars with a mode number of 21 to 30 tracks and a few larger stars. The

largest particles, 0.87 um, had a wide range of star sizes with a broad peak extending from about

80 to 130 tracks/star. About 80% of the stars contained more than 80 tracks and 20% had more than
150 tracks.

Figure 1. The distribution of
tracks/star in autoradiographs of
Chinese hamster livers at 13 days
after intravenous injec~Rn with
0.15, 0.44 and 0.89 pm c~PuO2particles.
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As the time between injection and sacrifice increased, the microdistribution of particles

changed for all three particle sizes and the relative number of stars decreased. This seemed to be

the result of clumping of particles in the liver and is illustrated in Figure 2, using only the data

for the 0.15 ~m particles where the effect was marked. The number of particles in the smallest

class, 1 to I0, decreased from 85% at 13 days to 60~ at 40 days and 30% at 120 days. This decrease

in the number of small particles resulted in an increase in the number of larger particles and was

also reflected in a decrease in the total number of stars per 400 X microscopic field. The micro-

dose distribution is thus determined not only by the injected particle size but also by the length

of time after injection.

per microscopic field was characterized for 238pu02 and it was noted thatThe numberof stars
there were single alpha tracks in all sections. The frequency of occurrence of the individual tracks

238pu02 increased as a function of injected activity. The larger 238pu02 particles, 0.41 andfor

I.i ~m, had individual stars with greater than 200 tracks, whereas no large stars were observed in
animals injected with 0.17 ~m particles.

Response of the chromosomes to particulate exposure is summarized in Figure 3 for the 239pu02

Figure 4 for the 238pu02. The response, in terms of aberration frequency, was variable amongand

throughout the experiment. The average dose-response curves for 239pu02 wereindividuals almost
independent of particle size with the possible exception of the largest particles which seemed to

produce a lower slope than other particle sizes. The 239pu citrate I produced a steeper slope than

any of the 239pu02 particles.observed for

Response of the liver to the average dose delivered by 238pu02 particles was more dependent on

particle size than observed for the 239pu02. Best fit lines of the data had slopes of 5.5 x 10-5’

1.1 x 10-4 and 6.3 x 10-4 aberrations/cell/rad for the 1.1, 0.41 and 0.17 ~m particles, respectively.

The aberration frequency for liver chromosomes following 238pu citrate injection had a slope of 6.3

x 10-3 aberrations/cell/rad which is similar to the 4.8 x 10-3 value observed previously for 239pu

citrate.1

The distribution of chromosome aberrations among the cells was determined after both 238pu02

239pu02 injections. After 239pu02 injection, the distribution of aberrations among cells wasand

markedly non-poisson with an increase in the number of cells with multiple aberrations. This unus-

ual distribution of aberrations was not dependent on particle size but did increase as a function

dose. Cells exposed to 238pu02 also had the aberrations distributed in a non-pois-of both time and

son manner but lacked cells with extreme amounts of damage.

I00 J I I I I I I i I I i I I

?
801! 239p~ 02

II 0.15 M.m PARTICLES
|~"~H50oys Post-Injection

I 1~.6,--40 Doys Pest-Injection
~4

o,_,! ,o,.,,o,,2,,,3o,21-30 41-50 61-70 81-90

TRACKS PER STAR

141f-150 <150

Figure 2. The distribution of
tracks/star in autoradiographs of
Chinese hamster livers at 13, 40
and 120 ~Xs after injection with
0.15 ~m ~a~PuO2 particles.
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Figure 3. The frequency of chromo-
some aberrations in the liver cells
of Chinese hamsters related to aver-
age radiation dose following injection
with 0.15, 0.44 and 0.89 pm 239Pu02
particles. Each point represents an
individual animal.
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Figure 4. The frequency of chromo-
some aberrations in the liver cells
of Chinese hamsters related to aver-
age radiation dose 12 days after in-
~tion with 0.17, 0.41 and I.I um
J~PuO2 particles and 238Pu citrate.

DISCUSSION

Changes in the distribution of particle sizes with time influence the interpretation of biolog-

ical damage and risk following deposition of radioactive particulate materials. Although this study

relates to changes occurring in liver cells, it is not unreasonable to predict that macrophage pha-

gocytosis of inhaled particles might result in similar changes in local dose to lung with time. Al-

terations in local dose, particle size and particle distribution can be determined at the start of

an experiment but changes can occur due to differential uptake, movement and concentration of the

particles with time. Kupffer cells of the liver seem to be responsible for the movement and concen-

tration of the particles into radioactive "hot spots" in the liver. The risk for cancer production
from large local doses has been contested. 2’3 Additional studies on cancer production are being con-

ducted in this laboratory to relate chromosome aberration production to cancer incidence following

deposition of 239pu02 particles.

The rate of increase in chromosome aberration frequency as a function of average dose following

deposition of 239pu02 particles was similar to previously reported data. 1 Further, the near inde-

pendence of aberration frequency as a function of particle size, the decreased efficiency per rad

in producing aberrations relative to the uniform distribution of dose and the non-poisson distri-
bution of aberrations in the cell population, indicate that the cells sampled and scored are repre-

sentative of the total cell population. The non-uniformity of radiation dose and response may be
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responsible for the individual variability in response but on an average dose basis, particles with

a real diameter of 0.89 um seemed less efficient than the other sizes. This may be a reflection of

cell killing or mitotic delay. The non-poisson distribution of damage noted for all particle sizes

may have resulted from particulate clumping at longer time periods, especially in the smallest

particle size.

The marked particle size effect in producing chromosome damage when related to average dose

of 238p ~following deposition uu2 partictes may be related to a number of parameters. First, the high
specific activity of the 238pu02 particles results in a high dose and dose rate being delivered to

the cells next to the particles. This may result in cell killing and division delay which is parti-

cle size dependent. The otherwise rare observation of mitotic cells at the time of partial hepatec-

tomy in liver of animals exposed to 238pu02 may be an indication of cell killing and replacement.

More definitive measurements of this parameter are needed and may be obtained by use of the technique

described (this report, pp. 179-181). Second, the presence of single alpha tracks in the autora-

diograph of liver indicates either breakdown of the 238pu02 particles or failure to wash the soluble
238pu from the particles. If this component of activity is contributing to chromosome damage, it

would contribute independently of particle size. The contribution of the soluble component needs to

be eliminated in future studies of these particles to determine risk per particle.

Cellular damage can be evaluated following exposure to alpha-emitting particles and the results

related to the damage produced from uniform deposition of the same amount of activity. This infor-

mation is useful in risk evaluation from hot particles. The risk for production of cellular damage

is greater on a per ~Ci basis for uniformly distributed activity than it is for deposition of

alpha-emitting particles. As additional information is accumulated on cancer production from hot

particles, these data will be useful in relating chromosome changes to cellular damage which causes

tumor transformation.
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LONG-TERM TURNOVER OF CHINESE HAMSTER LIVER CELLS AS DETERMINED BY THE RATE

OF LOSS OF 14C-THYMIDINEFROM LIVER DNA

ABSTRACT

The ~ate of division and death of liver cells in the Chinese
T ~c "rl, ~F) T ¯

hamster was determined by measuring the change in the ratio
PRINCIPAL ,NV~JT~JA~v ,~

~4 ~ A. L. Brooks
of ~ c-thymiaine/mg DNA in liver. Radioactive th~midine was ~. F. Peters
~ncorporatsd into liver DNA by a series of intraoeritoneal i;. ~;. cuddiky

injections given over the I~rst three weeks of life. There

was a rapid drop in DNA per mg of dry tissue over the.Pir~ 20 days eC. life followed by a p~ateat~.

This indicates an increase in cell size for 20 d~ys and a censtant cell size over the remainder of

the experiment. The change in specific activity of 14C in the DNA with time w~s described by the

t~o component exponential equation Y = 39,000 e-0"031t + 22,000 e-0"000817t where Y equals DH# of

14C and t is time in days. This indicates that death rate of liver cells in the long-term component

of the equation was 0.0817% per day which corresponds to a hall-life of 850 days and an average ii]k

of 1220 days. In the mature animal, cell division rate is equal to cell death rate. The lifespan

of a cell can be defined as the time from one ceZl division to the next or from ceil division until

death, whichever occurs first. Using this definition, the lifespan of liver ce~s will be equal

twice the death rate as determined by 14C-thymidine loss. By 425 days of age half of the original

cells had either divided or died. This system will be ~sef~Z in determining the rate of cell kill-

ing in the liver following exposure to a variety of toxic s~bstances.

INTRODUCTION

Since liver parenchymal cells divide at a very slow rate, the turnover time for mammalian liver

cells has been difficult to determine. Using conventional methods such as cumulative mitotic index

or rate of incorporation of labeled DNA precursors, estimates of cell lifespan range from 100 to
3000 days. 1’2 An accurate estimate of cell turnover rate is important in studies of liver damage

after exposure to a variety of toxic materials.

Cell turnover time was determined in Chinese hamsters through a series of injections with 14C-

thymidine during rapid neonatal liver growth. The rate of loss of label from the liver was then

determined over the animal’s life. Since DNA replication is semi-conservative, the activity per

strand of DNA will drop by 50% at each cell division so that each daughter cell should have half the
activity of the precursor. This assumes no new incorporation of additional 14C-thymidine after the

end of the injection period. As the liver grows, cell division results in a decrease in specific

activity of the DNA. Therefore, measurement of the specific activity of DNA provides an estimate

of the cell division rate. In the adult liver, where there is no net growth, the rate of cell divi-

sion and rate of cell death should be equal. The rate of loss of activity from liver will thus be

a measure of both cell death rate and mitotic division rate after the liver has stopped growing.

METHODS

As a means of incorporating labeled thymidine into liver DNA, Chinese hamsters were injected
intraperitoneally with 0.065 ~Ci of thymidine-2-14C per gram body weight. Injections were at 3, 4

and 5 days of age and then twice weekly for the next two weeks. The 14C had a specific activity of

57 mCi/mmole. Hamsters were sacrificed at 7, 21, 37, 90 and 120 days of age and aL approximately

tOO-day intervals through 700 days of age. There were four animals in each sacrifice group through

300 days of age and six or seven in each group after that time.
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At sacrifice, total liver weight, 14C activity in isolated liver DNA and DNA per milligram of

wet and dry tissue were determined. The DNA was extracted using a perchloric acid method and total

DNA determined by a color reaction with indole. Liquid scintillation counting was used to determine

the 14C activity. Efficiency of the counter was determined by internal standardization and ranged

from 40% to 60%.

To determine if the long-term exposure to 14C-thjanidine had produced cellular damage as mea-

sured by chromosome aberration frequency, labeled animals were partially-hepatectomized; two at 300

days and seven at 430 days of age. Five controls were also measured at 430 days of age. The portion

of liver excised at surgery was analyzed as described above. At 50 hours after partial-hepatectomy,

the animals were injected intraperitoneally with 0.3 ml of I% colchicine to accumulate metaphase

cells and then sacrificed four hours later. Cells were prepared for scoring, slides coded, and

cells scored for chromosome damage.

RESULTS

Chromosome damage was determined to be about 0.05 aberrations per cell in both controls and
in animals injected with 14C-thJnnidine for 300 or 430 days. This level, similar to that seen pre-

viously, 3 indicated that the amount of 14C-thymidine used did not cause a detectable amount of chro-

mosome damage. When the mg DNA/mg dry weight was related to the age of the animals, there was a

rapid decrease from 0.024 to 0.010 mg DNA/mg dry weight over the first 20 days followed by a long-

term linear component with no significant decrease or slope.

The retention pattern of 14C activity per milligram total DNA is illustrated in Figure 1. Data

were adequately described by the two-component exponential equation Y = 39,000 e-O’0311t + 22,000

e-0"000817t. In this equation, Y is the DPM of 14C activity per mg DNA and t is age in days. The
early rapid clearance phase represented a loss of 63% of the 14C activity and had a half-life of 22

days. The long-term component cleared with a half-life of about 850 days. Liver DNA content in-

creased as a function of time over the first 100 days and seemed to remain rather constant over the

remainder of the experiment.

DISCUSSION

The early decrease in the ratio of mg DNA/mg dry weight reflects an increase in cell size as

the animal matures. During this time, the amount of DNA was also increasing. The total DNA/mg

remained constant over the time from 20 to 700 days covered in this experiment which would seem to

indicate a constant ratio of nuclear size to total cell size.

A decrease in the ratio of 14C-thymidine per milligram total DNA can result from either a loss

of 14C activity from liver or an increase in total DNA present. Loss of 14C activity from liver is

postulated to result from cell death and any increase in the amount of DNA from cell division. Dur-

ing the early part of the hamster’s life, the liver cells are dividing rapidly, resulting in a de-
crease in the specific activity of 14C in the liver cells with cell death playing a minor role. As

the animal matures, there is little further change in the size of the liver or in the ratio of nu-

clear size to total cell size. At this time, the liver is in a steady state with the rate of cell
division equal to the rate of cell death. The only loss of 14C from liver is then due to cell death.

Since cell division and death are in equilibrium, the rate of loss of 14C is also a measure of the

cell division rate. Using this basic premise, the rate of cell division in the long-term component

can be calculated to be 0.0817% per day or half of the cells will have divided by 850 days with an

average division time or lifespan of 1220 days. If cells stay in mitosis for about one hour, then

the mitotic index would be 0.0034% or it would be possible to observe, on the average, one dividing

cell in a total of 30,000 cells. This is difficult to relate to the observed values in liver, since
liver cells divide so infrequently.
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The definition of cell lifespan may include either cell death or division, such that an indi-

vidual cell lives from one cell division to the next or until it dies, whichever comes first. This

definition is useful in studies of chromosome aberration frequency where abnormalities are lost

through both cell death and division. Thus by 425 days, half of the original cells have either

divided or died and 610 days is mean average time to either death or division for all cells.

There are several potential problems involved with the use of this method to determine cell
life time. If 14C can get out of DNA without cell death, the cell cycle time will be longer than

calculated on the basis of the specific activity of the DNA. On the other hand, if the 14C is re-

cycled from dying cells to the next generation of living cells, the opposite effect will be observed.
During the short time following the injection of 14C-thymidine, rapidly dividing cells in the body,

including liver, take up the label from the blood and incorporate it into DNA. Cells that are la-

beled and subsequently die, release radioactive material into the blood where it may be reused by

dividing liver cells. The rate of liver growth decreases as the animal approaches maturity while
several other tissues continue to divide rapidly and incorporate 14C-thymidine from the blood which

minimizes recycling in liver. The 14C-thymidine pool continues to be diluted with time by excretion,

ingestion and synthesis which also decreases the amount of labeled DNA precursor available to the

liver. Thus cell turnover times estimated at time intervals beyond 100 days post-injection should

be fairly accurate. The constant rate of decrease in the slope over the time interval from 100 to

700 days also supports the reliability of this turnover time. Further work is needed to determine
the level of 14C-thymidine in the blood and to estimate the fraction of the 14C that may be recycled

from the thymidine pool to the liver cells.

This method for determining the turnover rate of liver cells will be useful in evaluating the

rate of cell killing in liver after exposure to toxic substances. A small change in the rate of
cell death would be reflected in a change in the slope of the 14C retention curve and would result

in an increase in the 14C activity in the excreta. This method can be applied to a number of im-

portant problems by providing an additional endpoint, cell death, which could be used in further

evaluation of the risk. One such problem could be to determine the effectiveness of particulate

versus uniform deposition of alpha-emitting radioactive materials in producing cell killing.

REFERENCES

I. Fabrikant, J. I., "Cell Proliferation in the Regenerating Liver of Continuously Irradiated
Mice," Br. J. Radiol. 40: 487-495, 1967.

2. MacDonald, R. A., "’Lifespan’ of Liver Cells," Arch. Int. Med. 107: 79/335-87/343, 1961.

3. Brooks, A. L., Diane K. Mead and R. F. Peters, "Effect of Aging on the Frequency of Metaphase
Chromosome Aberrations in the Liver of the Chinese Hamster," J. Gerontology 28: 452-454, 1973.

181



EFFECT OF ACUTE 60Co EXPOSURE OR CONTINUOUS INTAKE OF TRITIATED WATER

ON THE LIVER CHROMOSOMES OF HALE-STONER BROOKHAVEN MICE

ABSTRACT

Chromosomal damage in the livers of mice exposed to acute

60Co irradiation or continuous intake of tritiated water

(BTO) was evaluated and compared with that observe4 in livers

of Chinese hamsters subjected to various modes of irradiation.

One group of 30 Bale-Stoner Brookhaven mice was exposed to a

graded series of acute 60Co exposures and a second group of

55 was maintained on water with 3 vCi of tritiated water~ml
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for 90, 330, (500,560) or 700 days. The experimental animals and age-matched controls were parti-

ally-hepatectomized to stimulate liver cell division and the frequency of chromosome aberrations in

metaphase cells of the liver used as an index of radiation-induced change. ~nen liver cell chromo-

somes from mice on HTO water were compared to age-matched controls, there was a higher level of

damage in the animals on HTO at each samplin 3 time. At the 5% level, however, the increase was not

statistically significant. ~en four animals were omitted from the data (one with a clone of abnor-

mal cells and three with an unusual distribution of chromosome damage), there was a significant in-

crease in the level of chromosome damage in the liver of mice on HTO for either 330 or (550,560)

days. The level of chromosome damage following BTO ingestion was similar on a per rad basis to t~t

seen in Chinese hamster livers after protracted 60Co gamma exposure or internally deposited 144Ce,

an energetic beta emitter. The data support the goncept that on a per rad basis, the risk for chro-

mosome breakage following triti~ exposure as HTO is similar to that from other beta-g~a emitters.

INTRODUCTION

Tritium is produced by a number of nuclear processes. The 1970 world inventory of tritium in-
dicated that reactors have produced 0.5-1 megacurie of tritium; 10-102 megacuries have been produced

naturally and weapons have produced 103 megacuries. 1 It is predicted that at present rate of ex-

pansion of nuclear power production, the amount of tritium produced by reactors will reach that

level produced by past weapons tests by the year 1990.

The relative biological risk from HTO is assumed to be small because of its rapid turnover in

the body, 2 its low average beta energy (5.7 keV), and its short range in tissue (6 x -4 cm). Th is

raises the question of the biological effectiveness of HTO in producing genetic alterations in cell
nuclei. Two approaches to this question involved developing female mice germ cells 3 and rat testes4

where changes were demonstrated at low total doses. A third approach, a comparison of the produc-

tion of chromosome damage in mouse liver cells following continuous ingestion of HTO with that pro-
duced by acute exposure to 60Co, is described in the following study.

METHODS

Fifty-five Hale-Stoner Brookhaven mice were maintained on water containing HTO from weaning

until sacrifice; 53 age-matched controls were maintained on tap water. The level of HTO in the water

was 3 ~Ci/ml, a factor of I00 greater than the maximum water concentration permitted for occupational
human consumption. 5 The pattern of tritium incorporation was determined by analysis of fresh tis-

sue. After 90, 330, (500,560) or 700 days of consuming tritiated water, the experimental animals

and the controls were partially hepatectomized, sacrificed and liver cells prepared for chromosome

analysis.
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An additional 30 Hale-Stoner Brookhaven mice were exposed to single, acute whole-body 60Co

gamma irradiation at doses of 50, 100, 200, 400 and 600 rads; 6 unexposed mice served as controls.

All exposures were 20 minutes long with the distance being varied between the animals and the source

to achieve the desired dose. The animals were exposed in two groups of three animals each.

RESULTS

The tissue and blood plasma levels of HTO increased rapidly and appeared to reach equilibrium

by seven days with the average concentrations over the remainder of the study being 55 and 82%, re-

spectively, of that in the drinking water. The average concentration of tritium in the liver pro-

duced a dose rate of 0.49 rads/day to liver during the time when it was in equilibrium. At this dose

rate, mice consuming HTO received cumulative doses to liver of about 50, 160, 250, and 340 rads for

the 90, 330, (500,560), and 700 days of exposure, respectively.

The surgical mortality following hepatectomy in mice exposed to 60Co was 20%. This is higher

than the 12% observed in Chinese hamsters.5 The deaths apparently were not related to dose as they
occurred at all dose levels and in controls. Among the mice in the HTO experiment, the surgical

mortality rate was 53% with higher mortality in the males than females. Even with this high mortal-

ity, the deaths were randomly distributed so that at least six animals were scored for chromosome

damage in each of the tritium groups except the 700-day group where only one animal survived and

produced scorable chromosomes. At least four animals in each of the age-matched control groups were

available for chromosome analysis.

The dose-response curve for the 60Co study had the same general slope in both groups scored

but the value for aberrations/cell fell to zero in the controls from the second group. To use all

data, control values were subtracted from exposed values and the aberration frequency weighted in

terms of the number of cells scored in each group. Dose-response curves were generated by relating

the percentage of the cells with abnormalities and the number of aberrations/cell to the radiation
dose. The equations which best fit the data were Y = 8.0 + 7.5 x 10-2 D where Y is the percentage

of cells with aberrations and Y = 0.002 + 2.0 x 10-3 D + 3.9 x 10-7 D2 where Y is aberration/cell.

D is dose in rads in both equations. In the mouse, both the percentage of abnormal cells and aber-

rations/cell increased almost linearly as a function of dose.

Data on the effect of HTO on liver chromosomes are summarized in Table 1. The chromosome aber-
ration frequency appeared to increase with age as has been previously demonstrated. Major observed

aberration types were chromosome deletions, dicentrics and metacentrics. When the percentage of

abnormal cells was related to age and time on HTO, the control animals had lower percentages of ab-

normal cells than those consuming HTO-labeled water. Further analysis of aberration types indicated

that one animal in the control group at 330 days had a symmetrical chromosome exchange in 20% of

the cells. The aberration, when present, was similar in each cell indicating that a clone of cells

had formed in this liver.

Distribution of aberrations among the total cell population was analyzed as a measure of cells
at risk as well as an average index of damage. Following whole-body exposure to 60Co, the distri-

bution of aberrations resembled a P~isson distribution. With the exception of three animals, aber-

rations in the HTO animals seemed to be randomly distributed among the cells. In each of these

three animals, one of which had been on HTO for 560 days and two from the 500-day control group,

there were individual cells with more than nine aberrations in a single cell, suggesting that the

cells in these animals may have been exposed to some other mutagenic agent during their lifetime.

DISCUSSION

Dose response data for 60Co irradiation provide a basis for comparing radiation response of

liver cells in mice with that observed in Chinese hamsters. Previous reports on blood lymphocyte
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Table 1
Chromosome Damage in Liver Cells of Hale-Stoner Brookhaven Mice Following Chronic Ingestion

of 3 ~Ci/ml HTO

Time on Total
HTO Treat- Total Abnormal Chromosome Dicen- Meta- Aber- Aberrations Percent

(days) ment Cells Cells Deletions tric centric Other rations Per Cell Abnormal

90 0 142 3 4 i 5 0.04 2
HTO 167 11 7 3 3 13 0.08 7

193 17 4 4 I 9 SCEb 18 0.09 9300 a 150 7 4 3 7 0.05 5
HTO 175 24 14 11 I CtDc 34 0.20 14

I SCE
500,560 0 285 27 9 36 45 3 ring i01 0.35 9

4 SCE
4 Tricentric

0d 207 8 3 2 2 ring 8 0.04 4
I SCE

HTO 196 26 7 21 3 2 Tricentric 49 0.24 13
HTOe 177 19 7 16 3 SCE 24 0.14 11

700 0 57 4 i 2 i ring 4 0.07 7
HTO 51 4 4 i 7 0.14 8

aone animal with
cCtD = chromatid
eone animal with

a clone ofdabnormal cells eliminated; bSCE = symetrical chromosome exchanges;
deletion; two animals with unusual distribution of aberrations eliminated;
unusual distribution of aberrations eliminated.

chromosomes in mice and hamsters exposed to x-rays indicated a similar dose response. The higher

aberration/cell values observed in the mice in this study may be related to the increased number of

polyploid cells observed in mouse liver compared to those observed in the hamster. In the present
60Co study, 61% of the cells of exposed mice were polyploid whereas in a similar study of hamsters5

only 6# of the cells exhibited polyploidy. However, following acute whole-body 60Co exposure, the

slopes of the dose-response curve for the percentage of cells that were abnormal were similar, 7.5
x 10-2 in mice and 8.9 x 10-2 in hamsters. Abnormal cells can thus be used as an endpoint for com-

paring the cellular damage produced by different radiation treatments.

To determine if the percentage of abnormal cells in animals that drank water containing 3 pCi/

ml HTO was different from that observed in the controls, a one-tailed test for difference in propor-

tions was applied to the data. There was no significant increase in any of the groups drinking HTO

(p > 0.05). Since all the HTO groups had a higher mean percentage of abnormal cells, the data were

further evaluated to determine if this lack of a statistical effect was real. Analysis of the data,

excluding four animals, one with a clone and three with an abnormal distribution of cellular damage,

is illustrated in Figure 1. The percentage of abnormal cells was again higher in each HTO ingestion

group. If the exclusion of these animals can be accepted, then the same statistical test showed a

significant increase (p < 0.05) in the percentage of cells that were abnormal in both the 330- and

(500,560)-day groups while no change was definable at 90 and 700 days.

At these levels of HTO consumption, there was no clear dose-response relationship. The aberra-

tion frequency observed in mice was therefore compared with that in Chinese hamster liver cells where
a well-defined dose-response relationship existed. 5’6 In the hamster, abnormal cells increased lin-

early with a slope of 2.2 x 10-2 and 2.3 x 10-2 percent abnormal per rad for 60Co and 144Ce, respec-

tively. Assuming equal radiation-sensitivity for mice and hamsters and that the biological effec-
tiveness of tritium is similar to 60Co or 144Ce, the percentage of cells that would be abnormal fol-

lowing a dose of 50 rad accumulated over 90 days of tritium ingestion would be about 1%. These same

assumptions can be used to calculate an expected aberration frequency of 3.7, 5.6 and 7.8% for ani-

mals drinking HTO for 330, (500,560), and 700 days, respectively. These predicted aberration fre-
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Figure 1. The fraction of abnormal cells in
control mice and mice drinking HTO over a
variety of time periods. Four mice have been
eliminated from the analysis of these data.

quencies can be compared to measured values of 4.7, 9.0, 6.8 and 0.7%, respectively, derived by

subtracting the control values from the percentages of abnormal cells in animals drinking HTO. Thus,

the levels of chromosome damage following tritium ingestion for 90 and 330 days were higher than
predicted from 60Co or 144Ce, whereas the value observed at (500,560) days was about equal to that

predicted. Insufficient numbers of cells were scored following 700 days of HTO consumption to make

a valid comparison.

The level of HTO, 3 mCi/ml, was i00 times higher than the 3 x 10-2 ~Ci/ml level established by

the NCRP as a level for occupational use by humans. This difference makes any biological changes

observed also difficult to interpret in terms of human risk. The data do, however, support the con-

cept that average dose to the tissue is adequate in evaluation of risk for the production of chro-

mosome aberrations from ingestion of HTO.
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THE EFFECT OF 144Ce-144pr AND PARTIAL-HEPATECTOMY ON THE PRODUCTION

OF LIVER TUMORS IN THE CHINESE

ABSTRACT

Six hundred and fifty (650) Chinese hamsters have been

introduced into ~n experiment to determine the combined

effect of partial-hepatectomy and intraperitoneal injection

of 144Ce-144pr citrate on the production of liver tumors.

Injected activity levels ranged from 0.036 to 0.25 ~Ci

144Ce/gm body weight and they had either no further treat-

ment or were partially-hepatectomized at either 20 days

HAMSTER
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before or 20 or 200 days after injection. Controls were subjected to a similar surgical schedule.

To date, 50 animals have been sacrificed at 600 days and 334 animals at 700 days post-injection.

The dose to the liver at sacrifice has ranged from I, 300 to 10,000 rads and produced from 0.50 to

3.20 chromosome aberrations/cell. Of 230 animals injected with 144Ce and allowed to live 700 days

after injection, 46 developed liver tumors, mainly hepatoceullular neoplasms, although 2 fibrosar-

comas, 2 hemangiosarcomas and 1 bile duct adenoma were seen. There have been no hepatic neoplasms

in the 102 control animals. There were no clear relationships established between liver tumors

and radiation dose or chromosome aberration frequency. Partial hepatectomy following injection

with 144Ce-144pr caused a significant increase in liver tumor incidence. Internally deposited

144Ce-144pr is thus an effective inducer of hepatic neoplasia and partial-hepatectomy, acting as a

promoting agent through stimulation of cell division, further increases tumor frequency.

INTRODUCTION

Increasing numbers of chemical and physical factors introduced into the human environment may

be involved in producing the upward trend observed in the incidence of certain types of cancer.

These factors range from supposedly innocuous materials to known carcinogens. An understanding of

the basic mechanism of carcinogenesis is needed to evaluate any possible synergistic interactions

in producing cancer. The interaction of somatic mutations with cell division may be an important
component of carcinogenesis I and is one of the basic problems addressed in this research.

This report updates information on our studies in which low dose rate beta irradiation from

144Ce-144pr served as the mutagen and a tumor initiator and partial-hepatectomy as the promoter in

liver tumor production in the Chinese hamster.

METHODS

A total of 650, 12- to 16-week-old Chinese hamsters raised in our laboratory were divided into

eleven experimental groups. A complete summary of the number of animals and the methods were re-

ported in the 1972-1973 Annual Report, LF-45, pp. 241-249. The experimental treatments were as fol-

lows: Group 1 animals were intraperitoneally injected with Na citrate and served as controls. Group

2 control animals were partial-hepatectomy controls with half undergoing the surgery at 20 days
and half at 200 days post-citrate injection. Groups 3, 4 and 5 were injected with 144Ce citrate

at activities of 0.036, 0.I0 and 0.25 vCi 144Ce/gm body weight and received no post-exposure hepa-

tectomy. Groups 7 and 8 received 0.05 and 0.I0 uCi of 144Ce/gm and were partially-hepatectomized

20 days post-injection. Groups 9, 10 and 11 were injected with 0.04, 0.12 and 0.25 ~Ci/gm, respec-

tively, and underwent the surgical procedure 200 days post-injection.

186



RESULTS AND DISCUSSION

With the exception of some controls and animals injected with 0.1 or 0.12 mCi 144Ce/gm body

weight, all other animals have been sacrificed and pathological evaluation completed.

As reported in LF-46, pp. 244-247, the highest doses produced marked life-shortening while

animals with doses of less than 3,000 rads demonstrated a minimal amount of life shortening.

The summary of biological responses related to these doses is given in Table i and includes the

total numbers of animals, chromosome aberration frequencies, total numbers of liver tumors and liver

tumor incidences. The animals sacrificed at 600 days are not included in the table since there was
only one hepatocellular neoplasm in the 50 animals examined. The table illustrates that 144Ce is

an effective mutagen as well as a carcinogen. The chromosome aberration frequency in treated ani-

mals was between 0.50 and 3.20 aberrations while controls had a frequency of about 0.I0 aberrations/
cell. Animals injected with 144Ce had an overall liver tumor incidence of 20% while no tumors were

observed in the livers of 102 control animals. This cumulative incidence was calculated on the

basis of the number of tumors detected divided by the total animals which had complete pathological

examination. Such an analysis does not take into account early deaths, which may have occurred be-

fore the animals had adequate time to develop liver tumors. When tumor incidence was calculated
using a life table type of analysis, 2 the total incidence was increased to 25%. Since there were

only a total of 9 tumors observed in the animals that died prior to 700 days post-injection and

the highest number in any experimental group was three, this analysis was not extended to indivi-

dual groups.

The 20% tumor incidence in 144Ce injected animals is lower than observed in mice by Curtis3

following treatment with CCI4 and 500 rads of X-rays or 250 rads of fission neutrons where he noted
that 48% of the animals in either treatment had liver tumors. The doses used by Curtis were much

lower than the 1,300 to 10,000 rads delivered in the present study. This dose response difference

may imply that protracted irradiation is less effective in producing tumors than acute exposures.

However, a species difference or a difference in the method of scoring tumors may also be involved.

Furthermore, CCI4 itself may act as a co-carcinogen rather than simply stimulating cell division.

Table I

Effect of 144Ce-144pr and Partial-Hepatectomy on the Production of Liver Tumors in the Chinese Hamster

Injected Total Animals
Activity Dose Hepatectomy Aberrations/ Total with Liver Tumor
(~Ci/~) !rads) (days) Cell Animals Liver Tumors Incidence

144Ce_144pr

0.25 10,000 + 200 3.20 27 9 0.33

0.25 9,200 - 3.00 30 5 0.17

0.04 2,600 + 200 0.90 41 12 0.29a

0.036 2,200 - 0.80 82 Ii 0.14a

0.05 1,300 + 20 0.50 50 9 0.18

Totals 230 46 0.20

Controls

0 + 200 0.I0 26 0 0

0 + 20 0.10 30 0 0

0 0.I0 46 0 0

Totals 102 0 0

astatistically significant at the 95% level.
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Tumor incidence in our study does not appear to be directly relatable to either dose or chromo-

some aberration frequency although a direct relationship between dose and aberration frequency has
been previously established. 4 Tumor incidence in animals that were injected with 0.25 ~Ci/gm and

partially hepatectomized was 33%. These animals had cumulative liver doses of I0,000 rads and a

calculated aberration frequency of 3.20 aberrations/cell. This tumor frequency was very close to

the 29% observed in animals injected with 0.04 bCi/gm combined with partial-hepatectomy. These

animals had a liver dose of 2,600 rads and an aberration frequency of 0.90 aberrations/cell. Thus

the dose and aberration frequency decreased by a factor of three between these two groups, but the

tumor incidence remained almost constant.

Analysis of the interaction of partial-hepatectomy with 144Ce to produce liver tumors indicated

that partial-hepatectomy prior to injection had no effect. Since the dose for animals that were

partially-hepatectomized prior to injection and the dose to those without surgery were equal, these

groups were combined.

The effect of partial-hepatectomy on liver tumor frequency after injection with 144Ce was de-

termined. Hamsters injected with 0.04 uCi/gm and partially hepatectomized 200 days post-injection
had a 29% tumor incidence. This incidence was significantly higher at the 95% confidence level than

the 14% incidence observed in animals injected with 0.036 ~Ci/gm. Both groups had the same dose to

the liver. Animals injected with 0.05 uCi/gm and partially hepatectomized at 200 days post-injec-
tion also had a higher tumor incidence than the 0.036 ~Ci/gm group but this apparent increase was

not statistically significant. However, the mean dose to the liver of the 0.05 ~Ci/gm hamster was

only 1,300 rads compared to 2,200 rads to the liver of the 0.036 ~Ci/gm animals.

When the tumor frequency in all the 144Ce-injected animals that had a partial-hepatectomy (25%)

was compared with the frequency in those with no partial hepatectomy (14%) after injection of 144Ce,

the difference was significant at the 90% but not at the 95% confidence level. These data indicate

that partial-hepatectomy and subsequent cell division and liver regeneration interact with hepatic

irradiation from 144Ce-144pr to cause an increase in liver tumor incidence.

When the animals injected with 0.I or 0.12 ~Ci/gm are evaluated, it will be possible to define

further the relationship which exists among the variables; chromosome aberrations, radiation dose,

partial-hepatectomy and tumor incidence. To date, results indicate that protracted exposures to

144Ce which produced about 1.0 aberration/cell and delivered over 1,300 fads to liver caused an

increase in liver tumor frequency over that observed in the controls and that partial-hepatectomy

further increased the tumor incidence.

REFERENCES

i. Cole, L. J. and P. C. Nowell, "Radiation Carcinogenesis. The Sequence of Events," Science 150:
1782-1786, 1965.

2. Cutler, G. J. and F. Ederer, "Maximum Utilization of the Life Table Method in Analyzing Sur-
vival," J. Chron. Dis. 8: 699-712, 1958.

3. Curtis, H. J., Carol Czernik and J. Tilley, "Tumor Induction as a Measure of Genetic Damage and
Repair in Somatic Cells in Mice," Radiat. Res. 34: 315-319, 1968.

4. Brooks, A. L., R. O. McClellan and S. A. Benjamin, "The Effects of 144Ce-144pr on the Metaphase
Chromosomes of the Chinese Hamster Liver Cells In Vivo," Radiat. Res. 52: 481-498, 1972.

188



EFFECT ON CANINE LYMPHOCYTE FUNCTION OF 144Ce INHALED IN FUSED CLAY PARTICLES

ABSTRACT

Beagle dogs exposed by inhalation to 144Ce in fused

clay particles develop a persistent lymphopenia and PRINCIPAL INVESTIGATORS
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show a depressed in vitro response to plant mitogens.

These studies were designed to evaluate the cellular

basis for this defect. The survival and growth of lymphocytes from irradiated and control dogs were

evaluated through 96 hours of culture. Many irradiated lymphocytes that were viable in vivo died

within 24 hours in vitro. The remaining lymphocytes appeared to grow normally indicating that the

early in vitro death was responsible for at least a portion of the difference between irradiated and

control lymphocyte cultures. A second experiment was designed to determine if any humoral factors

in plasma of irradiated dogs were responsible for the poor response of the lymphocytes. Lymphocytes

from irradiated and control dogs were grown with plasma from both types of animals. Heterologous

plasma had no apparent effect on lymphocyte growth, indicating that humoral factors were not involved

INTRODUCTION

Beagle dogs exposed by inhalation to 144Ce in fused clay particles develop a profound and per-

sistent lymphopenia. I The remaining peripheral lymphocytes in these lymphopenic animals exhibit a

reduced response to plant mitogen stimulation in vitro. 2 The following experiments were designed

to evaluate the underlying causes of the decreased lymphocyte transformation and gain better under-

standing of the mechanisms of radiation-induced lymphocyte damage.

METHODS

The dogs used for these experiments were exposed to aerosols of 144Ce in fused clay particles.

Details of exposures, metabolism and dosimetry have been reported (1971-1972 Annual Report, LF-45,

pp. 209-215) as have the procedures for blood sampling and lymphocyte culture preparation (1972-1973,

Annual Report, LF-46, pp. 248-253). For the experiments reported here, peripheral blood samples

were drawn from 144Ce-exposed dogs between 1.5 and 2 years after exposure at which time the exposed

dogs still had severe lymphopenia.

Ten 144Ce-exposed and 10 control dogs were used for the first experiment. To evaluate survival

and growth of lymphocytes in culture, 33 cultures were prepared from each dog. Eleven cultures were

stimulated with phytohemagglutinin (PHA), 11 with pokeweed mitogen (PWM) and 11 with saline 

control. At 24, 48, 72 and 96 hours after culture, 6 tubes (2 with each treatment) were harvested

for each dog. An aliquot was removed for total and differential cell counting and viability counts,

and the remainder labeled with 3H-thymidine for 30 minutes. Autoradiographs were prepared and the

cell labelling index determined. The remaining 9 cultures from each dog were harvested at 96 hours

after a 24-hour incubation with 3H-thymidine. The methods for evaluation of DNA synthesis have been

previously described (1972-1973 Annual Report, LF-46, pp. 248-253).

A second experiment was performed to determine if any humoral factors were present in the plasma

of exposed dogs that might be responsible for the decreased lymphocyte transformation. Blood was

drawn from 6 dogs exposed to 144Ce and 6 control dogs, and cultures were prepared as usual, using

autologous plasma in medium supplemented with 10% fetal calf serum. A second group of cultures were

prepared in which cells from an exposed dog were grown with plasma from a control dog and vice versa.
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Sixteen cultures were set up for each animal, 5 stimulated with PHA and autologous plasma, 5 with

PHA and heterologous plasma, 3 with saline and autologous plasma and 3 with saline and heterologous

plasma. Cultures were grown as usual and evaluated for DNA synthesis at 96 hours.

RESULTS

At the time when the dogs exposed to 144Ce in fused clay were sampled for these experiments,

they showed a marked lymphopenia as compared to the controls (p < 0.001). The survival of lympho-

cytes in culture is shown in Table 1. The cell counts in the PHA stimulated cultures dropped sharply

due to the occurrence of severe leukocyte clumping. Even so, there were fewer lymphocytes in the

irradiated dogs’ cultures from 48 hours on as determined by cell counts. The PWM cultures did not

agglutinate and demonstrated these changes more clearly. There was a sharp decrease in the number

of lymphocytes in the irradiated lymphocyte cultures by 24 hours. The total cell counts then in-
creased in both groups but remained significantly lower in the cultures from 144Ce-exposed dogs.

The same result was seen in the saline control cultures. The apparent growth in the saline cultures

was probably due to the presence of the dextran (see this report, pp. 203-205). Table 2 shows

the in vitro growth of these same cultures. These values were obtained by multiplying the la-

belling index of the cultures by the absolute lymphocyte counts. The labelling indices were not

significantly different for the cultures from exposed and control dog groups although individuals

did vary considerably. At 72 and 96 hours the mean labelling index in PHA and PWM stimulated

lymphocyte cultures from irradiated and control dogs ranged from 29 to 41%. The highest level in

saline stimulated cultures was 2%. Table 2 demonstrates that there is a marked and significant
difference between the total number of labelled cells in lymphocyte cultures from the 144Ce-exposed

and unexposed dogs. Table 3 shows the effect of the plasma on the lymphocyte cultures. Individual

responses were variable when plasmas were switched, however there was no significant difference in

culture growth when the hetrologous rather than autologous plasma was used.

DISCUSSION

The results of these experiments indicate that 30 to 40% of the irradiated lymphocytes that

are viable in the peripheral blood cannot withstand the culture conditions and die within 24 hours

in vitro. The exact nature of the damage in these cells is not yet clear. The remaining lympho-

Table 1
In Vitro Survival of Lymphocytes from Dogs Exposed to 144Ce in Fused Clay Particles

Time in Culture (hours)
0 24 48 72 96

Phytohemaggl utinin Stimulation

Controls 572 + 19a 283 + 37 345 + 43 507 + 43 622 + 95
144Ce_exposed ....546 + I0a 223 + 32 205 + 29 315 + 43 496 + 89I I

p < 0.4 p < 0.4 p < 0.025 p < 0.01 p < 0.4

Pokeweed Mitoqen Stimulation

Controls 572 + 19
144Ce-exposed 546 + I0

Saline Controls

557 + 42 615 + 84 731 + 90 778 + 109I I

348 +_ 33 340 +_ 35 356 + I01 598 + 74I

p < 0.001 p < 0.01 p < 0.001 p < 0.I

Controls 572 ~ 19 463 L 38 536 ~ 67 634 + 91 691 + 90
144Ce_exposed - _

546 ~ I0 322 ~ 41 286 + 34 373 + 37 388 + 56I

p < 0.025 p < 0.005 p < 0.025 p < 0.01

aLymphocyte counts per ml per culture x 103 (mean ± SE).
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Table 2 144Ce
In Vitro Growth of Lymphocytes from Dogs Exposed to in Fused Clay Particles

Time in Culture (hours)

24 48 72 96

Phytohemagglutinin Stimulation
Controlsa 1.3 + 0.5b 59 + i0 167 + 44 189 + 31

144Ce-exposeda 0.9 ~ 0.4 35 ~ 5 138 + 34 128 + 23

p ~ 0.5 p < 0.05 p > 0.5 p < 0.I

Pokeweed Mito~en Stimulation
Controlsa 1.6 + 0.9 107 + 25 210 + 28 309 + 54

144Ce-exposeda 2.5 + 1.5 65 + 8 121 + 18 167 + 34

p > 0.5 p < 0.1 p < 0.025 p < 0.05

Sal i ne
Controlsa 0.4 + 0.4 6 + 2 5 + 3 14 + 4

144Ce-exposeda 0c 2 +_ 0.5 6 +_ 2 5 +_ 2

p < 0.1 p > 0.5 p < 0.i

aAbsolute number 3H-TdR labelled lymphocytes per culture x 103 (absolute lymphocyte counts 
labelling index); bMean ~ SE; CLabelling index was O.

Table 3
Effect of Plasma on Lymphocytes from Control Dogs and Dogs Exposed to 144Ce in Fused Clay Particles

Phytohemagglutinin Response
Canine Lymphocyte a

Source Autolo9ous Plasma Heterologous Plasma

144Ce-exposed 2582 ~ 878b 3968 L 1772 (p > 0.4)

Controls 9264 + 2628 11911 + 5051 (p > 0.5)

~Exposed dog lymphocytes
Mean CPM + SE.

with control plasma or control dog lymphocytes with exposed plasma.

cytes in these cultures appear to grow as well as the cells from control dogs, supporting the pre-

vious finding of no cell cycle aberrations in this growing population (1972-1973 Annual Report, LF-

46, pp. 248-253). It appears then that at least a portion of the difference between the lymphocytes
from irradiated and control animals reflects this early death in vitro. Differences between 3H-

thymidine uptake and absolute numbers of labelled cells at 96 hours were of a similar order of

magnitude. Whether other factors are involved, such as some abnormality of the surviving cells

themselves, as is suggested by other experiments (this report, pp. 192-196), is also not clear.

It has been suggested that there could be some humoral factors, possibly cortico~teroids, re-

leased which account for the depressed lymphocyte response in irradiated dogs. Plasma from irradi-

ated dogs had no significant effect on the growth of normal lymphocytes in vitro and normal plasma

did not affect irradiated lymphocyte growth. This strongly suggests that a humoral factor is not

involved. Further experiments are underway to elucidate the basic underlying mechanisms of radia-

tion-induced lymphocyte damage after chronic pulmonary irradiation.
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COMPARATIVE EFFECTS OF INHALED RELATIVELY
90y, 144Ce AND 90Sr ON CANINE PERIPHERAL

ABSTRACT

Dogs that have inhaled relatively insoluble forms of either

alpha- or beta-e,n~tting radionuclides manifest a peripheral

ly~phopenia, the development and course of which is both

total dose and dose-rate dependent. The remaining periph-

eral lymphocytes in dogs exposed to longer lived beta-

emitting radionuclides show depressed response to plant

mitogens in vitro. This ex~periment was designed to evaluate

the effect of dose rate on peripheral lyr~phocyte function by

INSOLUBLE FORMS OF

LYMPHOCYTE FUNCTION

PRINCIPAL INVESTIGATORS

S. A. Benjamin
R. K. Jones
M. B. Snipes
C. S. Lustgarten

e~posing dogs to ~erosols of radionuelides with varied effective half-lives in the lungs; 90y
(2.6 days), 144Ce (170 days) and 90Sr (650 days). Three groups of 4 ~dult ~eagle dogs each 

e~osed by inhalation to 90y, 144Ce or 90St in f~ed clay particles. Two controls were matched

with each group. Hematologic parameters and lymphocyte function as measured by the ability of

lymphocytes to respond to plant mitogen stimulation were evaluated on a weekly or biweekly basis

through 8 weeks post-exposure and monthly thereafter. The 90y-exposed dogs showed a marked

iymphopenia within one week with a return to control levels by 20 weeks post-exposure. The

remaining peripheral Zymphocytes, however, showed no functional changes in these dogs. Animals

exposed to 144Ce or 90Sr in fused c~ay developed a progressive and persistent ly~%)hopenia and

showed functional depression of the remaining ly~phocytes as well. The relationships between

dose pattern, lymphopenia and lymphocyte function depression are discussed.

INTRODUCTION

Beagle dogs receiving pulmonary irradiation from a variety of internally deposited alpha- or
beta-emitting radionuclides have been reported to develop peripheral lymphopenia. 1-3 The time

course of development and the duration of this ly~phopenia are dependent on the effective half-life
in the lung of the radionuclide involved and the degree is dependent on the total dose.3

Dogs exposed to 144Ce in fused clay particles by inhalation develop lymphopenia as well as

functional depression of the remaining peripheral lymphocytes as measured by response to phytohema-
gglutinin (PHA) stimulation in vitro. 4 We have also shown (unpublished data) that at times when

pulmonary neoplasms develop in animals exposed to 144Ce and 90Sr in fused clay, they have had

similar lymphocyte derangements. The present experiment was designed to study: (a) the effect 

radiation dose and dose rate on the functional properties of peripheral lymphocytes during the

course of the development of and recovery from the lymphopenic state and (b) the course of the

lymphocyte depression in individual dogs and how this is related to ultimate development of

pulmonary neoplasms. The fused clay aerosols used contained 90y: 144Ce or 90Sr respectively.

MATERIALS AND METHODS

The materials and methods for animals, exposures and lymphocyte cultures in this experiment

have been reported previously in detail (1972-1973 Annual Report LF-46, pp. 170). Dogs were housed

individually for 60 days after exposure and then placed in pairs in kennels. Regular whole body

counts were made to provide a record of the biological retention of the pertinent radionuclide.

Calculations for absorbed radiation dose to the lungs of the exposed dogs were made by standard
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methods. All dogs were checked daily for signs of illness and given complete clinical examinations
at regular intervals and if they became clinically ill. Complete necropsy examinations were per-

formed on all animals that died.

RESULTS

The initial lung burdens and dose parameters for the dogs exposed to 90y, 144Ce or 90Sr in
fused clay are shown in Table I. Results of the hematological findings through 44 weeks post-

exposure are shown in Figure 1. Three dogs from the 90y group, two from the 144Ce group and one
from the 90Sr group died before 44 weeks after exposure and the times of death relative to sam-

pling times are indicated by the black symbols. The graph points represent the means for each ra-

dionuclide group and the six grouped controls. Lymphocyte counts in the dogs exposed to 90y in
fused clay decreased within several days after exposure and remained significantly depressed (p 

0.05) through 8 weeks post-exposure with the exception of the samples taken at 6 weeks; they returned
to control levels by 16 to 20 weeks. Lymphocyte counts in the dogs exposed to 144Ce in fused clay

were significantly lower than the controls from 4 to 28 weeks after exposure. From 32 to 40 weeks

after exposure, the mean values of these dogs remained low, but were not statistically different
from the controls, because only two of the 144Ce-exposed dogs had been very severely depressed and

one died prior to the 32-week sample. The 144Ce-exposed dogs had a greater range of initial lung

burdens than the other groups. The second severely depressed dog died before the 41-week sampling,
but by this time the two remaining 144Ce dogs had developed a more severe lymphopenia. This varia-

bility within the 144Ce-exposed group was also reflected in the lymphocyte function values. Dogs

exposed to 90Sr in fused clay had a lymphopenia that was statistically significant (p < 0.025) 

12 weeks and remained so until the 44-week sampling. The dog with the lowest lymphocyte count died

Table I

Activity and Dose Parameters for Dogs Exposed by Inhalation to
90y, 144Ce or 90Sr in Fused Clay

Radionuclide

90y 2.6 days

144Ce-144pr 170 days

90Sr-90y 650 days

Initial
Lung

Burden Initial
uCi/k9 tEa Rads/Day Rads/Day

520-610 2200-2600 0
(560)b

33-60 200-350 48-130
(46)

25-32 130-170 92-130
(28)

Effective half-life (tE)
Bracketed figures represent means.

Radiation Dose To Lunq
At Death or 44 Weeks

Cumulative Rads

8100-9400
(8800)

33000-51000
(42000)

35000-43000
(39000)

DAYS POST-EXPOSURE

44
48

Figure 1. Absolute lymphocyte
values in Beagle dogs after in-
halation exposure to 90y, 144Ce
or 90Sr in fused clay particles.
Each point represents the mean
value for a group. The black
symbols indicate that a dog died
prior to that sampling time and
one dog less is represented in
the mean.
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before this time contributing to an upswing in the group mean. Also, two other dogs had relatively

high lymphocyte counts on that day, which contributed to the apparent recovery in absolute lympho-

cyte values.

The functional responses to PHA of the lymphocytes from dogs in the 90y, 144Ce and 90Sr groups

are shown in Figure 2. The function of the lymphocytes from the 90y dogs (Fig. 2a) essentially
parallels that of the controls for the duration of the experiment and, even during the time of

maximum lymphopenia, there was no significant difference between the groups. The response of the
144Ce in fused clay dogs was more complex (Fig. 2b). Even though there was significant lympho-

penia by 4 weeks post-exposure, the lymphocyte function parameters were not significantly depressed

as compared to the controls (p < 0.05) until 20 weeks post-exposure. Even then the functional

lymphocyte response increased again after the death of the highest level dog. By 44 weeks post-
exposure, the two remaining 144Ce-exposed dogs had begun to show significant depression of lymphocyte

function. The lymphocyte function responses of the 90Sr in fused clay dogs (Fig. 2c) show that 

12 weeks post-exposure, both the absolute lymphocyte counts and the lymphocyte responses to PHA were

significantly depressed (p < 0.025). The lymphocyte function responses, however, took a sharp drop

in these dogs at 28 weeks after exposure. At 44 weeks, the response of the lymphocytes from the
90Sr dogs returned to control levels concurrent with the increase in absolute lymphocyte counts and

the death of the most severely affected dog.

Dogs that developed radiation pneumonitis had somewhat variable clinical courses though the

clinical findings were similar and basically related to lung injury. The earliest dogs to die were

those exposed to 90y in fused clay. Pathological findings in the lungs of the 6 dogs that died

after exposure to 90y, 144Ce or 90Sr in fused clay were similar to those described previously for
dogs that inhaled insoluble beta-emitting radionuclides. 5 The most striking difference among the 3

groups of dogs was in the lymphoid tissues. The tracheobronchial lymph nodes of the dogs exposed

to 90y were large, with slightly hyperplastic lymphoid elements. The peripheral nodes in these
animals were histologically normal. In contrast, the two 144Ce fused clay dogs showed a generalized

depletion of lymphocytes in lymphoid tissues throughout the body, including the tracheobronchial
nodes. The dog that died after 90Sr in fused clay exposure had depleted tracheobronchial and sternal

nodes but although the peripheral lymph nodes were small, they were within normal histological

limits.

DISCUSSION

The three groups of Beagle dogs exposed to 90y, 144Ce or 90Sr in fused clay particles all
developed marked lymphopenia. Those exposed to 144Ce and 90Sr showed a depression in the in vitro
function of the remaining peripheral lymphocytes but the 90y dogs did not. The main differences

among these groups relate to dose rate and cumulative dose. The relatively short effective half-

life of the 90y resulted in the delivery of over 90% of the total dose to these dogs within I0
days. The 144Ce and gOsr dogs received cumulative doses 4 to 6 times higher than the gOy dogs but

in a much more protracted fashion.

Several possible explanations exist as to how differences in dose rate might lead to the

results noted. If we assume that the lymphocytes are being irradiated as they circulate through

the lung, tracheobronchial lymph node or thoracic duct then the lymphopenia may be due to direct

radiation damage to these cells. The mitogen testing procedure used does not appear to measure

this direct damage since one would expect some irradiated cells to be circulating in the blood of

the 90y dogs at one and two weeks after exposure at least. Furthermore, all cultures were prepared
using identical numbers of viable lymphocytes to minimize or negate the effect of dead lymphocytes.
Possibly, the high initial dose rate radiation from the 90y exerted mainly a killing effect on a

significant population of the circulating lymphocytes and these were replaced mostly by cells that

194



I00

n~
w

(%
to
I--
Z

0
(J

I I I

0 24 36 48
WEEKS POST- EXPOSURE

I00

o 48
WEEKS POST-EXPOSURE

Figure 2. Lymphocyte response to phytohema-
gglutinin after inhalation exposure of Beagle
dogs to (a) 90y, (b) 144Ce and (c) 90Sr 
clay. Each point represents the mean and
standard error of the groups. A black
symbol indicates that a dog died before that
sampling time and one dog less is represented
in the mean.

I00

(2_ I0
x
i,l

Z

rF
tlJ
(%

to

z I

0
(J

I

0 12 2’4 3i6 48
WEEKS POST-EXPOSURE

were relatively undamaged. It follows that the protracted lower dose rate irradiation over a

longer period of time from 144Ce or 90Sr might kill fewer lymphocytes outright and cause accumula-

tion of genetic damage in larger numbers of the remaining cells. These lymphocytes may not manifest

this damage outwardly until they are stimulated by mitogens. An alternate possibility is that the

more protracted irradiation gradually depleted the lymphocyte reserve of the animals exposed to
144Ce or 90Sr over long periods of time. In this case, the organism may be forced to repopulate

the peripheral blood, at least partially, with immature lymphocytes. The circulating lymphocytes
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rather than being damaged, may not yet have reached their full immunological potential. Finally, it

is conceivable that the more protracted irradiation simply led to a selective killing of lymphocytes

capable of responding to the mitogen employed in our studies.

That there is a generalized depletion of peripheral lymphocytes is supported by the finding of

histological lymphoid depletion in the peripheral lymph nodes of two 144Ce-exposed dogs. One dog

in the 90Sr group which showed lymphocyte function depression and died showed only a mild peripheral

lymph node depletion. As was noted earlier, there tended to be a sharp drop in lymphocyte function

parameters in the 144Ce group at 16 to 20 weeks and in the 90St group at 24 to 28 weeks post-

exposure. Also two of the dogs in the 144Ce group did not start to show function depression until

almost 40 weeks after exposure. These findings seem to indicate that a period of chronic irradia-

tion is necessary in the genesis of the functional depression. Total dose differences do not

explain the differences seen in lymphocyte function changes since at a time when cumulative doses

were similar (1 and 8 weeks, respectively) the 90y dogs did not show changes and the 90Sr dogs did.

Dogs exposed by inhalation to 144Ce or 90Sr in fused clay particles, radionuclides which

induce lymphopenia and functional lymphocyte depression, have developed primary pulmonary hemangio-

sarcomas as early as 765 and 644 days after exposure, respectively, 6 when peripheral lymphocyte

counts are still depressed. 3 Furthermore, dogs showing lymphopenia and lymphocyte function depres-

sion have had depressed humoral immune responses (unpublished data, S. A. Benjamin). Conversely,

dogs exposed to 90y in fused clay have shown neither persistent lymphopenia nor early development
of pulmonary neoplasms. 6 The depression of mitogen responsiveness in the remaining lymphocytes in

dogs exposed to 144Ce or 90Sr suggests that some degree of immunosuppression exists in these animals

and might play a role in the genesis of the pulmonary hemangiosarcomas. The surviving dogs in this

study are being evaluated on a long-term basis to gain insight into the possible role of lymphopenia

and immune depression caused by chronic pulmonary beta irradiation on the development of pulmonary

neoplasms.
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THE EFFECT OF 144Ce INHALED IN

ON THE TRACHEOBRONCHIAL

ABSTRACT

rracheobronchial lymph node chances and Zy~phopenia are

sequelae to inhalation of relatively insoluble radioactive

aerosols by Beagle dogs. To assess the development of vhese

lesions, tracheobronchial lymph nodes from dogs that inhaled

144Ce in f~sed clay particles were exayrined at intervals

from 2 to 730 days ~fter exposure. Initial fun 9 burdens in

the do~s studied ~angea from 33 to 63 uCi/kg body weight.
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The concentration of r~dioisotor~e in the tr~cheobronchial lymph nodes increased during the first

~: ear after expos~_~e and exceeded t~t in the fun 9’ abo~t 100 days after exposure. Autoradiographs

of the lymph nodes shewed that 1440e particles were present in macrophages in the paracortical zone

r " ~ to~wo doys after exposure and that concentrations cont%nuea increase in the paracortical zone and

medullary cords. Histologic cI~nges in the nodes incT~uded atrophy of the ~jerminal centers and

ikf~hocytic follicles, loss of lymphocytes and acc~eruiation of macrophages in the paracortical

zone, accum,~:lation of pi~jment and is~tope 7.aden macropb~jes in the medulla~y cords, occasional

infdltrates of neutrophils in the mea ~tlary cords and, at later t~me periods, focal fibrosis of the

medullary cords. T~acheobronchiai lymph node ~eio, hts of the dogs exposed to 144Ce in f~sed clay

were not decreased ~nti! 512 days after earFosure. These findings i~dioate that tracheobronchial

lymph nodes accm~luiate relatively high burdens of 144Ce after inhalation of 1440e in a relatively

insoluble form and that the pathologic cA~nges resulting from these burdens are basically atrophic

in nature. Brimary neoplasms in lymph nodes have not been observed in dojs with initial lung buck-

dens from O. 0024 to over 30 vCi/kg body weight followed for up to 2000 days post-exposure. At the

higher levels, however, a high incidence of primary pulmonary neoplasia has been observed.

INTRODUCTION

Particles deposited in the lung after inhalation are removed from the lung by several pathways,

including via the airways by mucociliary movements, by dissolution, and by movement into the lym-

phatics and hence to the tracheobronchial lymph nodes. Clearance to the tracheobronchial lymph

nodes amounts to a small fraction of the total clearance from the lung, but because of the avid

retention of insoluble particulates in these nodes, high concentrations are achieved after long

periods of time. Relatively insoluble radioactive particles such as 144Ce in fused clay or 239pu02

are also cleared from the lung to the tracheobronchial lymph nodes where they achieve relatively

high concentrations and can cause detrimental effects. This report documents the increasing nodal

concentration of 144Ce and its effects in the tracheobronchial lymph nodes of Beagle dogs that have

inhaled aerosols of 144Ce in fused clay particles.

MATERIALS AND METHODS

Thirty Beagle dogs 1 to 4 years old were exposed to aerosols of 144Ce in fused clay particles

to achieve graded initial lung burdens (ILB). The particle size distributions of the 144Ce fused

clay aerosols were log-normal with activity median aerodynamic diameters, AMAD, that ranged from

1.4 to 2.7 ~m and geometric standard deviations of 1.5 to 2.3. Four control dogs were exposed to

aerosols of fused clay particles only.
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The dogs were whole-body counted immediately after exposure and at selected intervals there-
after to measure the retention of the deposited 144Ce. Data obtained during the first 14 days were

used to extrapolate back to zero time to determine the ILBs graphically. These ILB values ranged

from 33 to 63 uCi/kg body weight. Groups of dogs were serially sacrificed at different intervals

after the inhalation exposure and given a detailed post-mortem examination which included observa-

tion of all organ systems and weighing of all major organs. The lungs, tracheobronchial lymph
nodes (combined sample of left, right and middle) and other tissues were analyzed for their 144Ce

content using a liquid scintillation well detector. Tissue sections of all major organs and all

lesions were made for histologic evaluation.

RESULTS

Figure 1 presents the concentrations of 144Ce found in the lung and tracheobronchial lymph

nodes (TBLN) as a function of time after inhalation exposure. These results are expressed 

percentages of the initial lung burden per gram of tissue. For the TBLN, the weights observed at

necropsy were normalized to those in a lO-kg dog; for lung, the weight used was the estimated
weight of lung and its normal complement of blood in a normal 10-kg Beagle dog (110 gm). The 144Ce

concentration in lung decreased steadily after the initial deposition due to both physical decay of

the isotope and removal of the particles. The effective clearance time during the first two years

can be adequately described by a single exponential function with an effective half-life of 170-180
days. Conversely, the concentration of 144Ce in the TBLN increased during the first year post-

exposure due to the translocation of 144Ce-containing fused clay particles from the lung via the

lymphatics as indicated in autoradiographs of the TBLN. Because of the decrease in lung concentra-
tion and corresponding increase in TBLN concentration, the concentration of 144Ce in TBLN exceeded

that in lung at about 100 days post-exposure.

Concentration values for the lung and lymph nodes are influenced by both the quantity of 144Ce

activity present and the tissue weight. Figure 2 presents the mean TBLN weight to body weight

ratios observed at the various sacrifice times. The relative weight of the TBLN changed consider-

ably during the two years after exposure. They were greater than the lymph node weights in control
dogs 56 to 256 days after inhalation exposure regardless of whether the absolute weights or the

weights as a fraction of body weight were compared. At 730 days, the weights were less than

1,0
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Figure I. Concentrations of 144Ce
in the lung and tracheobronchial
lymph nodes of Beagle dogs after
inhalation of 144Ce in fused clay
particles (not corrected for
physical decay).
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Figure 2. Tracheobronchial lymph node
weight to body weight ratios after in-
halation of I~4Ce in fused clay parti-
cles. Control ratio is at 0 time.

the control dog weights. Thus, during the first year after exposure, the actual 144Ce concentra-

tions in the TBLN were less than if the TBLN weight had remained constant but beyond this, the

reverse is true. The cause of the weight changes is not clear but it apparently was in response to

the radiation insult as noted from their microscopic appearance to be discussed later.

The absorbed radiation dose to the TBLN is a direct function of the concentration of 144Ce in

that tissue. To estimate the dose to TBLN received by each dog, the following procedure was used.

The TBLN concentration curve in Figure I was graphically integrated to obtain the cumulative area

expressed as ~Ci-days per uCi ILB. The cumulative absorbed beta radiation dose was then:gm

cum. radsB = 51.2 EfAoZC(t)
where: E = average energy of 144Ce-144pr, 1.27 MeV

f = fraction of released beta energy deposited in the tissue of interest

Ao = initial lung burden in uCi
%C(t) = cumulative concentration of 144Ce in the tissue of interest as pCi-days per ~Ci ILBgm

To calculate doses to the TBLN with this equa-

tion, one must assume a value for f, the fraction

of beta energy deposited in the tissue of interest.

Because of the small size of the TBLN, some of

the beta energy escapes from them. This is

compensated for, to some extent, by additional Days After Range of ILB

irradiation received due to their proximity to Inhalation (pCi/kg
Exposure body weight)

the lung tissue which also contains 144Ce. In
2 51-62

the absence of more definitive information on

this point, a value of f = I has been assumed. 7 57-61

14 45-60
This dose calculation is based on the assump- 28 51-61

tion that the TBLN concentration in each dog 56 47-62
changed as illustrated by the solid line in 80 51-60
Figure 1. Doses for individual dogs were calcu- 128 33-52
lated by adjusting the dose based on this solid 180 52-58
line by the ratio of the actual TBLN concentration 256 48-63
to that predicted by the solid line. Results are 512 33-41
tabulated in Table i. Corresponding gamma doses 730 33
were not calculated because they are much smaller

(< 1%) than the beta doses.

Table 1

Calculated Radiation Doses to the
Tracheobronchial Lymph Nodes of Dogs Exposed

by Inhalation to 144Ce in Fused Clay Particles

Range of rads
to TBLN

to Sacrifice

240-460

420-1000

500-1400

1400-2900

1700-15,000

6500-9900

4900-25,000

11,000-55,000

20,000-13,000

91,000-230,000

220,000
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Histologic changes in the tracheobronchial lymph nodes were, in general, atrophic in nature

although not all areas of the nodes were affected equally and not all nodes responded to the same

degree. The changes in various areas of the nodes were evaluated from tissue sections and roughly

quantitated by comparison with normal tracheobronchial lymph nodes (Table 2). Discrete areas 

canine lymph nodes can be recognized which are similar to those described for human lymph nodes.

These areas are the cortical area, including the lymphocytic follicles, and their germinal centers,

the paracortical area, the medullary cords and the lymphatic sinuses.

The cortical area contains a dense population of small lymphocytes as well as the lymph folli-

cles and germinal centers. Beginning 28 days after inhalation exposure, there was a loss of cells

from all of these structures. In the germinal centers, the earliest change was a loss of large

lymphocytes. By 80 days after exposure, the germinal centers were reduced in size and number.

Some had a reduced number of large and medium sized lymphocytes and others were represented by only

a tag of fibrous tissue surrounded by a thin cuff of small lymphocytes. The cortex including the

lymphocytic follicles showed progressive reduction in size with increasing time after exposure and

by 730 days after exposure there was little cortex remaining (Fig. 3).

The paracortical zone lies beneath the cortex and contains a loose arrangement of lymphoid

cells in close association with post-capillary venules. Fifty-six days after inhalation exposure

there was a loss in numbers of small and medium lymphocytes in the paracortical area. The loss was

progressive throughout the 730 days but not as severe as the depletion of lymphocytes in the cortex.

Concurrent with the loss of lymphocytes was an increase in number of macrophages, large mononuclear

cells that rarely contain phagocytic material. There appeared to be an absolute as well as rela-

tive increase in such cells which may partially account for the increased weight of the nodes 56 to

256 days after exposure. Another factor may be small, focal proliferations of small and medium

lymphocytes seen in the paracortex during this time period. At the later time periods, the cortical

and paracortical areas were nearly devoid of lymphocytes and were populated mainly by macrophages.

With the loss of cells, there was collapse of tissue with a relative increase in reticulum fibers

and, later, fibrosis in both the cortical and paracortical areas.

The medullary cords are located in the central portion of the node under the cortical and
paracotical zones. The cords were thickened at 128 days and at later times due to an accumulation

of hemosiderin and particle laden macrophages and modest infiltration of neutrophils. At 512 and

Table 2

Summary of Histologic Changes in the Tracheobronchial Lymph Nodes of Dogs Exposed ~ Inhalation to 144Ce in Fused Clay Particles

ILB
Days (oCi/kg Number
Post- Body Weight) of

Exposure Range Dogs

2 51-62 3
7 57-61 3

14 45-60 2

28 51-6] 3

56 47-62 3

80 51-60 3

128 33-52 5

180 52-58 2

256 48-63 3

512 33-41 2

730 33 i
a Size and number
b + = Increased

N = Norma|
- : Decreased
0 = None

Para-
Germinala Lympha

Cortical
Centers Fo|licles Zonea

+b + N
N + N
+ + +

N

Para-
Cortical

Zone
Macrophages Medullaa

Pigments Inflammation Fibrosis

N N O O 0
N N O O 0

N N O 0 0

+ N O + 0

+ N + O 0

+ N + O 0

+ + + + +

+ N + + +

+ + + + +

+ + ¯ ÷ +

+ + ÷ + +
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730 days after exposure, many of the cells of the medullary cords were gone and replaced by parti-

cles (dust, radioactive fused clay, hemosiderin), condensed reticulum fibers and fibrous tissue.

The lymphatic sinusoids carry free cells through the lymph node. At early times after exposure,

relatively few cells of any type were present in the sinusoids. At later times, macrophages con-

taining hemosiderin or radioactive particles, red blood cells and a few neutrophils were present.

Generally, more cells were present at later times until 256 days after exposure when fibrosis of

the cortex was present.

Radioactive particles could be seen in macrophages at the cortico-medullary junction two days

after inhalation exposure. Their number increased with time with particular concentrations in the

medullary cords and sinusoids, especially at the corticomedullary junction (Fig. 4), although a few

particles could usually be found in most regions of the node. Radioactive-particle laden macro-

phages tended to congregate focally with time resulting in a relative loss of surrounding cells and

focal fibrosis.

Radiation pneumonitis was found in dogs sacrificed at 56 days or at longer times after inhala-

tion exposure. The severity of the lesions were generally dose and time related. None of the dogs

developed tumors of any kind during the 730-day period.

DISCUSSION

Translocation of inhaled radioactive particles to the tracheobronchial lymph nodes could be

demonstrated at the first sample time after exposure (2 days) and continued even after inflamma-

tion, atrophy and fibrosis had occurred in the TBLN. Lymph flow, although probably disturbed by

these lesions, was apparently maintained by re-routing and re-establishment of lymphatic sinusoids
through the node.

~ ii¸¸

~ i̧ iii~iiii iiiii

Figure 3. Atrophy and fibrosis of the cortex
of a tracheobronchial lymph node at 128 days
after inhalation exposure of 144Ce in fused
clay particles. Note the contraction of
fibrous tissue in the cortex with dilation
of the lymph sinuses. (arrow) A few lympho-
cytes remain in the cortex. EM X135.

Figure 4. Concentration of 144Ce-containing
particles at the cortico medullary junction
of a tracheobronchial lymph node at 512 days
after inhalation exposure to 144Ce in fused
clay particles. H & E X35.
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The increase in lymph node weight between 56 and 256 days after exposure was not expected. A

major factor in this increase may be the concurrent radiation pneumonitis that became recognizable

56 days after exposure. An increased lymph flow to the TBLN would be expected in such a condition

but this point is difficult to assess histologically. Increased numbers of macrophages and small

focal proliferations of lymphocytes in the paracortex may also have contributed to the TBLN weight

increase. The decrease in weight at later times was obviously due to an atrophy of most structures

of the node and fibrosis in both the medulla and cortex. It should be noted, however, that viable
lymphoid cells, most prominent in the paracortex, were still present 730 days after exposure.

The histologic changes seen in the lymph nodes of the dogs in this study were similar to

those seen in dogs dying from radiation pneumonitis, pulmonary fibrosis and pulmonary neoplasms
after inhalation of 144Ce in fused clay particles in a companion lifespan study. Of 12 dogs with

similar ILBs (33 to 63 ~Ci/kg body weight), II have died. Six of these died with radiation pneu-

monitis and pulmonary fibrosis 180 to 311 days after exposure; five died with primary pulmonary

hemangiosarcomas 750 to 1318 days after exposure (this report, pp. 113 to 117). None of the dogs

that died had primary neoplasms of the tracheobronchial or other lymph nodes.

Lymph nodes play a key role in immunologic responses associated with humoral antibody production

and cell-mediated immunity. In view of the severe atrophy and fibrosis in both the cortex and

paracortex, the immunologic function of the tracheobronchial lymph nodes in Beagle dogs which have
inhaled 144Ce in fused clay particles would seemingly be severely impaired. Dogs in another study

and similarly exposed to 144Ce showed not only a systemic lymphopenia but also a decreased periph-

eral lymphocyte response to plant mitogens, which may result in some degree of immunologic depression.

Other studies have shown that repeated, local x-irradiation of antigen draining lymph nodes (5

times at 2-day intervals with 450R each time) shortly after antigenic stimulation profoundly de-
presses both cellular and humoral immune responses. 2 It also decreases the formation of antibody

forming cells in the local lymph nodes and at distant sites such as the spleen. 3 In view of these

studies, it may be predicted that in Beagle dogs that have inhaled 144Ce in fused clay particles,

the immunologic response to inhaled antigens may be depressed. These facts and speculations raise

the question: to what degree does local or systemic immunosuppression contribute to the develop-

ment of radiation-induced pulmonary neoplasms in general and pulmonary hemangiosarcomas in partic-

ular? The answer to this problem will hopefully emerge from additional studies under way in our

institute.
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DEXTRANPOTENTIATION OF THE CANINE LYMPHOCYTE RESPONSE TO PLANT MITOGENS

LBSTRACT

Peripheral blood lymphocytes from Beagle dogs ~ere separated
PRI2JCIPAL INVESTIgATOrS

using a dextran sedimentation technique. Lymphocyte cultures

were sti~r~ated by the plant mitogens phytohemagglutinin S. ~. Benj~’~in
Ann C. Ferris(PHA) and pokeweed mitogen (P~’~’), both in the presenoe 

dextran and after dextran had been removed from the mediw,~.

it was found that dextran acted synergistically with both PHA and PWM and greatly potentiated the

mitogenig response of the lymphocytes. The routine use of dextran in separating bZood ly~nphocytes

for culture purposes should be re-evaluated in light of these findings.

INTRODUCTION

Peripheral blood lymphocytes are widely used for a variety of in vitro immunologic testing

procedures. Techniques for separating blood lymphocytes often employ dextran either alone or in

combination with other materials, but relatively little is known concerning the effect of the

separation medium on the response of the treated lymphocytes. Since dextran has recently been re-
ported both to be a mitogenI and to alter immunological responses to antigenic stimuli 2, it was

felt that the use of dextran as a separation medium for lymphocytes deserved further attention. In

our laboratory, we have used 6% dextran 70 in isotonic saline for the purpose of concentrating

canine peripheral blood lymphocytes for use in lymphocyte transformation studies. This paper re-

ports the finding that relatively small quantities of dextran in the final culture medium markedly

potentiates the in vitro response of canine lymphocytes to plant mitogens.

MATERIALS AND METHODS

Blood from 19 clinically healthy, 1- to 2-year-old Beagle dogs raised in our colony was used

for these experiments. Aseptic techniques were used in all procedures. Thirty milliliters of

blood were drawn in sterile sodium heparin from each dog for culture. A smaller blood sample was

always drawn concurrently in sodium EDTA for hematological examination. Separation of lymphocytes

in all cases was accomplished by addition of 10 ml of 6% dextran 70 (molecular weight 60,000 to

90,000) in normal saline to 20 ml of whole blood. The mixture was gently but thoroughy mixed and

incubated at 37o for 60 minutes. The suspension was then centrifuged at 37 ? for 5 minutes. The

leukocyte-rich plasma (LRP) was separated from the erythrocyte pack and total, differential and vi-

ability counts made on the separated cells. The LRP contained an average of 60% lymphocytes and

less than 10% monocytes. The LRP was then centrifuged at 500 g for 5 minutes. The remaining 10 ml

of the untreated whole blood was centrifuged at 900 g for 20 minutes to yield dextran-free plasma.

To test the effect of dextran on the mitogenic response of the lymphocytes, two groups of cultures

were set up from each dog. In one group, the LRP cells were washed three times in Hank’s Balanced

Salt Solution (HBSS) to remove all the free dextran and then were resuspended in dextran-free

autologous plasma. In the second group, the unwashed cells were resuspended in autologous plasma

containing dextran. A parallel experiment, involving a group of 6 dogs, was run to evaluate the ef-

fect of the cell washing procedure. A third group of cultures was added to the first two in which

the cells were not washed but the original plasma was decanted and the cells were resuspended in

dextran-free autologous plasma. The concentration of resuspended cells in the plasma w~s adjusted
so that 1 ml plasma, when added to 5 ml medium, would yield a suspension of 0.5 x 106 viable lympho-

cytes per milliliter in the final cultures. The culture groups with and without dextran were fur-

ther subdivided into two or three subgroups. One subgroup had phytohemagglutinin (PHA) added 
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each culture and a second group had HBSS added as a control. A third subgroup with pokeweed mitogen

(PWM) added was included, using cells from four dogs. The procedures for culture and evaluation 

DNA synthesis have been described in detail (1972-1973 Annual Report, LF-46, pp. 249-250).

RESULTS

There was a striking difference in mitogenic response of the lymphocyte cultures depending on
the presence or absence of a relatively small amount of dextran (0.34.%) in the final culture me-

dium. Table i illustrates the difference in response to PHA due to the dextran supplementation.

There is more than a sevenfold increase in the DNA synthesis in cultures containing dextran, a

difference which is highly significant. Unwashed lymphocytes resuspended in dextran-free plasma

reacted similarly to washed lymphocytes indicating that the washing procedure itself did not cause

the difference. Furthermore, Table I shows that dextran alone, without any other mitogen present,

acts as a weak mitogen at the concentration used. There was about a 1.5-fold increase in mean re-

sponse in the saline control cultures containing dextran. The response of individual dogs was

quite variable. Means of cultures stimulated with PHA only ranged from 360-5400 counts per minute

(CPM) in individual dogs, whereas those stimulated with PHA plus dextran ranged from 2100-59,000

CPM. Lymphocytes from four dogs were also stimulated with PWM. The results were similar to those

seen with PHA stimulation. There was over a ninefold increase in the mean observed CPM when dextran

was present. Many investigators express results of lymphocyte transformation studies as the stimula-

tion index (SI) or the ratio of the response of the stimulated to unstimulated or control cultures.

The mean SI of the PHA cultures was 6.5 ~ 1.2 SE while that of the PHA plus dextran cultures was

35.1 + 6.5 SE. This difference was also highly significant (p < 0.001). This experiment was re-

peated with another group of dogs as well as some of the same dogs with essentially similar results.

DISCUSSION

Mitogens, such as the plant lectins PHA and PWM, are proteins which bind specifically to sac-
charides on the cell membranes stimulating lymphocyte transformation. 3 Dextran, a high molecular

weight polysaccharide, has been reported to be a thymus-independent antigen and a B cell mitogen in
mice, I and has been shown to markedly alter the in vivo antibody response to heterologous antigen

in the mouse and guinea pig. 2 Our studies indicate that dextran itself can act as a lymphocyte

mitogen although in the system tested it is certainly a weak one. More important is the finding

that dextran has a synergistic effect with the two plant mitogens tested. Synergism between two

different mitogens or between a mitogen and some other material is not unknown. Plant mitogens with
hemagglutinating properties have enhanced transforming ability in the presence of erythrocytes.4

The mitogens Concanavalin A (ConA) and PHA also have been shown to act synergistically with lipo-
polysaccharide (LPS) which is a thymus independent antigen and B cell mitogen. 5 Furthermore, dex-

tran sulphate and PHA have been shown to have a synergistic effect on thymus cells although non-
ionic dextran plus PHA did not.6

Table I

Effect of Dextran on Mitogenic Response of Canine Lymphocytes In Vitro

Washed lymphocytes Unwashed lymphocytes
Mitogen (no dextran) (0.34% dextran) p valuea

Phytohemagglutinin 1410 + 310b 10730 + 3110b < 0.01

Saline 220 + 20b 320 + 40b < 0.05

aDifference between cultures with and without dextran.
bMean CPM ~ SE for 19 dogs (3H-Thymidine per culture).
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There are two major possibilities that might be advanced to explain how dextran potentiates

the mitogenic response to plant mitogens. First, two different cell types may be involved in the

response to the two substances. Since the response is not simply additive, other factors must be

involved. This hypothesis is supported by the finding that changing the concentration of either
ConA or LPS had opposite effects on their synergistic action. 5 Such an action could be effected

by production of a B cell stimulating factor by the PHA transformed T cells which makes the B cell
7more susceptible to dextran mitogenesis. Evidence is available for the existence of such factors.

Second, the action of both substances might be on a single cell. Dextran in some way might

shift the configuration of receptors on the cell membrane thus making them more available for PHA
binding. There is good evidence for such receptor redistribution. 8 It has been suggested that a

single lectin-receptor binding is not sufficient to trigger and activate lymphocytes but that
multivalent binding is required. 8 It is possible that the plant mitogens and dextran interact in

solution and then attach to the cell surface as a multivalent complex. Control experiments showed

that not enough dextran was bound to the cells during a one-hour incubation to effect transformation
and the free dextran in the plasma was necessary. Andersson et al. 9 suggest that more than one

receptor-mitogen interaction is necessary for cell activation. They postulated that triggering re-

quires a second type of receptor that will interact with the first complex. Dextran, reacting with

another type of receptor, could augment this secondary interaction with the plant mitogen-receptor

complex.

Further work will obviously be required to fully evaluate the mechanisms involved; however,

the importance of the finding of a synergistic effect between dextran and plant mitogens should be

recognized by those working with lymphocyte stimulation systems.
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THE PULMONARY INFLAMMATORY RESPONSE: CELLULAR EVENTS IN EXPERIMENTAL

PULMONARY ARTERIAL HYPERSENSITIVITY DISEASE

ABSTRACT

Horseradish peroxidase (RRP) or bovine serum albumin (BSA)

were covalently linked to polyacrylamide or agarese beads PRINCIPAL INVESTIGATORS
and were injected into control Syrian harnsters and hamsters

D. O. Slauson
previeusly immunized with either HRP er BSA. Animals sensitized Martha Dahlstrom
to soluble antigen and subsequently challenged intravenously

with the same antigen immobilized on beads developed an

acute focal inflammatory response within 2 to 6 hours after injection. The acute response involved

local deposition of IgG and complemen~ (B!A/~IC globulin), polymorphonuclear leukocyte exudation,

and variable amounts of hemorrhage. A focal vasculivis was occasionally present, within 72 hours

the reaction had become largely mononuc!ear or granulomatous in nature, and giant cell formation

was seen within 4 days after i~obilized antigen injection. Severe reactions developed only upon

recognition of specific antigenic determinants; thus hamsters im~nunized against soluble HRP de-

veloped characteristic lesions only upon intravenous challenge with HRP-coated beads but not with

beads coated with unrelated antigen (BSA). The beads elicited only a mild foreign body reaction 

the contrel hamsters at 5 to 7 days after injection, a reaction that was temporally and histopatho-

logically distinct from the lesions in i~nunized hamsters. Thus, the state of existing immunity can

influence the character and severity of the local pulmonary inflammatony response.

INTRODUCTION

The temporal interrelationships between the various cellular and humoral components of the

localized pulmonary inflammatory response are poorly understood. Quantitation of the temporal

development of humoral and cellular inflammatory events in many experimental pulmonary disease

models is limited by the diffuse or unlocalized nature of the injury and the lack of specificity

of the ensuing inflammatory response. Localized pulmonary injury can be produced by intravenous

injection of appropriately immunized hosts with soluble protein antigens immobilized on polyacryl-
amide or agarose beads. I These systems provide the dual advantage of an immunologically specific

reaction occurring at a fixed tissue site in the lung.

We report here the utilization of such an experimental approach for the investigation of cellu-

lar events in the focal pulmonary inflammatory response to well-defined antigens bound to insoluble

beads administered intravenously.

MATERIALS AND METHODS

Only adult (4-6 months) Syrian hamsters (ARS Sprague Dawley, Madison, Wisc.) were used in 

study. The basic experimental design consisted of intravenously injecting antigens immobilized on

bead preparations into previously immunized or nonimmunized hamsters. Bovine serum albumin (BSA)

and horseradish peroxidase (HRP) were conjugated to cyanogen bromide-activated Sepharose 4B beads

utilizing a slight modification of the methods for affinity chromatography described by Cuatrecasas
and Afinsen. 2 The antigens were linked covalently to the polyacrylamide beads by means of a car-

bodiimide reagent (l-Ethyl-3-[Dimethylaminopropyl] Carbodiimide HCI) using a procedure modified
from that described by Inman and Dintzis.3
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Hamsters were immunized with a single intramuscular injection of 5 mg of BSA or HRP emulsified

in incomplete Freund’s adjuvant and were challenged 14 to 21 days after immunization with approxi-

mately 3000 beads given intravenously. Slides were evaluated histologically by scoring foci of

inflammation around I00 beads. Controls consisted of hamsters immunized against HRP challenged with

BSA-beads; hamsters immunized against BSA challenged with HRP-beads; hamsters immunized against HRP

or BSA challenged with unconjugated beads; and hamsters not previously immunized challenged with con-

jugated beads.

The hamsters were killed at various times after injection of the beads; the lungs were perfused

via the trachea with 10% neutral buffered formalin and histologic sections were made of several dif-

ferent areas of both lungs. Lung tissue from both experimental and control animals at various early

sacrifice periods (2, 6, and 12 hours and 1, 2, and 3 days) was quick frozen in liquid nitrogen for

subsequent immunofluorescence microscopy. The method used in fluorescence microscopy has been pre-
viously detailed. 4 The immunochemical reagents were either purchased, or in the case of IgG, were

prepared by DEAE-cellulose chromatographic purification from whole hamster serum. Fluorescein iso-

thiocyanate conjugation to rabbit anti-hamster IgG and rabbit anti-hamster complement was by the di-
alysis method of Clark and Shepard.5

RESULTS

Histopathology

All hamsters given intravenous injections of antigen immobilized on polyacrylamide or agarose

beads developed pulmonary lesions. In the immunized experimental groups, inflammatory reactions

centered around the beads and varied in intensity and histologic appearance with the time after in-

travenous challenge. The lesions initially consisted of a polymorphonuclear leukocyte (PMN) response

within two to six hours after intravenous challenge. In these early lesions, the response usually

consisted of multiple layers of PMNs around the beads with more peripheral infiltrations of mono-

nuclear cells (Fig. i). Severe reactions involved marked PMN infiltrations and occasionally included

focal necrotizing arteriolitis associated with PMN and other leukocyte accumulation. By 12 or 24

hours the~e was usually a change in the cytology of the inflammatory foci marked by the appearance

of a more mixed cellular infiltrate including PMNs, lymphocytes and macrophages somewhat loosely
scattered about the reaction site (Fig. 2).

By 3 days after intravenous challenge, the number of neutrophils in the lesions declined and

the numbers of lymphocytes and macrophages increased. This pattern of cellular change continued and

by four to six days after intravenous challenge the reaction was essentially mononuclear, with a

striking predominence of large macrophages (Fig. 3). A few foci of severe segmental arteriolitis

were detectable within 4 days after challenge. The mononuclear nature of the lesions persisted

throughout the balance of the study period but changed in cytologic makeup from a purely mononuclear

reaction to a granulomatous reaction between day 7 and day 14 after challenge with occasional multi-

nucleated giant cells (Fig. 4). The lesions became progressively well circumscribed. The cyto-

plasm of many of the large mononuclear cells became more eosinophilic, forming epithelioid cells at

later times. The circumscribed nature of the lesions persisted throughout the balance of the study

period and the lesions gradually diminished in size and cellularity between 10 and 30 days after

intravenous challenge.

The histologic reactions in the lungs of control animals were qualitatively and quantitatively

different from those in the immunized animals. One or two days after intravenous challenge, the

majority of the animals showed either no reaction or a very mild reaction consisting of a few layers

of mononuclear cells. There was no acute, local exudation of PMNs and no acute segmental arterio-

litis was observed. In a few animals, up to 10% of the beads examined histologically elicited a
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reaction of comparable intensity to those seen in the immunized animals. In the immunized group,

however, usually 80% or 90% of the beads elicited such intense reactions. The histologically ap-

parent lesions in the control groups were most severe at about 5 to 20 days after intravenous chal-

lenge and then gradually declined in intensity and size. The histopathological changes at these

times consisted largely of a few layers of macrophages around the beads with an occasional giant

cell and resembled a mild foreign body reaction. There was no discernible difference in the nature

or intensity of the inflammatory response among any of the control groups.

Fluorescence Microscopy

Deposition of host IgG and the third part of complement (~IA/~IC globulin) could be demonstrated

around the beads and at the reaction site in the immune animals as early as two hours after intra-

venous challenge with the sensitizing antigen immobilized on beads. Host IgG and complement were

were demonstrated as irregular, granular deposits adjacent to the beads and intermingled with the

cellular infiltrate. Controls exhibited some positive fluorescence for IgG but not complement at

72 hours after challenge.

DISCUSSION

In the present study, immunized hamsters developed acute, focal neutrophil-mediated lung lesions

associated with the intravenous administration of the sensitizing antigen immobilized on polyacryl-

amide beads. The acute phase lesions were immunologically-mediated as shown by the deposition of

host IgG and complement at the reaction site. The histologic character of the acute lesions gradu-

ually changed to become first mononuclear and then granulomatous. With the exception of the severe

acute lesions which did not occur in controls, animals not previously immunized against the chal-

lenging antigen developed similar but milder reactions to the antigen-coated beads which developed

more slowly and subsided more quickly. Deposition of antigen-coated beads at a fixed lung site in

an immune host leads to rapid binding of specific antibody with subsequent local antigen-antioody

complex formation which in turn binds complement and releases biologically-active factors chemo-

tactic for neutrophils. Neutrophils accumulate at sites of antigen-antibody interaction where they

may adhere to locally bound complement6 and release potent chemical mediators during the phagocy-

tosis of antigen-antibody complexes. 7 These phenomena enhance the inflammatory response.

The changing cytologic appearance of the focal lung lesions in this study was one in which the

acute, PMN-mediated lesions subsided and were gradually replaced by a mononuclear to granulomatous

reaction morphologically resembling the classical delayed-type hypersensitivity reaction. The im-

mune state that leads to this particular histologic response is generally considered to be that char-

acteristic of T-lymphocyte reactivity. The highly local concentration of antigen here may lead to

interaction with previously sensitized lymphocytes drawn to the reaction site by inflammatory pro-

ducts 8 with subsequent T-cell recognition of the sensitizing antigen and the release of lymphokines

such as macrophage migration-inhibitory factor. 9 Such a sequence is entirely consistent with the

morphologic changes in these focal lung lesions, particularly the temporal sequence of appearance of

lymphocytes and macrophages. It is of further interest that the lesions reported here rapidly assume

a morphologic appearance consistent with delayed-type hypersensitivity, although they are initiated

by an antigen-antibody reaction with complement activation and neutrophil chemotaxis. The large

numbers of macrophages observed to accumulate in these lesions may relate to non-specific chemoat-

traction and migration inhibition, or may relate to lymphocyte-directed immunologically specific

local macrophage proliferation. IO Our ability to define the cellular sequences and events in the

local pulmonary inflammatory response will provide information useful to increasing our understand-

ing of the inflammatory basis for a variety of pulmonary diseases.
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Figure I. Acute (6 hour) lesions in lung 
immunized animal showing neutrophils immedi-
ately adjacent to the antigen-coated bead
and a mixed inflammatory infiltrate at the
periphery. H & E. X215

Figure 2. Pulmonary lesion in an immunized
animal at 24 hours showing predominantly
mononuclear but mixed leukocytic response.
The edges of the lesions are not well cir-
cumscribed. H & E. X215

Figure 3. Pulmonary lesion in an immunized
animal at 6 days showing wel] circumscribed
inflammatory focus in which the infiltrating
cells are largely macrophages. H & E. X215

Figure 4. Granulomatous lesion in the lung
of an immunized animal at 10 days showing
mixed mononuclear reaction including giant
cell formation. A few neutrophils are
present at the periphery. H & E. X215
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ANTIBODY RESPONSES AND PULMONARY LESIONS AFTER INHALATION OF 144Ce02_ OR 239pu02

AND SUBSEQUENT INFLUENZA VIRUS INFECTION IN MICE

ABSTRACT

exposed by inhalation to 144Ce02 or 239pu0 andMice were

144~ 2Syrian ~Jnsters were exposed by inhalation to uew2. PRINCIPAL INVESTIGATORS
Animals were then infected with influenza virus 7 days or

D.L. Lundgren
3, 6 or 12 months after inhalation exposure and entered F.F. Hahn

A. S~nchezinto groups for either serial sacrifice or lifespan ob-
R. O. McClellan

servation. Serially sacrificed animals were bled to

obtain sara for serological confi~nation of influenza

virus infection. There was a definite suppression of complement fixing antibody in mice infected
p¯ . ~. ~39~w~th influenza virus 6 months after tnhalauton exposure to ~uO . Previous obseroations of severe

~.~ ~ ~ .... ~44
metaplasia ~tth squ~ous ceZ1 a~Ije~ en~taV~on tn mtce exposed to CeO2 an~ subsequently infected

with influenza virus was not confirmed by obse~wations of animals examined to date.

INTRODUCTION

Studies have been reported in which squamous metaplasia, cancers, or both, have developed in
mice following sequential exposures to carcinogens and influenza virus infection. 1’2 Others, how-

ever, were unable to confirm some of these observations 3 and, in fact, demonstrated an inhibitory

effect of influenza virus infection on the incidence of pulmonary tumors in mice. In a previous

study, we observed severe squamous metaplasia in the lungs of mice that were exposed by inhalation

144Ce02, infected with influenza virus and sacrificed 3 weeks later.4to

The present studies were initiated to (a) confirm and expand our previous observations on the

histological changes produced by a beta-emitting radionuclide, 144Ce* inhaled as relatively insolu-

144Ce02 and subsequent influenza virus infection in mice, (b) to conduct a similar study in ble

second rodent species, the Syrian hamster, and (c) to conduct a similar study in mice utilizing 239pu’

a relatively insoluble form, 239pu02. The latter study wasalpha-emitting radionucl ida, in
initiated more recently and therefore there is comparatively only limited information available.

MATERIALS AND METHODS

C57BL/6J female mice (Jackson Laboratories, Bar Harbor, Maine) 8 to 10 weeks of age and Syrian

hamsters, equal numbers of females and males (ARS Sprague-Dawley, Madison, Wisconsin), 12 weeks 

age were used. Procedures for the inhalation exposures of mice and Syrian hamsters to aerosols of

144Ce02, stable Ca02, sham exposed and nontreated control animals are described elsewhere (this re-
port, pp. 307-313). Mice used in this study were withdrawn as needed from other studies in progress

(this report, pp. 307-313) in which the needs for mice in this study were anticipated¯ Procedures

exposure of mice to a 239pu02 aerosol were the same as those described elsewherefor the inhalation

for small laboratory animals (1972-1973 Annual Report, LF-46, pp. 150-154). The activity median

aerodynamic diameter of the 144Ce02 particles ranged from 1.2 to 1.5 um ({g 1.4 to 1.5) and for

the 239pu02 particles, it was 1.0 to 1.6 ~m (~g 1.5 to 1.7).

The cumulative absorbed beta dose to the lungs of mice from inhaled 144Ce was calculated as de-

scribed elsewhere (this report, pp. 307-313). Similar calculations were made for the Syrian hamsters

"144Ce in this text refers to 144Ce in equilibrium with its daughter, 144pu.
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except that 1.0 gram was used for the average lung weight and 1.0 as the fractional energy absorp-

tion. The cumulative alpha radiation dose to the lungs of mice that inhaled 239pu02 was calculated

in the same manner from a 3-component curve fit to the retention of 239pu in the lungs of mice seri-
ally sacrificed at days O, 4, 8, 16, 32 and 128 after inhalation exposure: LB(t) = O.18e-0"3465(t)

+ 0.58e -0"0462(t) + 0.24e -0"0067(t). Other constants used were 5.15 MeV for the average alpha par-

ticle energy from 239pu02 and 1.0 as the fractional absorption of energy. A homogeneous distribu-

tion of 239pu in the lung was assumed for dose calculation purposes. Forty-eight of 453 mice exposed

by inhalation to 239pu02 were sacrificed I hour after inhalation exposure to obtain an estimate of

the initial lung burden (ILB). Five to 8 mice were sacrificed at each subsequent interval to de-

termine the retention of 239pu in the lung. Samples were analyzed for 23gPu by alternate wet and

dry ashing, dilution to a standard volume and an aliquot taken for liquid scintillation. One hun-

dred and forty mice were sham exposed to be used as controls for the mice exposed to 23gPu02.

At intervals of 7 days, 3, 6 or 12 months after inhalation exposure to aerosols of 144Ce02 or

239pu02 or control exposures, groups of approximately 4O nonanesthetized mice each were inoculated

by aerosol inhalation with approximately 102 mouse 50% infective doses (MID50) of mouse adapted in-
fluenza virus Type A (PR-8) in phosphate buffered saline (PBS) 0.I M pH 7.2 containing 10% agamma

horse serum. At intervals of 3 or 6 months after exposure by inhalation to 144Ce02, stable CeO2,
sham exposed and nontreated Syrian hamsters in groups of 25 each were inoculated intranasally while

under mild ether anesthesia with 104 to 105 MID50 of influenza virus. Control groups of mice ex-

posed to 144Ce02 or 239pu02 and Syrian hamsters exposed to 144Ce02 were inoculated with a suspension

of normal mouse lung in PBS at the same concentration and in the same manner as the virus inocula-

tion. After virus inoculation, approximately half of the surviving mice and Syrian hamsters were

scheduled for lifespan observation. The remaining animals were scheduled for serial sacrifice at 3,

6, 12, 24 or 52 weeks after virus inoculation in groups where the numbers of animals surviving were
available. Four mice from each study group were sacrificed by exsanguination via the orbital sinus

at each interval. Three Syrian hamsters from each study group were sacrificed while under Nembutal-

induced anesthesia by exsanguination from a severed femoral vein. Sara were collected from all blood
samples to confirm influenza virus infection by standard complement fixation (CF) or virus neutral-

ization procedures. After death, the lungs were removed, perfused with 10% neutral buffered forma-

lin, and liver, kidneys and spleen were also removed and all tissues fixed in the formalin solution.

After fixation, all tissues were embedded in paraffin, cut, and hematoylin-eosin stained section

prepared.

RESULTS AND DISCUSSION

The mean ILBs, beta radiation dose to the lungs after 144Ce02 inhalation exposure to the day

of virus inoculation, subsequent mortality and mean survival time after virus inoculation are sum-

marized in Table I for mice. Syrian hamsters inoculated with influenza virus 3 months after expo-

144Ce02 had a mean ILB of 11 mCi (20,000 rads to the lungs) and those inoculated at 6 monthssure to

had a mean ILB of 12 ~Ci (28,000 rads to the lungs). In the mice exposed by inhalation to 239pu02,
there was a mean ILB of 7-4 nCi with 260 rads to the lungs in the mice inoculated with influenza

virus 3 months after exposure and 340 rads to the lungs in mice inoculated 6 months after exposure.

239pu02 died within 3 weeks following influenza virus inocu-Noneof the mice previously exposed to

lation.

All of the sacrificed mice and Syrian hamsters previously inoculated with influenza virus fol-

144Ce02 have been infected as indicated by the presence of CF or viruslowing inhalation exposure to

neutralizing antibody. There did not appear to be any significant differences in the antibody re-

sponses of the animals exposed to 144Ce02 and control animals inoculated with influenza virus. We

have previously demonstrated the CF antibody response was delayed a few days in mice exposed by
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Mice Exposed by Inhalation to 144Ce02

Time after 144Ce02 Mean Initial Rads to Lungs
Inhalation to

Virus Inoculation

Table i

and Subsequently Infected with Influenza Virus

Mortality Within 3 Weeks
Lung Burdens to Day of Virus After Virus Inoculation Mean of Days

of 144Ce Inoculation Deaths/Total Percent to Death

Controls a .... 0/339 0

7 days 2.5 uCi 1,500 0/36 0

3 months 1.0 " 2,900 0/40 0

3 months 4.8 " 16,500 22/40 55

6 months 1.0 " 3,600 0/40 0

6 months 4.3 " 19,700 6/40 15

12 months 1.0 " 4,200 68/80 85

aAll stable CeO2, sham and nonexposed controls combined.

8.3

10.0

10.9

inhalation to 144Ce02 and subsequently infected with influenza virus. 4 It was expected that such a

brief delay in antibody response would not have been observed in this study. In mice that had been

239pu02 and subsequently infected with influenza virus 3 months later, there was no dif-exposed to

ference in the CF antibody response (Table 2). In the mice inoculated with influenza virus 6 months

after 239pu02 exposure, there was a significant delay in the CF antibody response as comparedto the

control mice. This finding is of interest and can be related to studies in Beagle dogs which, when

exposed by inhalation to either alpha- or beta-emitting radionuclides, have developed lymphopenia

and immunologic depression.

In contrast to our previous observations 4 of severe squamous .,,etaplasia in the lungs of mice

144Ce02, subsequently infected with influenza virus and sacrificed 3 weeksexposed by inhalation to

later, less severe histopathologic changes were observed in the present study. In the lungs of mice

exposed to 144Ce02 (ILB of 1.0 or 4.5 ~Ci), subsequently exposed to aerosol of normal mouse lung

homogenate and sacrificed 3 weeks later, all mice had mild to severe radiation pneumonitis. The less

severe lesions were an increase in vacuolated alveolar macrophages and a hypertrophy of scattered

alveolar cells. The more severe changes included proliferation of alveolar lining cells and thick-

ening of the alveolar septa with fine connective tissue. In some, pulmonary scars were present.

Scattered small infiltrates and loose fibrosis were noted around terminal bronchioles. In the lungs

of mice that had been exposed to stable CeO2, sham exposed or nonexposed, infected with influenza
virus 6 months later and sacrificed 3 weeks later, all had lesions of a pulmonary viral infection.

Table 2

Complement Fixing Antibody Responses Inoculated with Influenza Virus

Following Inhalation Exposure to 239pu02

Time After Weeks After Virus Inoculation to Sacrifice
239pu0~ Exposure
to Inbculation 3 6 12 24

3 Months

Controls 1:362a 1:54 1:38 1:45

239pu02 1:304 1:76 1:181 1:25

6 Months

Controls 1:362 1:362 1:81 1:14

239pu02 < 1:4 < 1:4 1:90 1:19

aGeometric mean of the complement fixing antibody titers of 4 mice per interval.
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These were nodular infiltrates of mononuclear cells, mainly lymphocytes and a few plasma cells, a-

round pulmonary vessels and occasionally around bronchioles. In some animals, there was a prolifer-

ation of alveolar lining cells similar to, but not as extensive as, that seen in animals with radi-

ation pneumonitis. In none of the mice was squamous metaplasia seen. In the mice exposed to 144Ce02

(ILB 1.0 or 4.5 ~Ci) infected with influenza virus 6 months after 144Ce02 exposure and sacrificed
3 weeks later, there were more disseminated lesions, more vacuolated alveolar macrophages and more

alveolar lining cell proliferation. The influenza virus-exposed mice had more cellular infiltrates

and lymphoid nodules which were not present in the only 144Ce02 exposed mice.

In Syrian hamsters exposed to stable CeO2, sham exposed or nonexposed, infected with influenza
virus 6 months later and sacrificed 3 weeks later, the lesions induced by teh influenza virus infec-

tion were mild but were classified as viraT pneumonia. Characteristically, there was a prolifera-

tion of terminal bronchiolar epithelium into and lining surrounding alveoli. A few chronic inflam-
matory cells plus hemosiderin laden macrophages accompanied the proliferation. Occasionally, few

chronic inflammatory cells were present in the interstitial tissues of the lung. The bronchial epi-

thelium was hypertrophic and hyperplastic and had an increased number of goblet cells. There were

no lesions in the influenza virus infected hamsters that were specific or very severe. In Syrian

exposed to 144Ce02 (ILB ~ 12 ~Ci) exposed to a normal mouse lung homogenate 6 months datehamsters

and sacrificed 3 weeks later, there was obvious radiation penumonitis and pulmonary fibrosis. This

was characterized by an increase in vacuolated alveolar macrophages; presence of individual hyper-

trophic alveolar lining cells, subpleural and peribronchiolar septal fibrosis, proliferation of ter-

minal bronchiolar epithelium and occasional focal vasculities. The pulmonary lesions in the hamsters

exposed to both 144Ce02 and influenza virus in the same time sequences as the preceeding hamsters,

were more severe but not different in character from the ones exposed to 144Ce02 alone. There was

more bronchiolar proliferation lining alveoli in the combined insult.

autoradiographs prepared from sacrificed mice that had been exposed to 144Ce02 and infectedIn
with influenza virus 7 days later, there was a definite accumulation of 144Ce in the foci of epithe-

proliferation. A substantial number of animals in both the 144Ce02 and 239pu02 groups are beinglial

held for later sacrifice or lifespan observation. Additional specimens from sacrificed animals

presently are being examined histologically.
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ISOLATION AND METABOLISM OF ALVEOLAR EPITHELIAL TYPE il CELLS

ABSTRACT

A population of pulmonary cells enriched in epithelial type

iI pne~nonocytes was isolated from Syrian hamsters using PRINCIPAL INVESTIGATORS

modifications of existing technology and identified by flu- R.C. Pfleger
W. D. Roddy

orescent microscopy. Briefly, the animals were euthanized,

the heart-lv~g-trachea was removed, the lungs perfused

intravascularly and intrabronchially and then gently trypsinized during a second bronchopulmonary

lavage to free the epithelial components. ~ne lungs were minced, the cell suspension filtered, the

trypsin deactivated, the cell suspension refiltered and the cells concentrated by centrifugation

before separation on a discontinuous gradient of Ficoll. The enriched population of epithelial type

Ii cells concentrated at the 1.058-1.090 interface. Incubation of these cells with a-glycerol

(U-14C) phosphate for various times showed a linear uptake for 2 hours of the carbon-14 into trigly-

cerides, phosphatidyl choline and phosphatidyl glyceroZ which were identified in the total lipid

extract by thin-layer chromatographic zonal scanning and liquid scintillation spectrometry.

INTRODUCTION

Although the lung consists of a morphologically complex arrangement of more than 40 different
cell types, no one type occupies the major mass of the lung. I In most biochemical studies of tis-

sues other than lung, tissue slices and homogenates are used because the tissue under study is us-

ually composed of, at most, a few cell types. But in the lung, because of the heterogeneity of cell

types, individual cell lines must be studied if the results are to be meaningful. The normal alveo-

lus is lined by two types of epithelial cells; type I, a membranous cell usually found overlying the

capillaries and type II, a cuboidal cell with Iamellar bodies, usually found in alveolar corners.

The highly surface active pulmonary surfactant is thought to be synthesized by the alveolar epithe-
lial type II cell. Adamson and Bowden2 showed that epithelial injury selectively involved type I

cells, yet the recovery phase was characterized by proliferation of type II cells. Since pulmonary

injury may arise from alveolar deposition of radiolabeled particulates and type II cells may prolif-

erate following such injury to form late-occurring neoplasms, we have attempted to isolate a rela-

tively pure fraction of normal alveolar epithelial type II cells from Syrian hamsters and to study

their metabolism.

An enriched population of pulmonary epithelial type II cells was isolated from Syrian hamsters
using modifications of the original work of Kikkawa and Yoneda3 and identified by fluorescent micro-

scopy with phosphine 3R.4 Preliminary studies showed the incorporation of a-glycerol phosphate in-

to phosphatidyl choline and phosphatidyl glycerol, phospholipids found in pulmonary surfactant.

METHODS

Lung Cell Separation:

Six Syrian hamsters were euthanized with Diabutal (24 mg each), the dorsal aorta severed and

the lung-heart-trachea dissected. The lungs were intravascularly perfused with normal saline until

white in color, and lavaged three times with 6, 5 and 5 ml of Krebs-Ringer-Bicarbonate buffer (pH 

7.25). They were then inflated with 5 ml of a 2% trypsin (Difco 1:250) buffered (bicarbonate) 

tion and incubated at 37o for 20 minutes in a Dubnoff shaking incubator. Individual lobes were dis-

sected free of the bronchial tree and minced with a scissor for 5 minutes. The minced tissue was
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filtered through nylon bolting cloth HC 160 (pore size = 160 ~m) into 5 ml of decomplemented fetal

calf serum to inactivate the trypsin. Filtration was enhanced by washing with cold buffer and gentle

agitation. The filtrate was then filtered through nylon cloth HC 41. After a combined suspension of

cells from 6 animals was obtained, a third filtration was made through nylon HC 15 into centrifuge
tubes. The suspension was centrifuged at 2000 x g for 10 minutes at 4° . The cell pellets were com-

bined, refiltered through nylon HC 15 and made to volume for cell counting and density gradient

centrifugation. Aliquots of 5 ml were layered over a discontinuous gradient of 5 ml each, 13.5,

16.1 and 26.0% Ficoll in physiological saline, containing i00 units Penicillin G, i00 mg streptomycin

sulfate and i00 mg neomycin sulfate. The samples were centrifuged in a swinging bucket at 1700 x g

for i hour at 4° . The gradient was separated and the cells recovered by suspending the gradient

solutions in cold buffer to dilute the Ficoll followed by centrifuging for 20 minutes at 1500 x g.

Cell concentrations and viability (trypan blue exclusion) were determined on a hemocytometer.

Incubation:

The cells recovered from the 3 gradients, in addition to the cells obtained by lavage (macro-

phages), were incubated with ~-glycerol-14C phosphate (0.5 ~Ci, 16 ~Ci/~M, New England Nuclear

Corp.) in a I ml buffered medium at 37o in the shaking incubator. After designated time periods,

each reaction was stopped by adding 2.45 ml CH30H and the lipids extracted by the Bligh and Dyer

procedure. The lipid containing CHCI3 phase was washed twice with water.

Thin-Layer-Chromatoqraphic Zonal Scanning:

Aliquots of the total lipids were spotted on 500 ~m thin layers of Silica gel HR and chromato-

graphed in a CHCI3-CH3OH-Acetic acid-O.9% saline (50:25:8:4, v/v) solvent system. Phospholipid
5classes were detected with iodine vapor and 2 mm zones collected with an automatic zonal scraper.

To each vial was added 0.5 ml water and 5 ml Aquasol. Neutral ]ipids were resolved in a hexane:

diethyl ether:acetic acid (80:20:1, v/v) solvent system, and treated similarly. The carbon-14 

each sample was quantitated using a Packard Model 3320 Tricarb Liquid Scintillation Spectrometer.

Fluorescent Microscopy:

Lung cells in buffer solution were stained with a 0.1% solution of phosphine 3R (3:1, v/v) 

0.9% saline, wet mounted and examined under a Zeiss UV microscope with barrier filters 53 and 41

and excitation filter BG-12. Tri-X-Pan Film (Kodak) was used to photograph the unfixed cells 

suspension.

RESULTS AND DISCUSSION

Cells washed from the lung of the Syrian hamsters by the standard lavage technique are mostly

(> 95%) macrophages. The viable macrophages seen in Figure i have been suspended in buffer, treated

with phosphine 3R fluorescent dye, wet mounted and photographed under ultraviolet microscopy. The
cells fluoresce bright yellow with the large granular bodies brighter than the cytoplasm. The vi-

able type II cells observed in Figure 2 were obtained from the alveolar epithelium and were examined

under the same conditions but had a distinctly different appearance. These cells are about one-third

the size of the macrophages, fluoresce a brilliant yellow and have very fine small inclusions that

fluoresce even more brilliantly when the color is not overcome by the brilliance of the cell itself.

Using the same conditions of photography, the exposure for the macrophages took 15 seconds but the

exposure time for the type II cells was I second. The type II cells were collected from the Ficoll

gradient at the 1.09 density interface. Our latest data show that the same kind of cells can be col-

lected at the 1.066 interface. Of the cells prepared to date, about 50% of the cells in this frac-

tion (d = 1.066) appear as type II but the other half have almost no fluorescence and can barely 

seen in Figure 2. The identification of the type II cells then is based upon their site of origin
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Figure 1. Alveolar macrophages isolated by
pulmonary lavage of Syrian hamsters. Flu-
orescence with phosphine 3R under ultraviolet
microscopy. Tri-X-Pan Film, 15 second ex-
posure, 160 X.

Figure 2. Alveolar type II cells isolated by
gentle trypsinization of the epithelium of
Syrian hamster lung. Fluorescence with phos-
phine 3R under ultraviolet microscopy. Tri-
X-Pan Film, i second exposure, 160 X.

(the alveolar epithelium), the procedures necessary to obtain them (trypsinization, filtration 

centrifugation), their unusual fluorescence with phosphine 3R which has also been observed by Mason
et al.4 and their buoyant density of < 1.066, which is that which would be predicted from Kikkawa’s

work. 3 Certainly more definitive studies by electron microscopy are required before absolute ident-

ification as type 11 can be established.

Macrophages and cells obtained from the three layers of varying Ficoll density were incubated
with 14C s-glycerol phosphate. Table i gives the conditions of incubation and the percentage utili-

zation of the substrate by the cells with their incorporation of the label into lipids. Cells set-

tling at densities of 1.047 and 1.058 showed an inconsistent utilization of the substrate even after

2 hours of incubation while those that settled at a density of 1.090 showed a definite and almost

linear incorporation of the m-glycerol phosphate into total lipids, triglycerides, phosphatidyl cho-

line and after a delay, into phosphatidyl glycerol. The macrophages showed some incorporation of

the label into lipid materials but at a rate less than the cell fraction enriched in type II cells.

Figure 3 shows the thin-layer chromatographic zonal scans of the lipid fractions as a function

of time of incubation of type II cells (fraction 3, density = 1.090). Notice the buildup of the

various lipid components. After 15 minutes of incubation, activity is observed only in the neutral

lipids; whereas after 120 minutes of incubation, a large neutral lipid peak is evident and a full

complement of phospholipids are observed, with phospholipids of the surfactant type, phosphatidyl

choline and phosphatidyl glycerol, predominating. The neutral lipid is all triglyceride and no mono-

or diglycerides are present. These data show that type II cells isolated from the lungs of Syrian

hamsters are viable, can metabolize glycerol phosphate, and produce glyceride lipids.



Table I
incubation of Dispersed Lung Cells and Their Utilization of Alpha-Glycerol (U-14C) Phosphate

Ficoll Gradient

13.5%, d = 1.047

16 .i,o, d = 1.058

26,o, d = 1.090

TG - triglycerides; PC =

Macrophages

Percentage of 14C Incorporated
Incubation Total

Cell Conditions Time, min. Lipid TG PC PG
3.6 x I05 total cells 15 0.11
recovered - 6.2 x 105 30 0.05
viable cells incubated 60 0.02
- 94% viability 90 0.12

120 0.08

4.8 x 106 total cells 15 0.03
recovered - 7.4 x 105 30 0.02
viable cells incubated 60 0.05
- 84% viability 90 0.04

120 0.08

7 x 107 Total cells 15 0.26 -- 0.17 --
recovered - 11.8 x 30 0.58 0.11 0.29 --
I0 u viable cells 60 0.90 0.23 0.28 0.12
incubated - 92% 90 0.86 0.39 0.3~ 0.15
viability 120 2.40 0.66 0.74 0.25

2.15 x 107 total cell~ 15 0.11
recovered* - 3.9 x 10° 30 0.07
viable cell incubated 60 0.07
- 99% viability 90 0.32

120 0.49

phosphatidyl choline; PG - phosphatidyl glycerol.

Figure 3. Zonal scans (2 mm) of thin-layer
chromatograms of total type II cell lipids as
a function of incubation time with m-glycerol
phosphate. The chromatograms were developed
in a solvent system of CHCL3:CH3OH:acetic
acid: 0.9% saline (50:25:8:4, v/v). The ab-
breviations are as follows: ORIG, origin of
chromatogram; LL, lysolecithin; SPHI,
sphingomyelin; PC, phosphatidyl choline; PI,
phosphatidyl inositol; PS, phosphatidyl
serine; PG, phosphatidyl glycerol; PE, phos-
phatidyl ethanolamine; NL, neutral lipids.
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The importance of such studies on isolated relatively pure type II cells rests in the fact that
bronchiolo-alveolar carcinomas are the most significant lung neoplasm observed in 3eagle dogs foi-

239 6
lowing inhalation of PuO2 and they have also been observed in dogs exposed by inhalation to i~-
y-emitting radionuclides. 7 Although the cells of origin are suspected of being type II cells, this

has not yet been confirmed by ultrastructural studies. However, neoplastic proliferation of type II
cells has been observed in mouse,8 sheep, 9 and man.I0 Thus, an understanding of the normal biologi-

cal behavior of such cells as well as alterations in the neoplastic analog may provide insite into

the pathogenesis of cancer of type II origin.
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CRYOCHROMATOGRAPHYA METHOD FOR THE SEPARATION OF PHOSPHOGLYCERIDES

ACCORDING TO THE NUMBER AND LENGTH OF SATURATED FATTY ACID COMPONENTS

ABSTRACT

A thin layer chromatographic method utilizing ultra cold
PRINCIPAL INVESTIGATORS

temperatures has been developed to separate phosphoglycerides
Nogene P. Henderson

containing only long-chain saturated fatty acids from phospho- M.H. Clayton
glycerides cantaining fatty acids with any degree of unsatura-

tion. The method is direct, nondiluting, and nondestructive.

Since the surfactant lipids found in lung contain only long-chain, saturated fatty acids, the method

should be particularly useful to those in lung lipid research. Studies on the uptake of labeled

precursors into the lung surfact~nt lipids as well as work on auantitation of surfactant lecithins

in the lung can be facilitated by this method.

INTRODUCTION

Lung biochemists face a unique problem in dealing with the surfactant lipids of the lunge These

lipids are phosphoglycerides containing only long-chain saturated fatty acids. The surfactant prop-

erty of these lipids depends upon the presence of two saturated acyl groups per molecule as opposed

to the usual phosphoglyceride composition in which one saturated and one unsaturated fatty acid are

present. Separation of these saturated phosphoglycerides from other phospholipids with the same
polar end group has been very difficult. The argentation method of Arvidson I is widely used to

separate phospheglycerides according to the degree of unsaturation in their fatty acids but the

method does not separate fully saturated phosphoglycerides from monoenic species (those containing
only one site of unsaturation in the two esterified fatty acids). King and Clements2 devised a

method to do this by using mercury as a heavy metal adduct, but the method involves column chromato-

graphy and consequently a large dilution of the sample. Also the mercuric acetate adduct must be

formed prior to the separations, and if the sample is to be recovered, some method of removing the

heavy metal must be used.

In this paper, we describe a simple, nondestructive, nondiluting thin layer chromatography

method for the separation of fully saturated phosphoglycerides from species containing any degree

of unsaturation in the fatty acid components. The method does not require any derivative formation

nor any breakdown of the sample. In some cases, fully saturated phosphoglycerides can be separated

according to the chain length of the fatty acids.

METHODS

Standard lipids (> 98% pure) were purchased from Supelco, Inc. or, in the case of dipalmitoyl

phosphatidyl glycerol, from Serdary Research Laboratory, Inc., London, Ontario. Thin layer chroma-

tography was done on glass plates coated with silica gel HR made from a slurry of the gel with 1.0

mM Na2CO3. All chromatography was done in an upright ultra cold freezer at the temperature indi-
cated. After the samples had been spotted on the chromatography plates, the plates were allowed

to equilibrate in a dessicator at the temperature to be used for chromatography for at least 30 min

before being placed in the developing solvent. After completion of each run, the plates were

brought to room temperature in a dessicator.
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The solvent used was CHC13:CH30H:CH3CO2H:O.15 M saline (15:7.5:4:1, v/v). At temperatures be-
low -50°C, some ice crystals formed in the solvent but did not appear to interfere with the separa-

tions. Further work is underway to find an adequate solvent that does not freeze at -70°C. Lipids

were stained by spraying with phosphomolybdic acid (8% in 2-propanol) followed by mild heating. 

fatty acid analyses were done, only one lane on the plate was stained. If phosphorus analysis was

to be used, staining was done with 12 vapor.

The fatty acid composition of the phospholipids was determined by refluxing the lipids in

methanolic H2SO4 to form the fatty acid methyl esters. The esters were extracted into petroleum
ether, the extract washed repeatedly with water to remove acid, and the esters analyzed on a gas
chromatograph as previously described.3

RESULTS

We observed that fully saturated phospholipids precipitated out of solution in organic solvents
at freezer temperatures (-20°C) to a greater extent than did phospholipids containing unsaturated

fatty acids. This led us to attempt separation of the saturated phospholipids from a mixture of

phospholipids by thin layer chromatography in the cold.

Three classes of phosphoglycerides, each with a different polar end group, were included in

the study: phosphatidyl cholines or lecithins, phosphatidyl ethanolamines, and phosphatidyl glycerols.

Samples of these phospholipids with varying fatty acid compositions were spotted on thin layer

chromatography plates and developed at increasingly lower temperatures. The results are summarized

in Table 1. The samples responded to the cold in one of three ways: at higher temperatures, the

compounds ran at an Rf similar to that at room temperature; at very low temperatures the compounds
did not run at all but remained at the origin; and at a temperature just above the temperature at

which no development took place, some streaking occurred.

Only the completely saturated phospholipids exhibit all three types of responses. The longer

the carbon chain of the saturated fatty acids, the higher the temperature at which the phospho-

Table I

-20°C R R R R R

-25°C R R R R R

-30°C R R R R R

-40°C S R R R R

-50°C NR R R S R

-60°C NR R R NR S

-70°C NR R R NR NR

Temperature Dependence of Phosphoglyceride Chromatography

Phosphatidyl
Phosphatidyl Cholines Ethanolamines

18:0 18:1 16:0 16:0 14:0 12:0 10:0 16:0 18:1 18:0 Bacterial 16:0
Fattya
acids ~ 18:0 18:1 18:1 16:0 14:0 12:0 10:0 16:0 18:1 18:0 16:0

R RR R R R

R R R R

R R S R

R R NR

R R NR

R R NR

R R NR

S

NR

NR

R NR

R NR

R NR

R NR

Phosphatidyl
Glycerols

R R

R R

R R

R S

R NR

R = runs at similar Rf as at room temperature; NR = remains at origin; S : streaks.

aThe number before the colon represents the number of carbon atoms in the fatty acid and the
number after the colon represents the number of double bonds, m and B refer to the hydroxyl
group at which the fatty acid is esterified.
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glyceride remained at the origin. For example, dipalmitoyl phosphatidyl ethanolamine remained at

the origin at -40°C while distearoyl phosphatidy] ethanolamine did not run at -25°C. Thus, at -25°C

these two compounds could be separated from each other. Polar end groups also played a role. The

more polar phosphatidyl choline and phosphatidyl glycerol remained at the origin at much lower tem-

peratures for the same fatty acid composition than did the less polar phosphatidyl ethanolamines.

Bovine brain sphingomyelin, another type of phospholipid, remained at the origin at -50°C or below.

Compounds having any degree of unsaturation failed to remain at the origin at any of the tempera-

tures studied.

DISCUSSION

The separations achieved by the cryochromatography method appear to be related to solubility

of the compounds in the developing solvent. The fact that all phosphoglycerides studied either ran

at the usual room temperature Rf, or did not run at all is indicative of a precipitating out of the
compound at the point of application. The method could have broad applications. In chemical prep-

arations of pure compounds, the method could be used to purify samples. If a programmed temperature

regulator were used, one might be able to separate out phospholipids with decreasingly longer-chained

saturated fatty acid components from a single sample as temperatures dropped, but this has yet to

be tried.

In lung biochemistry, the method is particularly useful. The surfactant lipids of the lung are

highly saturated forms of phosphatidyl choline and phosphatidyl glycerol as well as sphingomyelin.

These are the very compounds which are easily separated by the cryochromatography method. In fact,

in a previous report, 4 we showed that the surfactant properties of phospholipids were dependent on

the presence of two long-chain (C14 or above) saturated fatty acids--a composition corresponding
exactly to that required for separation of the phospholipid in the cold. Thus total lung phospho-
lipids chromatographed at -70°C should leave only the surfactant lipids at the origin. A determi-

nation of the amount of surfactant lipid in hamster lungs by this method showed 32% of the total

lipid to be surfactant. This compares well with our previously reported results 4 in which surface

tension measurements showed Beagle dog lung lipid to contain 33% surfactant lipid. This allows an

easy method for determining the amount of surfactant phospholipid in the lung and for following

metabolic studies on such compounds.

The cryochromatography method described in this report serves as a complementary tool to the

existing methods for phospholipid analysis. Previous methods allowed one to analyze phospholipids

containing varying degrees of unsaturation in their acyl groups. This method extends this ability

to those phospholipids containing only saturated fatty acids.
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EFFECT OF HALOTHANE ON HAMSTER LUNG

ABSTRACT

Mvltiple ex{)osure of h~nsters to halothane anesthesia

decreased the free .Catty acid content of the l~ng. The

study emphasizes the importance of adequate controls in

any lipid studies in which anesthesia is used.

INTRODUCTION

LIPIDS

PRIIVCIPAL I[JVESTIGATORS

L. Escobedo
M. H. Clayton
Rogene P. Henderson

In a previous report (1972-1973 Annual Report, LF-46, pp. 191-194) we noted a threefold increase

in the triglyceride content of Beagle dog lung after 10 daily lavages of the left side of the lung.

A similar increase was noted in a sham-lavaged control dog. Because the triglyceride increase was

observed in both the control and the lavaged dog and in the latter was present on both sides of the

lung and not just on the lavaged side, we hypothesized that the triglyceride increase was in re-

sponse to the halothane anesthesia used during the lavage. To test this hypothesis, Syrian hamsters
were repeatedly exposed to halothane anesthesia and their lungs examined histochemically and ana-

lyzed chemically for any increase in lipid content.

METHODS

Sixteen adult (7 months old) Syrian hamsters were exposed 33 times over a 19-day period to 

halothane-nitrous oxide mixture (5% halothane, 47.5% NO2, 47.5% 02) until a deep surgical plane of
anesthesia was reached. The animals were sacrificed by aortic bleedout immediately after the last
anesthetic exposure. Eight hamsters of the same age served as controls and were anesthetized only

once, shortly before sacrifice. The lung was removed from each animal and a small sample was taken

from each left lung for histological and histochemical examination. The rest of the lung was finely

minced, dialyzed against deionized water, and lyophilized. The dried lung was lipid extracted by
the Bligh and Dyer technique and the neutral lipids analyzed as previously described. I The lung

samples used for histology were frozen in liquid N2 and sectioned at 5 u in a cryostat. The sections
were stained with Sudan Black IV and counterstained with hematoxylin. A gram stain was also done to

check for bacterial pneumonia.

RESULTS

The body weight of the exposed hamsters did not change significantly when considered either on

an individual basis or for the group as a whole (Table I). The exposed lungs contained slightly more

water than the control lungs, indicating that anesthesia had produced mild pulmonary edema. The

total lipid content of the lung, based either on the total lipid per lung or the total lipid per dry

weight of lung, was not changed by the anesthesia. The percentage of the total lipid that was neu-

tral lipid, a value that had been high in the multiply lavaged dog, was the same for both the con-

trol and the experimental group.

Further analysis of the neutral lipid fractions showed a change in the overall pattern of the

neutral lipid composition (Table 2). The percentage of neutral lipid due to cholesterol increased

in the exposed animals and the level of free fatty acids decreased. If, however, one considers the

actual amounts of these lipids in the lung, the only significant change was a 33% decrease in free

fatty acid content.
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Initial body weight, gm

Final body weight, gm

dry weight of lung% wet weight of lung

total lipid of lun9% dry weight of lung

Total lung lipid, mg

% neutral lipid
total lipid

avalues given are means ~ 1 S.D.

Table i
Effect of Multiple Anesthesia on Hamstersa

Control

127 + 6 gm

126 + 6 gm

17.5 + 1.5%

Anesthetized
139 + 10 gm

143 + 11 gm

14.5 + 2.0%b

18.9 + 3.2% 17.7 + 2.4%

24.1 + 4.6 22.6 + 4.1

35.1 + 1.5% 32.2 + 7.6%

bExperimental value is significantly different from control value at the 10% confidence level.

Table 2

Lung Neutral Lipid Changes in Anesthetized Hamstersa

Control Anesthetized

Cholesterol % of NL 29.0 + 5.4 43.2 ~7.4b

mg/lung 2.5 ~0.6 3.1 ~0.7

Free Fatty Acids % of NL 33.3 ~ 2.6 21.5 ~4.9b

mg/lung 2.8 L0.5 1.6 ~0.6b

Triglycerides % of NL 35.0 ~4.3 31.2 +6.2

mg/lung 3.0 !0.6 2.4 ~ 1.0

Sterol Esters % of NL 3.7 + 1.8 4.1 + 1.0

mg/lung 0.31 ! 0.Ii 0.28 ~ 0.11

avalues are means + I S.D.; NL = neutral lipids.

bValue is different from control value at the 5% level of confidence.

Histologically, no change in lipid content in the anesthetized animals was seen. A few gram

positive rads were seen in 4 of the control animals and 3 of the experimental animals, but there was

no other evidence of pneumonia.

DISCUSSION

The objective of this study was to determine if the increase in lung triglycerides seen in a

Beagle dog after multiple lavages was a consistent response of the mammalian lung to halothane anes-

thesia. Under the conditions described in the experiment, no increase in triglycerides was seen in

hamster lungs after multiple exposure to halothane. Instead, there was a decrease in the free fatty

acid content in the lungs, a change which was not seen in the dog study. The data indicate that in

any study of lung lipids requiring the use of anesthesia, care must be taken to provide adequate con-

trols to determine which effects are due to anesthesia and which are due to the experimental parame-

ter under study.
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PULMONARY TISSUE AND SURFACTANT CHANGES IN SYRIAN HAMSTERS AFTER INHALATION

OF 90y IN FUSED CLAY

ABSTRACT

Syrian hamsters received an average of 6900 rads to lung

following in~lation of an aerosol of 90y in fused clay.

Animals were sacrifiaed in groups of four from 2 to 33 weeks

po~-~nhatatton. Controls were exposed to stable Z~ in

fused clay. By 8 weeks post-inhalation, total lung lipids

were signiJ~cantly increased (28 mg/lO0 g Body Weight) above

the mean of the control group (21 mg/lO0 g B.W.) but de-

creased toward control levels I~r the remainder of the

experiment. Lipid content of lung surfactant obtained by

PARTICLES

PRINCIPAL INVESTIGATORS
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pulmonary iavage decreased from 0.93 mg~100 g B.W. to an average of 0.63 mg~100 g B.W. but more

importantly, the highly surface active acetone precipitab~e phospholipids decreased from 0.57 ±

0.12 mg/100 g B.W. to O. 33 ± O. 09 mg/lO0 g B.W. during the e~perimental period. This change in

surfactant lipid content was reflected in alterations in the surface tension properties of the

pulmonary surfactant system which is intimately involved in pulmonary dynamics and alveolar stability.

INTRODUCTION

With the potential for release of environmental pollutants such as radioactive substances and

with increased emphasis on lung research, there is continuing need to better define the biological

consequences of inhaled materials deposited in lung tissue. To improve our knowledge of the patho-

logic sequelae resulting from protracted pulmonary radiation damage, an experiment was designed

utilizing an inhalation exposure to a short lived radioisotope (90y). This model was chosen because
90y in an insoluble form allowed >90% of the dose to be delivered to the lung in the first 10 days.

In addition, the relatively short lifespan of the Syrian hamster allowed the experiment to cover a
substantial portion of its life. The results indicate that high levels of 90y deposited in lung

produce pulmonary damage and increase the level of pulmonary surfactant and tissue lipids.

METHODS

Exposure--Twelve-week-old Syrian hamsters (252 animals) were exposed by inhalation to 

aerosol of 90y (tl/2 = 2.61 d) in fused montmorillonite clay (AMAD = 1.05-1.19; = 1.7 -2.0)¯
Initial lung burdens ranged from 25 to 191 ~Ci (x = 107 ~Ci), and the cumulative lung dose averaged

6.9 krads (range 3.8 to 17 krads). A group of 156 control hamsters were exposed to stable Zr in 

fused clay aerosol (MMD = 1.0; ~ = 1.7) which resulted in a deep lung deposition of ~250 ng. g
Gaussian distribution was fitted to the lung burdens of the animals exposed to 90y. Hamsters in

the upper and lower 10% of the distribution were eliminated and animals for this study were then

chosen at random from those remaining. The animals were housed in individual cages and received

food and water ad lib.

Sacrifice Procedure--Four animals were sacrificed at different intervals to 33 weeks after
inhalation, at which time all animals exposed to 90y had died or had been sacrificed. Animals were

euthanized, weighed and the heart-lung-trachea block removed. Lungs were perfused intravascularly

with normal saline and the right lung lavaged 5 times with 5 ml of saline. The left lung was

perfused intrabronchially with buffered formalin and processed for histopathologic evaluation.
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Tissue Lipid Extraction--Right lung tissue samples were pooled from each group of 4 animals

sacrificed at 2, 4 and 8 weeks after inhalation for the 90y population and at 6 and i0 weeks for
the control group. In subsequent sacrifice periods, each right lung was handled as an individual

sample. Tissue was minced, dialyzed, lyophilized, weighed and lipid extracted by the standard
IFolch procedure.

Lavage Fluid Fractionation and Lipid Extraction--Lavage fluid was centrifuged at 3000 g-min.
to remove the cellular fraction. Recentrifugation at 1.2 x 106 g-min, sedimented the surfactant;

the supernatant was discarded. The cellular and surfactant fractions were dialyzed at 4%., lyoph-

ilized and weighed. Total lipids were extracted from the cellular fraction by the standard method
of Bligh and Dyer. 2 Total lipids were extracted from the surfactant fraction with hexane:etbanol

(4:1, v/v), and were further subdivided by precipitation of the saturated surface active phospho-

lipids in cold acetone. Surface activities of the hexane-ethanol (HE) and acetone precipitated

(AP) fractions were determined on a Wilhelmy balance. Proportional amounts of the two lipid frac-

tions were recombined, dried under N2 and dissolved in CHCI3 for neutral and phospholipid analyses.

Lipid Quantitation--Total lipids from tissue, cells and surfactant were quantitated gravimetri-

cally. Neutral lipid-phospholipid ratios were determined by fractionation on BioSil HA columns.

Lipids were separated into individual classes by thin-layer chromatography, and neutral lipids

quantitated photodensitometrically. Phospholipids were quantitated by a standard microphosphorus

technique.

Estimation of Radiation Dose--Radiation dose to lung tissue was estimated in a separate group
of 25 animals that were sacrificed after O, 2, 5, 8 and 16 days to determine 90y lung burdens as a

function of time after inhalation. At 8 days, lung burdens represented 80% of the total body bur-

dens and 10% of their initial lung burdens. Blood-filled lung tissues obtained from an additional

group of 10 hamsters represented 1.2 ± 0.2% of total body weight. Radiation dose to the experi-

mental group of Syrian hamsters was calculated using this information and standard procedures.

RESULTS

Lun9 Tissue Lipids--Total lung ]ipids from the irradiated animals were plotted as a function

of time post-exposure and indicated a significant increase to 28 mg/lO0 gm B.W. after 8 weeks as

compared with controls (21 mg/100 gm Body Weight). At 33 weeks post-exposure, however, the increase

in total lung lipids was no longer significantly different from the control group (Fig. i). Both

neutral lipids and phospholipids accounted for the increase in total lung lipids. Neutral lipids

first increased at 2 weeks post exposure to i0 mg/lO0 gm B.W. due to a rise in the triglyceride

content of the lung tissue. At 4 weeks post-exposure, lipids decreased to control levels (7.1

mg/lO0 gm B.W.) but then increased again at 8 weeks to approximately the 2-week values and remained

elevated to 24 weeks post exposure. The neutral lipid increase was due principally to free and

esterified cholesterol which increased to 6.5 mg/lO0 gm B.W. from a mean control value of 3.5

mg/t00 gm B.W. Phospholipids increased above control levels (13 mg/100 gm B.W.) at 8 weeks to 

mg/lO0 gm B.W. and thereafter decreased continuously until they reached control values at 33 weeks-

post exposure. Most of this rise in phospholipids was attributable to phosphatidyl choline which

at 8 weeks rose from a mean control value of 6.1 mg/iO0 gm B.W. to 9.4 mg/lO0 g B.W.

Pulmonarv Surfactant Lipids--Hexane-ethanol (HE) extractable lipids from pulmonary surfactant
of the control group averaged 0.93 ± 0.17 mg/lO0 gm B.W. over the experimental period. In the

irradiated group the average was 0.63 ± 0.13 mg/lO0 gm B.W. The highly surface active portion of

HE extractable lipids (acetone precipitable (AP) phospholipids) from the control group averaged

0.57 + 0.12 mg/100 gm B.W. whereas the average from the irradiated group was 0.33 ± 0.09 mg/lO0 gm

B.W. The percentage AP of HE was also less (62 + 11% vs. 53 + 7%). A study of the surface tension
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Figure I. Total lipids of lung tissue from Syrian hamsters exposed by
inhalation to 90y in a fused clay aerosol (~ = 6.9 krads). The open
circles show values that are significantly different (p < .I) from the
mean of the control group (solid horizontal line). The verticle lines
represent one standard deviation. The hashed area represents one
standard deviation about the mean control value.

characteristics of the HE fractions showed that lipids from the control group gave a min.y = 8 ± 3

dynes/cm whereas from the irradiated group min.y = 13 ± 4 dynes/cm. However, the minimum surface
tension from both AP fractions was equally efficacious (min.y = 2 + I dynes/cm).

Neutral lipids as a percentage of total lipids and neutral lipid content of the HE extractable

material remained elevated throughout the experiment (2-33 weeks post exposure). On a compositional

basis, the sterol esters showed a continual increase above control values but free cholesterol

demonstrated a gradual decrease during the experimental period. The other neutral lipids remained

essentially unchanged from control values. Phospholipids as a percentage of total lipids and

phospholipid content of pulmonary surfactant decreased throughout the experimental period due to a

decrease in the content of phosphatidyl glycerol, one of the highly surface active compounds.

Cell Lipids--Lipid material extracted from the cells obtained from pulmonary lavage of control

animals averaged 39% neutral lipid and 61% phospholipid; whereas from the irradiated group, neutral

lipids accounted for 33% and phospholipids 68% of the total lipids. On a compositional basis,

total sterols (free and esterified cholesterol) increased above control values at 12 weeks after

inhaling 90y and remained elevated to 33 weeks. Free fatty acids showed a concomitant decrease at
similar times. Phosphatidyl glycerol as a percentage of total phospholipids decreased from control

levels at 2 weeks post exposure and remained at lower levels throughout.

Histopathologic Evaluation of Lunq Tissue--At 2 weeks after exposure, histopathologic changes

were minimal, but by 5 weeks, radiation pneumonitis was uniformly present with mild increases in

intracellular lipids in alveolar epithelial cells and macrophages. By 8 weeks after exposure,

fibrosis was histologically apparent. From 11 to 13 weeks post exposure, radiation pneumonitis was

variable from moderate to severe and the lipid changes paralleled the severity of the inflammatory

response. By 24 weeks the inflammatory and lipid changes were mild and pulmonary fibrosis had

become the predominant finding in most of the animals.

DISCUSSION

Increased total lung lipids above control levels seen by 8 weeks after exposure was due to an

increase in both neutral lipids (primarily cholesterol) and phospholipids (primarily phosphatidyl
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choline) and is probably preceeded by lipoperoxidation (1972-1973 Annual Report, LF-46, p 195).

Total protein synthesis as evidenced by proline incorporation into noncollagenous protein may also

be increased. This can lead to cellular membrane proliferation, possibly of endoplasmic reticulum.

The rise in total lipids was similar to the effect observed in Beagle dogs following inhalation of
144Ce in fused clay. 3 However, the return of hamster lung lipids to control levels differs from

the sustained lipid response observed to 6 months after the inhalation exposure in the dog study.
Because inhalation of 144Ce in fused clay results in a more prolonged, chronic irradiation insult

than inhaled 90y in fused clay, these results indicate that protracted irradiation may be necessary
to sustain lipid synthesis. In contrast the connective tissue response to relatively acute irra-

diation from 90y or protracted irradiation from 144Ce was similar, suggesting species differences
were not involved but rather different mechanisms are responsible for the lipid and collagen re-

sponses (this report, pp 229 to 232 and LF-46, p. 180). Biochemical changes in the lung lipids

were consistent with the histologic observations. Intracellular lipid was visible in the alveolar

epithelial cells and macrophages, suggesting that material was synthesized in the epithelium and

concentrated by the macrophages. The return to normal lipid content by later times when serum

lipids were elevated seemed to suggest that serum lipids do not serve as substrate for lung lipid

synthesis and they may even exert some type of feedback inhibition.

Less surfactant lipid was removed from the lungs of irradiated animals by lavage than from

controls. A less thorough washing of the irradiated lungs might have occurred since fibrotic areas

of the irradiated lungs were not expanded by the fluid and hence probably not lavaged. Surfactant

lipids from irradiated animals yielded a higher minimum surface tension indicating that the quality

of the lipid had probably been affected by the increase in sterol esters which may reflect a storage

form of sterol. We have previously demonstrated (1971-1972 Annual Report, LF-45, pp. 268-274) that

a mixture of nonsurfactant lipids acted to expand the surfactant lipid film and above a certain

concentration even increased the minimum surface tension (~min.) of the film. Also, exudation 
serum proteins into the alveolus might have bound the surfactant lipids, resulting in the increased

¥min." The low normal ~min. of the highly purified AP fraction compared to that of control suggests
that no permanent alteration of the surface active lipids had occurred and the sterol esters (surface

film expanders) in the HE extract would not be present in the AP fraction since they would not be

precipitated by cold acetone.

Thus, alteration of pulmonary and surfactant lipid may result from lipoperoxidation, membrane

damage and/or synthesis, increased synthesis and/or accumulation of lipid and finally breakdown

(possibly lysosomal) of such lipid. In the absence of continued injury, the accumulated lipid may

be degraded. Ultimately a normal lipid metabolic state would return. These results suggest that

relative to pulmonary tissue and surfactant lipids acute radiation damage from =7 krads appears to

be reversible if initiated by a short lived radioisotope. However, even at 7 krads from short

lived 90y, pulmonary connective tissue deposition is increased and the prognosis for a normal
healthy organism may be seriously compromised. What the dose response relationship will be to even

lower doses of radiation from 90y will have to be addressed in other studies.
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PULMONARY COLLAGEN METABOLISM AFTER LUNG INJURY FROM INHALED 90y IN FUSED CLAY

ABSTRACT

Syrian hamsters were exposed by inhalation to an aerosol of
90y in fused clay particles to study pulmonary fibrosis.

Cumulative radiation doses to lung ranged from 2000 to 14,000

fads and animals were sacrificed 2 to 24 weeks after exposure.

One day before sacrifice, each hamster was injected with 14C-

proline to label pulmonary collagen. An increase in the

fractional incorporation of 14C-proline into native collagen

as compared to controls was noted in animals sacrificed 2
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weeks after exposure. This increase reached a plateau at about 13 weeks when the fractional incor-

poration in irradiated hamsters was 175% of the mean control values. Collagen degradation increased

to a similar degree at early times (2-13 weeks) after exposure, but later returned to almost control

values. Pulmonary native collagen showed progressive increases which were different from controls

by 8 weeks after exposure when mild fibrosis was observed histologically. Static lung complicance

values were decreased at earl 9 times (2-8 weeks) after exposure, but became indistinguishable ~om

those of controls at later times.

INTRODUCTION

The pathogenesis of radiation-induced lung disorders including pulmonary fibrosis continues to
require investigation. Earlier work has revealed that both fractionated 60Co-gamma thoracic irradi-

ation in Syrian hamsters (1972-1973 Annual Report, LF-46, pp. 173-179) and the prolonged chronic

insult due to beta radiation from inhaled 144Ce in fused clay particles by Beagle dogs (1972-1973

Annual Report, LF-46, pp. 180-186) cause an early activation of collagen metabolism leading to in-

creased collagen accumulation and pulmonary fibrosis. In the present study, animals were exposed

to an 90y fused clay aerosol to delineate the effect of relatively acute beta radiation exposure,

since 90y delivers greater than 90% of its dose within I0 days of inhalation exposure. Collagen
metabolism was accelerated by this pulmonary injury and did not require continued irradiation to

sustain the increase.

MATERIALS AND METHODS

Two hundred and seventeen (217), 12-week-old Syrian hamsters were exposed to an aerosol of 90y
fused montmorillonite clay by previously defined methods (1972-1973 Annual Report, LF-46, pp 195-

201; 180-186). The aerosol had an activity median aerodynamic diameter (AMAD) of 1.05-1.19 ~m with

a standard deviation (Og) of 1,7-2.0. Control animals were exposed to a control clay aerosol.

Radiation doses to lung were studied in a parallel sacrifice series in which groups of 5 ham-
sters were sacrificed at O, 2, 5, 8 and 16 days after 90y-clay inhalation. At 8 days after exposure,

about 80% of the body burden was in lung which represented 1.2 + 0.2% of the total body weight.

Lung activity decreased with a half-life of 2.42 days so that by 8 days only 10% of the initial lung

burden remained. Therefore, initial lung burdens were taken to be 8 times the whole body burden at

8 days. The fraction of beta energy emitted from 90y absorbed in lung tissue was calculated to be
0.71.1 Radiation doses were calculated from the expression:

(51"2)(EB)(0"71) (8)(BBdav ) f o e-O’286t d t
DB (rads)

(O.012)(Body Weight)
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with body weight in gm and BBday 8 (8-day body burden) in ~Ci. Initial lung burdens were estimated
from body burdens at 8 days after inhalation.

Three male and three female hamsters from each of the 90y clay and control groups were sacri-
ficed by IP barbituate overdose at 2, 5, 8, II, 13, 18 and 24 weeks after exposure. One day before
sacrifice, each animal received i0 pCi of 14C-proline (> 225 mCi/mmole, Amersham Searle, Chicago,

III.) as a one-half ml IP injection. Animals were anesthetized by pentobarbital and bled out by
incising the brachial artery. The lungs were removed and moistened by partial immersion in physio-

logical saline. Static compliance measurements were obtained from excised lung by determining the

pressure-volume expansion curve. Compliance was also expressed in ml/cm H20/IO0 gm body weight to
compensate for differences in body size. Necropsy examinations were performed on all animals and

the lung was intravascularly perfused with saline. The left lung lobe was separated and perfused

intrabronchially with buffered formalin for histopathologic examination. After measuring the frac-

tion that the right lung constituted of total lung weight, it was placed in a tissue pulverizer

which had been previously cooled in a mixture of 1-methoxy-2-propanol and dry ice. Liquid nitrogen

was added to a receptacle containing the lung and was allowed to vaporize; the frozen lung tissue

was then pulverized. The tissue was transferred in a suspension containing liquid nitrogen and sub-

sequently treated with physiological saline buffered in 0.005 M Tris or Hepes to obtain the follow-

ing three collagen compounds: soluble collagen, ultrafilterable hydroxyproline, and native collagen

(1972-1973 Annual Report, LF-46, pp. 180-186). Soluble collagen (salt soluble, non-dialyzable 

droxyproline compounds) was used to indicate collagen synthesis, ultrafilterable hydroxyproline

peptides (salt soluble, dialyzable hydroxyproline compounds) were used as an index of collagen

breakdown, and native collagen was used as a measure of collagen accumulation. Hydroxyproline was
determined by autoanalyzer. Radioactive proline and hydroxyproline were determined 2 using recovery

standards of 14C-proline and 14C-hydroxyproline. Each value was related to the mean control value.

The nonparametric Mann-Whitney U statistic 3 was used to test increases observed in exposed animals

against the levels seen in the controls.

RESULTS

Cumulative doses that ranged from 2000 to 14,000 rads (average 7900 ~ 2800) produced pulmonary

fibrosis. At 2 to 8 weeks after exposure, static lung compliance was decreased in irradiated ham-

sters compared to controls. At Ii and 24 weeks, however, it resembled control values. Compliance

of both control and irradiated lungs increased with age, even when normalized to a body weight of

100 gm. Considerable variability in control lung compliance was observed on a day-to-day basis.

Pulmonary histopathologic examination revealed equivocal inflammatory changes at 2 weeks after
exposure. By 5 weeks after exposure, radiation pneumonitis was uniformly present, although fibro-

sis was not a striking finding. Some fibrin deposition was also present. Radiation pneumonitis and

pulmonary fibrosis were more severe at later times, although by 18 to 24 weeks, inflammatory changes

were less pronounced and fibrosis began to predominate.

The major incorporation of 14C-proline in lung tissue was into native collagen. However, the

fraction of 14C-proline incorporated into native collagen indicated that collagen synthesis decreased

as age increased in control animals. The three indices of collagen synthesis which were studied

(total incorporation, fractional incorporation and specific activity of hydroxyproline) were used 

indicate the relative amounts of collagen synthesis in the lungs of irradiated animals as a percent-

age of the mean control values (Fig. I). Total 14C-proline incorporation into pulmonary native colla-

gen was increased in irradiated lungs by 2 weeks after exposure. Pronounced increases in total incor-

poration were noted by 5 to 12 weeks. The values were still above control values at 18 to 24 weeks,

although the degree of elevation was less. Specific activity of pulmonary native collagen hydroxy-
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Figure 1. Relative response of total and fractional incorporation of 14C
proline into pulmonary native collagen and the specific activity of the
radioactive hydroxyproline in the native collagen to pulmonary injury from
90y-clay is shown. Points not so indicated are significant p < 0.05.

proline closely paralleled total incorporation into irradiated lungs. However, the specific activity

reflected increasing total pulmonary hydroxyproline and, thus, indicated a somewhat lower relative

increase than total incorporation. Fractional incorporation of 14C proline into pulmonary native

collagen was elevated in irradiated lungs by 2 weeks after exposure, and continued to increase until

it reached a plateau of approximately 175% of the mean control values at 11 to 24 weeks after expo-

sure.

Two additional indices of collagen metabolism and fractional incorporation of 14C-proline into

pulmonary native collagen were studied. Ultrafilterable hydroxyproline peptides (indicating colla-

gen breakdown) increased in irradiated lungs in parallel with the fractional incorporation at 2 to

8 weeks after exposure (Fig. 2). Collagen breakdown more nearly resembled that of the controls 

18 to 24 weeks after exposure. The quantity of native collagen (collagen accumulation) in irradi-

ated lungs increased slowly and persistently and was distinguishable from the quantity of native

collagen in control lungs by 8 weeks after exposure (Fig. 2). Native collagen in unirradiated lungs

did not change (Fig. 3).

DISCUSSION

An increase in pulmonary collagen synthesis relative to noncollagenous protein synthesis was

demonstrated. Collagen synthesis was activated by 2 weeks after exposure and continued to increase

until values of 175% of the mean control values were achieved at 11 to 24 weeks after exposure.

Since 90y delivers approximately 90% of its dose in 10 days, continual radiation exposure is appar-
ently not necessary to sustain the fibrogenic response once it is established. The discrepancy be-
tween the high but variable increases of total 14C-proline incorporation and specific activity of

hydroxyproline and the consistent increases of fractional incorporation reflect either reduced pro-

line pool size or an increased synthesis of noncollagenous protein, both caused by vascular damage

or other serious pulmonary injury.
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Figure 3. Effect of increasing age upon
pulmonary native collagen (normalized to 100 
body weight) in irradiated and unirradiated
animals is shown.

Collagen breakdown was initially greater in irradiated lungs than in control lungs, as reflected

by the increased pulmonary ultrafilterable hydroxyproline peptides. At later times, both groups had

similar rates of breakdown. Increased native collagen in irradiated lungs at 8 weeks after exposure

indicated the formation of fibrosis and correlated well with the histologic findings.

Pulmonary collagen synthesis decreased as control animals became older, perhaps reflecting a
maturation of the lung tissue. 4 The stable native collagen in the lungs of control animals increas-

ing in body weight indicates an approximate linear relationship of lung collagen to body weight.

Moreover, throughout the experiment, collagen content in lung did not apparently increase with age,
5

a finding similar to that of Pierce.

Activation of collagen metabolism by 2 weeks after injury with collagen accumulation and histo-

logic fibrosis by 8 weeks post-exposure resembled changes resulting from other types of pulmonary
injury. 6 The early fibrosis and inflammatory changes in our animals resulted in decreased compli-

ance, which is a measure of the physiological debility. Early inflammation may initiate the complex

initial collagen response. Understanding such activation is central to our defining the chemical

mechanisms of pulmonary injury.
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THE COLLAGEN METABOLISM RESPONSE OF DIFFERENT LUNG AREAS AFTER INHALATION

OF BETA-EMITTING RADIOISOTOPES

ABSTRACT

Pulmonary collagen metabolism was studied in 40 dogs exposed

to 90y, 91y, 144Ce or 90Sr in fused clay particles. Specific PRINCIPAL INVESTIGATORS
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clay produced more uniform patterns of pulmonary damage than M.B. Snipes
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did 90y or 91y clay. Fibrosis was more severe in intermedi-

ate than in other areas of the lungs of dogs exposed to 90y

clay. This was consistent with the relatively greater dose delivered to the peribronchiolar region

during the early clearance of 90y. The collagen synthesis and degradation responses indicated the

presence of previously formed and actively forming scars. These results indicate that the patho-

ogenesis of pulmonary fibrosis may include initial collagen degradation followed by increased syn-

thesis, increased accumulation of collagen, and then a return to normal synthesis. Sufficiently

high dose rates during early time after exposure may be important in eliciting pulmonary fibrosis.

INTRODUCTION

Pulmonary fibrosis is a serious and irreversible consequence of lung cell damage that can re-

sult from a variety of inhalation exposures. We have shown that radiation-induced pulmonary injury

resulted in increased collagen metabolism within 2 weeks after Syrian hamsters were exposed to 90y
fused clay (2000 to 14,000 rads to lung) (this report, pp. 229 to 232) or 2 months after Beagle 

were exposed to 144Ce fused clay (20,000 to 77,000 fads to lung) (1972-1973 Annual Report, LF-46,

pp. 180-186). Two months after exposure of the Syrian hamsters and 6 months after exposure of the

Beagle dogs, collagen accumulations and fibrosis occurred in the irradiated lungs. In this study,

we present data indicating that specific radiation dose patterns can lead to different patterns of

collagen metabolism.

MATERIALS AND METHODS

Beagle dogs were exposed by inhalation to graded levels of 144Ce, 90Sr, 91y or 90y in fused
clay particles using previously described methods. 1’2 All dogs except 5 were 12 to 14 months old

when exposed to radioactive aerosols; these 5 dogs were 8 to 10 years old when exposed to aerosols

of 144Ce clay. Aerosols of similar size and particle number were used except that 90y (AMAD 1.0 to
1.4 vm) was smaller than the others (AMAD 1.5 to 2.3 pm). Control animals were either unexposed 

exposed to a stable clay aerosol. Their ages were similar to the exposed animals that died at 5 to

23 months after exposure. Dogs exposed to the higher activity levels died with radiation pneumonitis

and fibrosis. At death, dogs were necropsied and a lung lobe (usually the right intermediate lobe)

taken and frozen for collagen measurements.

An automatic bacon slicer was used to obtain samples of the peripheral, intermediate and cen-

tral areas of the frozen lung lobe (usually right intermediate). Samples from the peripheral area

contained mostly alveoli and few airways greater than I mm in diameter. Samples from the interme-

diate area of the lung (middle portion of the lobe) contained relatively greater numbers of airways

larger than I mm in diameter. Samples from the central area were obtained by slicing at or near the

main stem bronchus of the lobe and moderately trimming away the parenchyma so that large airways

predominated in the sample.

233



The central, intermediate and peripheral pulmonary samples were fractioned in physiological

saline (0.15 M) buffered in 0.005 M Tris or Hepes to obtain three collagen fractions: soluble col-

lagen, ultrafilterable hydroxyproline peptides, and native collagen. Hydroxyproline quantities of

each peptide fraction were used to calculate collagen content of the right intermediate lung lobe

based on each fraction of sample (1972-1973 Annual Report, LF-46, pp. 180-186). Soluble collagen

(salt soluble, non-dialyzable, hydroxyproline, primarily tropocollagen) was used to indicate colla-
gen synthesis. Ultrafilterable hydroxyproline peptides (salt soluble, dialyzable hydroxyproline)

were used to assess collagen breakdown, while native collagen (salt insoluble hydroxyproline) was

used to measure collagen accumulation. The fractions were expressed as percentages of the mean
control value and compared statistically. Lungs of some animals exposed to 144Ce clay were sepa-

rated only into salt soluble and insoluble collagen.

RESULTS

Native collagen quantities from control animals were variable: 200 to 600 mg per lung lobe in

the central area, 100 to 500 mg per lung lobe in the intermediate area and I00 to 400 mg per lung

lobe in the peripheral area of the right intermediate lobe. Intermediate and peripheral areas had

collagen concentrations similar to each other and together represented the bulk of the right inter-

mediate lung lobe. Thus, lobar contents calculated from such samples probably reflected collagen

content of this lobe. The central area was highest in collagen concentration however, reflecting

the predominance of large airways in the sample. The levels of collagen accumulation as a percent-

age of control values for the central, intermediate and peripheral areas from exposed animals are

shown on Table 1. Cerium-144 and 90Sr produced uniform fibrosis in each anatomic area whereas 90y

produced more prominent fibrosis in the intermediate area. Although lungs of 91y clay animals had

fibrosis in all areas, less collagen accumulation was noted in the intermediate area. Lungs of old

144Ce animals had increased collagen in only the peripheral area. Responses of the older 144Ce ani-

mals (20,000 to 53,000 rads), however, were intermediate between responses of young adults exposed

to 144Ce in fused clay with radiation doses of ~ 25,000 and ~ 50,000 rads, respectively.

Two important patterns of collagen metabolism are indicated by degradation and synthesis (Table

2) and accumulation (Table 1). The first pattern was increased degradation, normal synthesis 

increased accumulation of collagen which was observed at 5 to 23 months after exposure. The periph-

eral area of the 144Ce clay animals (8 to 10 years old) and 91y clay young adult animals and the

intermediate area of lung from a young adult animal in the 90Sr and 90y clay studies had this pat-

tern. The second pattern was increased degradation and normal synthesis and accumulation of colla-

gen in the intermediate area from 8- to 10-year-old animals exposed to 144Ce clay at 8 to 9 months

after exposure.

DISCUSSION

The development of pulmonary fibrosis appears to be related to both cumulative radiation dose

and radiation dose rate. At the high dose rates associated with 90y (Fig. 1), 8000 to 10,000 rads
was~ufficient to produce pulmonary fibrosis, whereas at the lower dose rates associated with 144Ce

in fused clay, 24,000 to 27,000 rads failed to produce fibrosis by 9 months after inhalation expo-

sure. At the intermittent dose rates associated with 91y, 18,000 rads resulted in pulmonary fibro-
sis by 15 months after exposure. Thus, there appears to be a direct relationship between radiation

dose rate and the development of pulmonary fibrosis.

The radiation dose patterns associated with 91y, 144Ce and 90Sr clay produced uniform pulmonary

fibrosis consistent with damage to the entire lung or lobe as previously observed in other young

adult dogs exposed to 144Ce clay aerosol (1972-1973 Annual Report, LF-46, pp. 180-186). In contrast,

90y with a shorter effective half-life, produced less uniform fibrosis and more severe scarring in

the intermediate area than in the other areas, indicating either a greater sensitivity of this area
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Table i

Native Collagen Quantities Expressed as Relative Responses of Peripheral, Intermediate and Central Areas

After Inhalation of Various Beta-Emitting Radionuclides in Fused Clay Particles

Native Collagen (scarring)
Age at Cumulative Time Post-Exposure Number % Mean Control Response

Exposure Dose to Sacrifice or of Inter-
Isotope (months) (k rads) Death (months) Animals Central mediate Peripheral

144Ce clay 12 - 14 42 - 55 7 - 9 5 180a 150 190

144Ce clay 12 - 14 24 - 27 7 - 9 2 80 go 80
144Ce clay 96 - 120 20 - 53 8 - 9 5 110 120 150
90Sr clay 12 - 14 45 - 86 6 - 16 8 390 380 340

90y clay 12 - 14 8 - I0 5 - 15 5 170 330 130
91y clay 12 - 14 18 - 51 6 - 23 15 280 210 330

aunderscored values significant p < 0.10 and double underscored values significant p < 0.05.

Table 2
Collagen Metabolism Expressed as Relative Response of Peripheral, Central and Intermediate Areas

After Inhalation of Various Beta-Emitting Radionuclides in fused Clay Aerosols

Cumulative Number
Dose of

Isotope (Krads) Animals

144Ce clay 42 - 55 5

144Ce clay 24 - 27 2
]44Ce clay

(8-10 yr old) 20 - 53 5

90Sr clay 45 - 86 8
90y clay 8 - 10 5
91y clay 18 - 51 15

% Mean Control Response

Soluble Collagen (synthesis)
Inter-

Central mediate Peripheral

240a,b 210a 205a

90a 90a 70a

Ultrafilterable Hydroxyproline
Peptides (breakdown)

Inter-
Central mediate Peripheral

120 230 170 160 450 430

340 160 280 230 190 360

340 200 270 250 370 260

150 260 210 200 470 390

asalt soluble collagen not fractionated; bdouble underscored significant p < 0.05 and single underscored
significant p < 0.I0.

I I ~ I I

Figure i. Dose rate as a function of time
after exposure is shown for selected animals
exposed to 90y, 91y or 144Ce in fused clay.

144Ce(522S ond 5361

20 40 I
DAYS AFTER INHALATION EXPOSURE

6O

235



to radiation or a higher dose to the peribronchiolar region and adjacent alveoli. The latter expla-

nation appears more probable, as rapid early clearance of radionuclide up the bronchial tree during

the period of highest dose rate emissions has a potential for delivering relatively higher radiation

exposure to cells in the peribronchiolar region. This would suggest that the observed differences

in distribution of pulmonary fibrosis in the three areas is primarily due to differences in homo-

geneity of the radiation dose distributed to specific anatomic areas in the lung. The more severe
fibrosis in the peripheral area of animals exposed to a 144Ce clay aerosol at 8 to 10 years of age

reflects either a peripheral retention of the radionuclides and a higher peripheral dose than in the

intermediate or central area or an increased sensitivity of this area to radiation. Such increased

sensitivity may be due to structural or physiologic changes associated with ageing such as ventila-

tion-perfusion alterations and congestive heart failure (1972-1973 Annual Report, LF-46, pp. 122-127).

Increased collagen breakdown was observed most frequently in areas that had accumulated more

collagen and were scarred. In some such areas, collagen synthesis was normal, indicating that the

fibrosis was no longer actively forming because either normal quantities of collagen synthesis were

occurring in a normal number of cells or a reduced number of cells were synthesizing normal or in-

creased amounts of collagen. The former is consistent with the recently reported finding that col-
lagen in a triple helix inhibits prolylhydroxylase in vitro. 3 Prolylhydroxylase converts peptidyl

proline to hydroxyproline to stablize the collagen triple helix. 4 Thus, control of prolylhydroxy-

lase may control collagen synthesis.

The normal collagen synthesis with no increase in accumulation, accompanied by increased col-
lagen degradation in the intermediate area of older animals exposed to 144Ce clay indicated that

only increased collagen breakdown was present in this area. Since the peripheral area of lungs of
such animals had collagen accumulation and fibrosis, perhaps breakdown occurs at a lower degree of

injury, and thus at an earlier relative time after injury. Therefore, increased breakdown and per-

haps cell injury may precede increased synthesis of collagen. The increased collagen synthesis

caused by the addition of peritoneal macrophage extract 5 to growing fibroblasts, suggests that some

cell damage may be necessary to activate collagen synthesis.

Delineation of the sequence of events inherent in the development of radiation-induced pulmonary

fibrosis is important, as even relatively small localized areas of fibrosis may be the site for hy-

perplastic, metaplastic and ultimately neoplastic epithelial changes. These and other data suggest

the following sequence of events: (1) cell damage or increased collagen breakdown may lead to in-

creased synthesis; (2) increasing collagen synthesis leads to increased accumulation and scarring;

and (3) sufficient collagen accumulation causes a subsequent return to a more normal synthetic rate,

when scars may no longer be actively forming. This, then, raises the important questions "What fac-

tors are important in controlling the rate of collagen degradation and synthesis?" and "Are these

same factors important in controlling the response of adjacent epithelium?"
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EFFECT OF INJURY AND ANTIOXIDANTS ON PULMONARY

IN SYRIAN HAMSTERS

ABSTRACT

Syrian hamsters exposed to an aerosol of 90y in fused clay

received cumulative doses to lung of 3000 to 11,000 fads.

These animals developed pulmonary fibrosis characterized by

an early increase of collagen synthesis which leads to colla-

gen ac~m~ulation. Butylated hydroxyanisole (BHA) and buty-

lated hydroxytoluene (BHT) were fed to these hamsters 

evaluate the antioxidant properties of these drugs in pre-
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venting irreversible pulmonary connective tissue changes. At an early time (5 weeks after exposure)

when collagen synthesis was increased but breakdown and accumulation were normal, BHA-BHT did nov

alter either the biochemical or the anatomical and physiological responses. At a later time (12

and 19 weeks after exposure) when breakdown and accumulation were elevated and scarring was present,

oral BHA-BHT did not alter these radiation-induced responses. It appears that oral BHA-BHT has no

measurable protective effect against radiation-induced pulmonary fibrosis in Syrian hamsters.

INTRODUCTION

Pulmonary fibrosis is a debilitating process that is of importance in many human diseases. It

is of particular importance to workers in a variety of industries involving mining and manufacturing

of both radioactive and non-radioactive substances which are toxic when inhaled. Inhalation of ra-

dionuclides in an insoluble form leads to increased collagen synthesis and breakdown, and later to
increased collagen accumulation and fibrosis in both dogs (1972-1973 Annual Report, LF-46, pp. 180-

186), and Syrian hamsters (this report, pp. 229 to 232). One way to prevent this potentially 

bilitating fibrosis is to interfere with early tissue injury (lipoperoxidation). Zinc administered

orally to rats has been shown to reduce hepatic connective tissue changes and lipoperoxidation in-

CC14.1 Likewise, butylated hydroxyanisole and butylated hydroxytoluene (BHA-BHT) also admin-duced by

istered orally to rats have been shown to reduce lipoperoxidation and connective tissue changes in

the aorta while having a variable effect on the accompanying hepatic fatty change. Both conditions

were induced by choline deficiency. 2’3 Since 90y delivers greater than 90% of its dose by 10 days

after exposure, it was chosen to evaluate the theurapeutic efficacy of BHA-BHT against acute pulmonary
injury caused by beta radiation.

MATERIALS AND METHODS

Two hundred and thirty (230) 12-week-old Syrian hamsters were exposed by inhalation to an aero-

sol of 90y in fused clay. The particle sizes were distributed log normally with activity median

aerodynamic diameters (AMAD) of 1.05 to 1.2 ~m and a geometric standard deviation (eg) of 1.17 
1.8. Cumulative lung doses were determined by standard methods (this report, pp. 229 to 232) and

ranged from 3000 to II,000 fads, being tightly grouped around an average dose of 7200 rads. Control
animals were exposed to a similar aerosol of stable Zr in fused clay. The 90y-exposed hamsters

were separated into two groups; one was fed 0.1% BHA-BNT in standard hamster chow diet with suffi-

cient fat added to contain 10% fat, and the other was fed only the standard chow diet, likewise con-

taining 10% fat. Two groups of control hamsters were separated and fed in a similar manner. Six

animals from each of the four groups were injected I.P. with 1/2 ml of physiologic saline containing
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10 pCi of 14C proline (specific activity, > 225 mCi/mmole, Amersham Seare, Chicago, III.) and sacri-

ficed at 5, 12 or Ig weeks after exposure. Immediately after sacrifice, tests of static compliance

were performed on the excised lungs to obtain a pressure-volume expansion curve, and the lungs were

intravascularly perfused with saline. The left lung was perfused, via the bronchus with buffered

formalin, for histopathologic analysis. The right lung was extracted with cold physiological saline

buffered with .005 M Hepes to obtain three collagen fractions: soluble collagen, ultrafilterable hy-

droxyproline peptides and native collagen. Soluble collagen (salt soluble, non-dialyzable hydroxy-

proline) was used as an indicator of collagen synthesis, ultrafilterable hydroxyproline peptides

(salt soluble, dialyzable hydroxyproline) were used to measure collagen breakdown and native colla-

gen (salt insoluble hydroxyproline) was used to index collagen accumulation. Carbon-14 proline and

hydroxyproline were differentially extracted from other amino acids. The fractional incorporation

into collagen was determined and compared to noncollagenous protein. Statistically significant dif-
ferences were determined using the Mann-Whitney U statistic.4

RESULTS

The static compliance of lungs excised both from exposed and unexposed animals fed BHA-BHT did

not differ consistently from those of irradiated and control animals fed a standard diet. Although

irradiated lungs were slightly less compliant at 5 weeks, the trend was not nearly as pronounced as

the reduced compliance in other hamsters exposed to the same aerosol, illustrating the variable na-

ture of this response at 5 weeks after exposure to 90y in fused clay. Irradiated animals sacrificed
at 12 and 19 weeks had compliance values indistinguishable from controls as noted elsewhere (this

report, pp. 229 to 232).

Histologic changes were characterized by early acute inflammation and serum exudation into al-

veoli and accumulations of pulmonary alveolar macrophages, beginning at 5 weeks. Fibrosis changes

became advanced by 8 weeks after exposure and were contributed to by interstitial fibrosis within

the alveolar septae as well as by fibrin organization.

At 5 weeks after exposure, fractional incorporation (indicating collagen synthesis) increased

and ultrafilterable hydroxyproline peptides (indicating collagen degradation) varied in the 90y
clay exposed groups when compared to the controls. Collagen, however, had not accumulated to an

increased degree in the irradiated animals compared to controls. No differences in collagen metab-

olism were noted between the irradiated group fed a normal diet and the ones fed BHA-BHT, nor be-

tween the two control groups. At 12 and 19 weeks after exposure when collagen synthesis was further

increased in exposed animals, degradation also increased and significant collagen had accumulated

in the lung. The feeding of BHA-BHT, however, did not produce an obvious effect on any segment of

collagen metabolism (Fig. i).

DISCUSSION

Inhalation of 90y in fused clay induced a disease characterized by radiation pneumonitis, acti-
vated collagen synthesis, and pulmonary fibrosis. Orally administered BHA-BHT did not prevent the

connective tissue response to pulmonary injury in lungs of Syrian hamsters. Although only one

species was investigated, the similarity of the connective tissue response to pulmonary injury in

Beagle dogs (1972-1973 Annual Report, LF-46, pp. 180-186) suggests that species differences should
be minimal. Although the beta irradiation from 90y in fused clay caused an increased lipoperoxide

formation which paralleled dose rate, the perioxide formation could be reduced by feeding BHA-BHT

(1972-1973 Annual Report, LF-46, pp. 195-210). At 5 weeks after exposure, the radiation-induced

increase in collagen synthesis was unaffected by BHA-BHT treatment. At 12 to 19 weeks after expo-

sure, collagen metabolism was reflected by increased synthesis and degradation and increased accum-

ulation, but the entire process was unaffected by BHA-BHT treatment. Thus, although BHA-BHT can be
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Figure 1. Pulmonary collagen metabolism of irradiated animals as indicated
by native collagen quantity, ultrafilterable hydroxyproline quantity and
fractional incorporation of 14C-proline into native collagen is expressed
as a % of control animal mean values. (p ~ 0.01 unless indicated).

demonstrated in lung lipids and did reduce the formation of radiation-induced lipoperoxides, it had

no effect upon either the collagen response or upon the lesions observed. This would indicate that

lipoperoxidation in the lung is not a vital link in the pathogenetic sequence leading to either

activated collagen metabolism or to pulmonary fibrosis; therefore, the prevention of lipoperoxida-

tion in the lung is ineffective in preventing connective tissue changes. The lack of in vivo ef-

fectiveness of BHA-BHT is in conflict with antioxidant effects which were observed in other injury

systems.l-3 Oral BHA-BHT has been observed to reduce lipoperoxide formation and lead to a reduction

of atherosclerotic fibrosis, but the effect upon hepatic fatty change accompanying the atheroscler-

osis was variable. 3 Likewise reduced lipoperoxides from zinc had previously been accompanied by a

return to a more normal rate of hepatic collagen formation in livers injured by CCI4.1 The lack of

therapeutic improvement in our study suggests that the pathogenesis of pulmonary fibrosis may differ

from that of aortic or hepatic fibrosis. Aortic connective tissue consists primarily of elastin.

Hepatic connective tissue, like the lung, consists primarily of collagen, but in much lower quanti-

ties. Thus, it appears that a better understanding of the mechanisms of radiation-induced pulmonary

fibrosis is necessary to better approach potential therapeutic methods.
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FLUORESCENT ANTIBODY STUDIES OF ALPHA-1-ANTITRYPSIN IN ADULT HUMAN LUNG

ABSTRACT

The distribution of alpha-l-antitrypsin in frozen

sections prepared from four specimens of human lung

was dete~lined by the indirect fluorescent antibod9 PRINCIPAL INVESTIGATORS

technique. ~ree of the specimens were obtained Waneta C. Turtle

directly from s~gical procedures and were peripheral R.K. Jones

tissue excised with tumors. S~ecific fluorescence for

alpha-l- antitrypsin was observed lining the terminal airways and alveoli throughout the sections

from two of the cases. In the other cases, a few focal areas of specific fluorescence were observed.

The results of this study indicate that alpha-l-antitrypsin may be distributed in lung in association

with pulmonary surfactant ~nd that local tissue concentrations of alpha-l-antitrypsin are variable.

INTRODUCTION

The serum protein, alpha-l-antitrypsin, has been implicated as a factor in the pathogenesis of

human pulmonary emphysema since individuals deficient in serum alpha-l-antitrypsin often develop

pulmonary emphysema at young ages. Because it inhibits the activity of elastase, collagenase, leu-

kocytic proteases, plasmin and thrombin, alpha-l-antitrypsin may also be important in regulating a

variety of proteolytic and thromboplastic processes in the lungs of individuals with normal serum

levels of alpha-l-antitrypsin. Specifically, the concentration of alpha-l-antitrypsin at a given

site in the lung at any point in time may be an important factor in determining not only the rate

of elastolysis and the development of emphysema but also the rate of proteolytic degradation of

collagen and the development of pulmonary fibrosis following inhalation of toxic materials, including
radionuclides. The literature of alpha-l-antitrypsin deficiency has recently been reviewed.I

To better understand the role of alpha-l-antitrypsin in the pathophysiology of the lung, we

have used the fluorescent antibody technique to determine the anatomic distribution of alpha-I-anti-

trypsin in specimens from four adult human lungs. Anatomic localization of alpha-l-antitrypsin in
adult mammalian lung has not previously been demonstrated although Mathis et al. 2 have identified

alpha-l-antitrypsin by immunofluorescence in hyaline membranes of infants dying with infant respira-

tory distress syndrome. In addition, we have demonstrated the presence of an alpha-l-globulin tryp-
sin inhibitor in canine pulmonary surfactant protein.3

MATERIALS AND METHODS

Three of the four lung specimens (identified as Cases I, 2 and 3) were of tissue cut from areas

peripheral to pulmonary tumors at surgery. (a) The tumors were a mixed cell "scar cancer" (Case 

a bronciolar carcinoma (Case 2); and a benign hemartoma (Case 3). The fourth specimen (Case 4) 

obtained at autopsy following death by myocardial infarction. Case histories and histological
4descriptions are provided elsewhere.

The three lung specimens obtained at surgery were embedded within five minutes after excision

in Tissue-Tek O.C.T. and frozen immediately in a cryostat at -30°C. The whole lung obtained at

autopsy was perfused with saline intratracheally and intravascularly and then filled with silicone

rubber molding compound for casting pulmonary airways. Subsequently a peripheral block of tissue

(2 x 2 x 2 cm) not filled with the casting material was removed and frozen in the cryostat.
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The tissue was cut in 5-micron sections and air dried on glass slides. The sections were fixed

in acetone for 10 minutes and then washed in phosphate buffered saline, pH 7.6. The indirect fluo-

rescent antibody procedure of Weller and Coons5 as outlined by Goldman6 was followed. The sections

were ~ncubated with rabbit immunoglobulins against human alpha-l-antitrypsin (Cappel and Canalco)

for 30 minutes. Both anti-human alpha-l-antitrypsin reagents exhibited monospecificity when tested

against whole human serum by immunoelectrophoresis in this laboratory. Following alternate washes

(2 X) with phosphate buffered saline and distilled water, the sections were incubated with either

fluorescein isothiocyanate (FITC) conjugated anti-rabbit globulin or FITC conjugated anti-goat globu-

lin as appropriate for the direct antibody used in the initial incubation. The sections were again

washed twice each with phosphate buffered saline and distilled water. Counterstaining to mask auto-

fluorescence was accomplished by immersing the sections in I% Evans Blue for 5 minutes. Following a

final wash in phosphate buffered saline, the sections were mounted in a nonfluorescing medium com-
posed of one part glycerol and nine parts phosphate buffered saline. Additional sections for each

case were treated according to the following control procedures: air-dried untreated, acetone fixa-

tion alone, immunoglobulin against alpha-l-antitrypsin alone, FITC labelled anti-rabbit or anti-goat

globulin alone (each of the preceding with and without Evans Blue). Additional sections from Cases

2, 3, and 4 were treated with rabbit anti-human whole serum followed by FITC conjugated anti-rabbit

globulin, and immunoglobulin against alpha-l-antitrypsin preincubated with crude human alpha-l-anti-

trypsin followed by FITC conjugated anti-rabbit globulin.

Sections were studied by ultra-violet microscopy with both a Leitz and a Zeiss photomicroscope

using all combinations of exciter and barrier filters.

RESULTS

In two of the four specimens of human lung (Cases i and 4), there was striking specific fluor-

escence in the sections stained specifically for human alpha-l-antitrypsin. Specific fluorescence

was absent in the control sections. In Case I the specific fluorescence was very predominant as a

relatively thick lining along the terminal bronchioles and a thinner lining along some alveoli. It

was absent elsewhere. In Case 4 the specific fluorescence was more ubiquitous along the alveolar

walls and appeared to form a thinner line along the alveolar margin than the specific fluorescence

in Case I. In addition, in Case 4 there also appeared to be a halo of specific fluorescence around

many but not all of the macrophages, and along the intraluminal walls of some large blood vessels.

In both Cases I and 4 the specific fluorescence was observed in all areas of the sections. Color
photographs of sections from Cases I and 4 have been submitted for publication. 4 In Cases 2 and 3

specific fluorescence was also observed along alveolar walls but in smaller amounts and in only a

few foci of each section. Where the specific fluorescence was observed, it resembled closely that

observed in Case 4.

DISCUSSION

To our knowledge, the results of this study represent the first histologic demonstration of

alpha-l-antitrypsin in adult human lungs. The observation in these specimens of a histologic dis-

tribution of alpha-l-antitrypsin similar to that reported for pulmonary surfactant 7 and our earlier

report of the presence of an alpha-i-globulin trypsin inhibitor in canine surfactant protein 3 sug-

gest that alpha-l-antitrypsin may be a part of our found in the same location as pulmonary surfac-

tant. In these specimens of human lung, the distribution of fluorescence specific for alpha-I-

antitrypsin suggests an increased concentration of alpha-l-antitrypsin relative to other serum

proteins along the lining of the terminal airways and alveoli since the sections treated with anti-

human whole serum exhibited greatly reduced or no specific fluorescence.
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The results of this study also suggest that the concentration of alpha-l-antitrypsin in lung

may be quite variable. None of the four speciemens studied represented entirely healthy lung. In

each case inflammatory changes were in progress and there were various combinations of fibrosis and

mild emphysema observed in the several cases. The concentration of alpha-l-antitrypsin in serum
increases during inflammatory responses 8 and it may be suggested that our observation of alpha-I-

antitrypsin in these specimens indicates an increased concentration of alpha-l-antitrypsin in pul-
monary tissue as a part of, or in response to, pathologic events taking place. Harris et al.9 have

reported elevated serum alpha-l-antitrypsin in patients with lung cancer. In the two cases of lung

cancer included here (Cases 1 and 2), we have seen striking specific fluorescence for alpha-l-anti-

trypsin in one (Case I) and limited specific fluorescence for alpha-l-antitrypsin in the other (Case 

The relationship between pulmonary macrophages and alpha-l-antitrypsin observed in these cases

remains unclear. In Case 4, the observation of a fluorescent halo around some histiocytes suggests

an interaction between these cells and alpha-l-antitrypsin. Such an interaction was also suggested
by Cohen,I0 who reported that pulmonary macrophages studied by immunofluorescence in vitro contained

alpha-l-antitrypsin. However, many histiocytes were also found in the alveolar spaces in Cases 2

and 3, but there was no specific fluorescence associated with the macrophages in these instances.

These differences may suggest a transient type of interaction between macrophages and alpha-l-anti-

trypsin or may reflect variability in concentration of alpha-l-antitrypsin in pulmonary tissue.

We have demonstrated by the fluorescent antibody technique the presence of alpha-l-antitrypsin

lining some terminal airways and alveoli of adult human lung. The concentration of the alpha-I-

antitrypsin appears to be quite variable and may be related to the presence and extent of locally

occurring pathologic events.
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ALPHA-1-ANTITRYPSIN STUDIES: CANINE SERUM AND CANINE SURFACTANT PROTEIN

ABSTRACT

Canine serum alpha-l-antitrypsin was isolated by gel filtration

and affinity chromatography and characterized by po~yacryl~nide PRINCIPAL !NVESTTGATORS

gel electrophoresis and in~nunoelectrophoresis. Measurement of Waneta C. Tuttle

the trypsin inhibitory capacity of the separated protein indi- D.O. Slauson
Martha Dahlstrom

cared a ninefold concentration of functional trypsin inhibitor Cornelia Gorman
during the isolation procedure. Electrophoresis demonstrated

the presence of a single protein with alpha-globulin mobility

and a molecular weight near that of human alpha-l-antitrypsin. The trypsin inhibitory capacity of

pulmonary surfactant protein from five Beagle dogs was measured, related to total surfactant pro-

tein concentration, and compared with similar measurements on whole sersen from the same animals.

Results indicated a variable concentration of trypsin inhibitor in the canine pulmonary eurfactant

protein. However, the concentration in the surfactant protein was always significantly higher than

that in the corresponding serum sample. Preliminary experiments designed to separate the trypsin

inhibttorw fraction(s) from the ot~r surfactant proteins by gel filtration chromatography indicated

that the trypsin inhibitor was probably a single protein with a molecular weight near that of alpha-

1-antitrypsin.

INTRODUCTION

The significance of the antiprotease, alpha-l-antitrypsin, in the pathogenesis of lung disease

has been discussed (this report, pp. 240-242). Because of our extensive use of the Beagle dog 

inhalation toxicology studies, we have conducted experiments designed to (1) isolate and character-

ize canine serum alpha-l-antitrypsin and (2) provide a quantitative evaluation of the trypsin in-

hibitory capacity of canine pulmonary surfactant protein. Alpha-l-antitrypsin has previously been
isolated and characterized from human,I bovine, 2 and rabbit 3 serum but not from dog serum. We have

reported the presence of an alpha-I-globulin trypsin inhibitor in pulmonary surfactant protein ob-

tained from Beagle dogs4 and Taylor and Abrams5 have shown that surfactant lipoprotein inhibits

fibrinolysis. However, there have been no reports of quantitative estimates of the anti-protease

activity of the protein associated with the pulmonary surface active material.

A. ISOLATION AND CHARACTERIZATION OF CANINE SERUM ALPHA-1-ANTITRYPSIN

METHODS

Alpha-l-antitrypsin was isolated from canine whole serum obtained from the Colorado Serum Com-

pany, Denver, Colorado. Separation of the glycoproteins, including alpha-l-antitrypsin, from the

other serum proteins was accomplished by affinity chromatography on a cold jacketed 2.5 x 40 cm

column packed with Con A-Sepharose. Twenty (20) ml of serum were washed onto the column with 500

ml 0.01M phosphate buffer, pH 7.8. The glycoproteins were subsequently eluted with 0.1M alpha

methylglucoside, pH 7.2, and collected by 3 ml fractions on a fraction collector. The concentration

of protein in the eluted fractions was determined by the 280/260 spectrophotometric method on a Zeiss

PMQ II spectrophotometer. Protein containing fractions were pooled and concentrated overnight in

carbowax to a final volume of 10 ml. Alpha-l-antitrypsin was then separated from the glycoproteins

by affinity chromatography on a 1.5 x 20 cm column packed with cyanogen bromide activated Sepharose

4B which was covalently bound to crystalline trypsin (Worthington Biochemical Corp.). The concen-

trated glycoproteins were washed onto the trypsin affinity column with borate buffered saline, pH
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8.2. Material bound to the column was subsequently eluted with 10% acetic acid, pH 3.2, and col-
lected in dialysis tubing. Dialysis at 4°C against borate buffered saline was begun immediately and

continued for 24 hours. At the end of 24 hours, the eluate was concentrated to 2 ml and tested for
6trypsin inhibitory capacity (TIC) by a spectrophotometric procedure modified from that of Erlanger.

The trypsin column eluate was studied by polyacrylamide gel electrophoresis and immunoelectrophoresis

for purposes of identifying numbers and characteristics of protein components.

RESULTS AND DISCUSSION

Profiles of protein concentration during collection of the eluates from the Con A and the tryp-

sin affinity columns are shown in Figures I and 2, respectively, Both the glycoprotein fraction

and the bound trypsin inhibitor eluted in single peaks.

Values for recovery of total protein and functional trypsin inhibitor for each step in the

isolation procedure are presented in Table 1. Total protein concentration was decreased lO00-fold

while the concentration of functional trypsin inhibitor was increased ninefold. The trypsin inhib-

itor recovered in the trypsin column eluate appeared homogeneous on immunoelectrophoresis and poly-

acrylamide gel electrophoresis (Fig. 3). During immunoelectrophoresis, the protein migrated as 

alpha-globulin. Mobility on polyacrylamide gel electrophoresis indicated that it had a molecular

weight in the range of albumin.

Table I

Trypsin Inhibitor Recovery Following Con A and Trypsin Affinity Chromatography

Total Protein Functional Trypsin Inhibitor

Sample mg % initial mg/ml m9 % initial % total

Whole serum 6344.6 I00 2.26 317.2 100 5.0

Con A eluate 91.0 1.4 6.78 35.3 11.1 38.8

Trypsin eluate 8.1 0.i 0.90 3.6 1.1 46.0
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The preliminary results reported here describe

a method for isolation of alpha-l-antitrypsin

from canine serum. The protein recovered in the

final step of the procedure (trypsin affinity

chromatography) is shown by gel electrophoresis

and immunoelectrophoresis to be a single protein.

It is characterized as alpha-l-antitrypsin because

(I) it migrates on electrophoresis as a low (30-

60,000) molecular weight protein in the alpha-I

region (M. W. alpha-l-antitrypsin = 50,000), (2)

it is a glycoprotein, and (3) it is a trypsin in-

hibitor that binds reversibly with trypsin. More

definitive work to confirm homogeneity will in-
clude sedimentation velocity studies and immuno-

electrophoresis against specially prepared anti-

Serum to the isolated protein.

Figure 3. Polyacrylamide gel electrophor-
esis: left: whole serum, middle: Con A
eluate, right: trypsin coIumn eluate.

B. QUANTITATIVE EVALUATION OF TRYPSIN INHIBITORY CAPACITY OF CANINE SURFACTANT PROTEIN

As a continuation of our studies of the relationship between alpha-l-antitrypsin and canine
pulmonary surfactant, 4 we have quantitated the trypsin inhibitory capacity of canine surfactant pro-

tein and compared it with the trypsin inhibitory capacity of whole serum.

METHODS

Five healthy adult Beagle dogs underwent bronchopulmonary lavage and the lavage fluid from

each animal was studied separately. The surface active material was obtained from the lavage fluid

according to procedures described elsewhere (1967-1968 Annual Report, LF-39, pp. 191-195). The term

surfactant protein, as used in this report, refers to that protein remaining after lipids were ex-

tracted with 4:1 (v/v) hexane-ethanol from the surface active precipitate obtained during high speed

centrifugation of the lavage fluid. The surfactant protein was dissolved in phosphate buffered sa-

line. Trypsin inhibitory capacity (TIC) of the surfactant protein was determined by the spectropho-
tometric method adapted from Erlanger 6 and total protein was determined by the Lowry method. The

surfactant protein obtained from each animal was further characterized by polyacrylamide gel electro-

phoresis and immunoelectrophoresis. In addition, total protein and TIC were determined for serum

samples from each animal.

As an initial step toward isolating the trypsin inhibitory fraction of the surfactant protein,

gel filtration chromatography on Sephadex G-150 was performed. A 1.6 x 30 cm column was prepared

and 5 ml of the surfactant protein solution were washed through the column with phosphate buffered

saline at 0.5 ml/minute. A total of 120 ml were collected in 3 ml fractions at 4°C. Protein con-
centration of each fraction was estimated by the 280/260 spectrophometric method and TIC of protein

containing fractions was determined.

RESULTS AND DISCUSSION

Trypsin inhibitory capacity/mg protein of the surfactant protein and serum from each animal

are presented in Table 2. Trypsin inhibitory capacity/mg protein of the surfactant protein is quite

variable among the five samples. In all cases, however, it is at least 60% higher than the corres-

ponding serum value of TIC/mg protein and in 3 of 5 cases, it is over 200% higher than the corres-

ponding serum value. The pattern of proteins on polyacrylamide gel electrophoresis was consistent

for the five surfactant protein samples and revealed a total of 5 bands with a major one migrating

as albumin and several minor ones irregularly spaced from anode to cathode. On immunoelectrophoresis,
a pattern identical to that reported previously 5 for surfactant protein was observed.

245



The preliminary attempts at separation of the

surfactant proteins on G-150 produced an elution

profile with two well-separated peaks. Trypsin

inhibitory capacity assays performed on each frac-

tion identified the trypsin inhibitor in a small

(< 3 ml), discrete elution volume with the smaller

molecular weight proteins.

The significantly higher concentration of

trypsin inhibitor in surfactant protein than in

whole serum reported here supports the concept

that alpha-l-antitrypsin (the major serum trypsin

inhibitor) may be concentrated in the lung in as-

sociation with pulmonary surfactant. The avail-

Table 2

Trypsin Inhibitory Capacity (TIC):

Canine Surfactant Protein and Canine Serum

TlCa/mg Protein

Dog No. Surfactant Protein Serum
711B 0.042 0.015
716A 0.025 0.012

702A 0.021 0.013

703A 0.034 0.012

711C 0.042 0.016

aTIC (~moles trypsin inhibited/min/ml

ability of an anti-protease in the intra-alveolar space at the levels reported here strengthens the

inference that it may play an important role in regulating the proteolytic, thromboplastic and pha-

gocytic processes that may be integral factors in the development of radiation injury. The vari-

ability of the trypsin inhibitory capacity of the surfactant protein may be inherent to the small

sample size or may reflect real variability in lung protease inhibitor concentrations. Our work
with human lung sections 7 suggests that intra-alveolar alpha-l-antitrypsin levels may be quite vari-

able and others 8 have reported that serum alpha-l-antitrypsin levels are altered in several patho-

logic conditions.

The preliminary data from the G-150 separation studies suggest that the trypsin inhibitory

capacity of the surfactant protein may be identified either as a single anti-protease with a molecu-

lar weight near that of alpha-l-antitrypsin or as more than one inhibitor of similar size. Continu-

ing work toward separation of the anti-protease or anti-proteases from the remainder of the surfac-

tant proteins and precise immunochemical characterization of the anti-protease(s) will more clearly

establish the relationship between alpha-l-antitrypsin and canine surfactant protein. At present,

the data indicate the presence of a trypsin inhibitor, most likely alpha-l-antitrypsin, in associa-

tion with canine pulmonary surfactant in a concentration significantly greater than that in whole

serum.
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EFFECT OF RESPIRATORY INFECTION ON THE RETENTION OF INHALED PARTICLES

ABSTRACT

The retention of inhaled or intratracheally injected mono-

dispersed, 169yb-labeled, fused clay particles was studied in

mice inoculated with influenza virus. The retention of 144Ce
PRINCIPAL INVESTIGATORS

D. L. Lun~gren
polydispersed 144Ce02 particles was studied in mice A. Sanchezinhaled in

and Syrian hamsters inoculated with influenza virus or F.F. Hahn
U. I. Garcia

Pseudomonas alcaliqenes. One month or I week after influenza

virus inoculation, 169yb-labeled fused clay particles were

administered to mice by intratracheal injection or inhalation

exposure to an aerosol of the particles. Significant increases in biological retention of the par-

ticles were observed in the influenza infected mice. An increase in the effective retention of
144Ce was observed in mice exposed by inhalation to 144Ge02 and subsequently infectedinhaled with

influenza vi~s 7 days later, resulting in a significant increase in the beta radiation dose to the

lungs. Influenza virus inoculation into mice and Syrian hamsters 3 and 6 months after 144Ce02 inha-

lation exposure had little, if any, effect on the effective retention of inhaled 144Ce, although

there was an increase in mortality among these animals. The intranasal inoculation of P. alcaliqene§

into mice before or after inhalation exposure to aerosols of 144Ce had no effect on the effective

retention of 144Ce.

INTRODUCTION

It is generally assumed that many environmental factors may influence the deposition and sub-

sequent clearance of inhaled particulate matter. 1 However, until recently there has been a paucity

of information on the effects of respiratory infection on the pulmonary clearance of particulate

matter. Using influenza virus infection in mice as an experimental model, an increased retention

of non-radioactive chromium oxide dust was observed in the lungs of mice chronically exposed by

inhalation to the dust beginning 2 weeks after virus inoculation. 2 In similar studies, 3-5 an in-

creased retention of chromium-51 oxide dust particles intratracheally (IT) injected into mice 

days before or up to 56 weeks after influenza virus inoculation, was observed.

The present studies were initiated to determine; (1) the effect of influenza virus infection

on the retention and distribution in tissue of 144Ce* after inhalation of 144Ce02 by mice and

Syrian hamsters, (2) the effect of influenza virus infection on the retention of monodisperse,

169yb-labeled, fused clay particles inhaled or injected IT after virus inoculation, and (3) the

effect of intranasal inoculation (IN) of Pseudomona alcaligenes on the retention of 144Ce after

inhalation of 144Ce02 by mice and Syrian hamsters.

MATERIALS AND METHODS

C57B1/6J (Jackson Laboratories, Bar Harbor, Maine) female mice 8 to i0 weeks of age were used.

Equal numbers of female and male Syrian hamsters, (ARS Sprague-Dawley; Madison, Wisconsin), were re-

ceived at 3 weeks of age and used for the influenza virus study when 12 weeks of age. Additional

Syrian hamsters were used when 33 weeks of age to study the effects of influenza virus and P. a~-

caligenee inoculation on 144Ce retention in older animals.

"144Ce as used in the text refers to 144Ce in equilibrium with its daughter, 144pr.



The procedures for inhalation exposures of the mice and Syrian hamsters to aerosols of 144Ce02
and 169yb-labeled fused clay have been described (1972-1973 Annual Report, LF-46, pp. 141-145; 295-

300; and this report, pp. 293-297). The activity median aerodynamic diameter (AMAD) of the 144Ce02

particles ranged between 1.2 and 1.5 ~m with a o of 1.4 to 1.7 for all inhalation exposures. Theg
aerodynamic diameters (AD) of the 169yb-labeled fused clay particles were 0.8 and 1.6 ~m, respec-

tively. All animals were whole-body counted at appropriate intervals after inhalation exposure or

after IT injection of particles. Tissues from animals sacrificed at various intervals were counted

as were those from animals that died.

Nonanesthesized mice were inoculated with approximately 102 mouse 50% infective doses (MID50)
of mouse adapted influenza virus Type A (PR-8) by aerosol inhalation. Syrian hamsters were inocu-

lated IN under mild ether anesthesia with 0.I ml of a virus suspension containing 104 to 105 MID50.
Influenza virus infection was confirmed by the presence of complement fixing or virus neutralizing

antibody detected by standard serological procedures. Control animals were inoculated in the same
manner with a suspension of normal mouse lung diluted to the same concentration as the virus suspen-

ion in the mouse lung. The P. alcaligenes (kindly identified by Dr. E. W. Rypka) used in this study

was isolated from a spontaneously infected mouse. Mice and Syrian hamsters were inoculated IN while
under mild ether anesthesia with approximately 106 colony-forming units of P. alcaligenes as deter-

mined by standard pour plate procedures.

Some mice and Syrian hamsters were sacrificed at various intervals after influenza virus inocu-
lation to obtain data on the distribution of 144Ce or 169yb in various tissues and for histopatho-

logical and/or autoradiographic examination. The beta radiation doses to the lungs of mice that
inhaled 144Ce were determined as described elsewhere (this report, pp. 307-313).

Influenza Virus Infection - Mice:

RESULTS

Mice were inoculated with influenza virus at 7 days, 3, 6 or 12 months after inhalation expo-

sure to aerosols of 144Ce02. There were no significant differences in the percent of body burden

in the lungs of mice that died following virus inoculation. Among the mice that were sacrificed at

various intervals after virus inoculation, there were no significant differences in the percent of

the body burden remaining in the lungs at each

interval with the exception of the mice inoculated

with influenza virus 7 days after 144Ce02 inhala-

tion exposure. A significantly greater percentage

of the whole body burden remained in the lungs of

the infected mice than in the noninfected mice in
this group.

Influenza virus infection of mice 7 days

after inhalation exposure to 144Ce02 resulted in

a significant increase in the whole body retention
of 144Ce as compared to noninfected control mice

(Fig. 1), which, in turn, resulted in a signifi-

cantly greater beta radiation dose to the lung,

infinite doses of 7600 rads as compared to 3200 per

~Ci initial lung burden. Infection of mice 3 or

6 months after inhalation exposure had a slight

but not statistically significant effect on in-

creasing the long-term retention of 144Ce.

i

lO0 I~
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Mean ± I S.DD. o~ ~3 C~mrol Mice

1.0

DAYSAFTER VIRUS INOCULATION

24O

Fiqure 1. Whole-body retention of inhaled
144Ce in mice inoculated with influenza virus
7 days after 144Ce02 inhalation exposure.
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The effect of influenza virus infection either 1 month or i week before 169yb-labeled particle

administration had a marked effect on both the early clearance and on the biological retention of
both inhaled and IT-injected 169yb-labeled particles (Table I and Figs. 2-4). It was unfortunate,

but there was a high mortality rate (~ 90%) among the mice administered the 169yb-labeled particles

I week after virus inoculation. During the first few days after the particles were inhaled by these

mice there was a 70 to 90% biological retention of the particles. This was particularly significant

since a maximum of 10 to 20% of the inhaled 1.6 or 0.8 pm AD particles were retained during the

first few days in the noninfected mice.

Table I
Biological Retention of Intratracheally Injected or Inhaled 169yb-Labeled Monodisperse Fused Clay

Route of AD of
Administration Particles

Inhalation

Inhalation

Inhalation

Intratracheal

Intratracheal

Intratracheal

Inhalation

Inhalation

Inhalation

aBody Burden

1.6 pm

1.6

1.6

1.6

1.6

1.6

0.8

0.8

0.8

Particles in Mice After Influenza Virus Inoculation

Time of Virus 50% Retention
Inoculation Before Number % of BBa Time Of 7 Day

Particle Administration of Mice Cleared by Day 7 BB in Days

bNoninoculated 17 97.3 + 0.2 16

1 week before 3 93.9 + 3.5 41

1 month before 18 88.6 + 0.9 64

Noninoculated 22 53.8 + 2.3 14

I week before 2 25.7 + 14.9 ~ 195

1 month before 16 37.1 + 2.6 48

Noninoculated 29 92.5 + 0.7 23

1 week before 4 88.6 + 18.6 ~ 75

I month before 17 91.0 + 0.9 57

DS.E. of the ratio

I00

Mean ± I S.D. of 2 Mice Inoculated with imfluenzo Virus
7 Days Before Particle Injection

Me~n±lS.D. of lB Mice Inoculated withlnfluenzo Virus
I Month Before Particle Injection

Mean ± I S.D. of 21 Noninfected Mice

DAYS AFTER INTRATRACHEAL INJECTION

Figure 2. Biological retention of intra-
tracheally injected monodisperse 169yb-
labeled fused clay particles (AD = 1.6
pm) inoculated I month or I week earlier
with influenza virus.

I00 I I I

Mean ± I S.D. of 18 Mice Inoculated

Mean ± I S.O. of 17 Noninoculoled
Mice

10 4~) 610 BO

DAYS AFTER INHALATION EXPOSURE

Figure 3. Biological retention of inhaled
m 169ybonodisperse -labeled fused clay par-
ticles (AD = 1.6 um) inoculated I month
earlier with influenza virus.
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Figure 4. Biological retention of inhaled
monodisperse 169yb-labeled fused clay par-
ticles (AD = 0.8 um) inoculated 1 month
earlier with influenza virus.

Mean ± I S.O. of 17 Mice Inoculaled~L //~ with Influenza Virus I MonlhBefore
F Inhalation Exposure

Mean ± I S.[~ of 17 J
Noninoculated Mice

o 2’o 4’o 6’o 80
DAYS AFTER INHALATION EXPOSURE

It is of interest to note that if Figures 2 and 3 are superimposed such that the day 7 body

burden of the mice exposed by inhalation to an aerosol of the 1.6 ~m AD particles adjusted to cor-

respond to the 0 day body burden of the IT injected 1.6 ~m particles, there are no apparent differ-

ences in the retention curves that could be attributed to the route of particle administration in

either the mice inoculated with influenza virus or the noninfected control mice. When the same is

done to compare the retention of inhaled particles with an AD of 0.8 ~m, it is apparent that there

is a greater retention of the smaller particles in both groups of mice.

Influenza Virus Infection - Syrian Hamsters:

Influenza virus inoculation 3 or 6 months after inhalation exposure to 144Ce02 in Syrian ham-

sters when 12 weeks of age with an average ILB ~ 12 ~Ci had no apparent effect on the long-term

retention of 144Ce. There was a slight increase in the percent of the body burden remaining in the

lungs of hamsters that died between days 7 and 35 after virus inoculation (74 ~ 2.8%) as compared

to noninoculated hamsters (66 ~ 6.0%). There was a higher mortality rate among the hamsters inoc-

144Ce02 inhalation exposure, 7 of 25 (28%), (~ 20,000 rads absorbed by ulated 3 months after

lungs) than among those inoculated at 6 months when 7 of 25 (8%) (~ 28,000 rads absorbed by 

lungs) died, as compared to the inoculated controls of which only 1 of 145 (0.7%) died. There 

no apparent effect of influenza virus inoculation 1 week after inhalation exposure of 33-week-old

aerosol of 144Ce02 (ILB 17.5 ~Ci) on the early clearance or intermediate re-Syrian hamsters to an

tention of 144Ce through day 92.

Psuedomonas alcaligenes Inoculation - Mice and Syrian Hamsters:

There was no effect following P. alcaligenes inoculation on the early clearance or retention

of 144Ce through 84 days or distribution of 144Ce among the tissues at 122 days in the mice inocu-

lated I or 4 weeks before, or i or 4 weeks after, inhalation exposure to aerosols of 144Ce02.

Similarly there was no observable differences between 33-week-old hamsters inoculated 1 week after

inhalation exposure to aerosols of 144Ce02 with P. ~lcaligenes as compared with noninocul ated ham-

sters. The mice had an average ILB of 2.8 uCi and the hamsters 17.5 uCi of 144Ce.
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Histopathology:

Autoradiographs and hematoxylin-eosin stained sections of lungs from sacrificed mice and Syrian
hamsters are being prepared to determine the distribution of 144Ce within the lungs of influenza

144CeO2-exposed animals. Additional specimens are being examined to deter-infected and noninfected
mine the effects of P. alcaiigenes inoculation and 169yb inhalation on the normal mouse lung.

DISCUSSION

These findings concur with those of others 5 that influenza virus infection initiated a few days

before IT injection of particles will significantly increase their retention. We also observed this

effect in mice inoculated I month before IT injection of particles. Similar effects of influenza
virus infection on the decreased early clearance and increased retention of inhaled 169yb-labeled

monodisperse particles of two different ADs were also observed. The retention of the whole-body
burden of inhaled 169yb-labeled particles after day 7 was similar to the retention of particles fol-

lowing the day of IT administration. Such increases in the retention patterns of inhaled particu-

late matter containing a beta- or alpha-emitting radionuclide would have resulted in increased radi-

ation dose to the lungs. This was the case in mice inoculated with influenza virus 7 days after

exposure to an aerosol of 144Ce02. The influenza virus inoculated mice absorbed moreinhalation

to the lungs as did the noninfected mice exposed to 144Ce02.than twice the radiation dose Inocula-
tion of influenza virus into Syrian hamsters, a rodent known to be relatively resistent to infection
with influenza virus 6 had no apparent effect on the retention of inhaled 144Ce.

Inoculation of P. aicaligenes into mice and Syrian hamsters had no apparent effect on the re-

tention of inhaled 144Ce.
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THE EFFECT OF ENZYME-INDUCED PULMONARY EMPHYSEMA IN SYRIAN HAMSTERS ON THE DEPOSITION

AND RETENTION OF INHALEDPARTICLES

ABSTRACT

Experimental emphysema was induced in Syrian hamsters by

intratracheal injection of elastase or by inhaled papain
PRINCIPAL INVESTIGATORS

aerosols. Control hamsters were injected with saline or F.F. Hahn

exposed to enzyme diluent aerosols. After 3 weeks, all C.H. Hobbs

groups were simultaneously exposed to an aerosol of

relatively insoluble 137Cs in fused clay particles with an activity median aerodynamic diameter of

1.4 to 1.6 and a geometric standard deviation of 1.6. The initial pulmonary deposition of particles

(measured 3 hours after inhalation) was significantly lower in treated hamsters, 45% of controls

with elastase and 65% with papain aerosols. The whole-body retention curves for each group could

be fitted to 3 component exponential equations. The first component was a major portion, 78 to

83%, of the initial body burden in all groups and cleared rapidly with a half-time of 0.9 to 1.2

days. The second component was 11 to 13% of the IBB. In the enzyme treated hamsters the clearance

of this component was much faster than controls, 9 and 16 day half-time compared with a 31 and 46

day half-time. The long-term component was 4 and 5% of the IBB in enzyme treated ho~sters and 8

and 9% of the IBB in control animals. The enzyme treatments resulted in a prolonged half-time in

the last component of 185 and 244 days compared to 140 and 160 days for the control hamsters. The

effect of both enzyme treatments on the retention of particles was similar in spite of the fact

that the pulmonary lesions were not the same. Elastase I.T. caused a diffuse destruction and

enlargement of alveoli with a loss of pulmonary elastic recoil. Papain aerosols caused a focal

destruction and enlargement of alveoli with no loss of elastic recoil. The common feature of both

lesions was an increased number of alveolar macrophages which may account for the early increased

clearance of particles. The prolonged retention of particles may be due to focal accumulations of

macrophages in distal alveoli.

INTRODUCTION

Pre-existing diseases which alter the pulmonary clearance of particulates may be important

considerations in assessing the toxicity of inhaled materials. Emphysema and chronic bronchitis in

people have been shown to alter the short-term or tracheobronchial clearance of particulates from

the lung. However, these studies in people have not assessed the long-term clearance of particu-

lates deposited deep in the lung. Two sets of studies in animals have given conflicting results,

one showing an increased clearance and the other a reduced clearance in emphysematous animals.

This study documents the effect of enzyme induced emphysema in Syrian hamsters on the long-term

clearance of inhaled particulates from the lung.

METHODS

Animals - Syrian hamsters in the study were 3 weeks old when received from ARS Sprague-Dawley

(Madison, Wisc.) and 9 weeks old when exposed to papain. They were maintained in shoebox type cages

and fed Wayne Lab Blox (Allied Mills, Inc., Chicago, Ill.) both before and after exposures.

Enzymes - Worthington purified elastase (swine pancreas origin) (Worthington Biochemical Co.,

Freehold, N.J.) was mixed with sterile distilled water to a concentration of 30 international units

per 0.6 ml. Normal sterile saline was used for control injections.
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Aerosols of papain were generated from a solution of papain-papaya latex origin (Worthington

Biochemical, Freehold, N.J.) 25 mgm/ml of diluent. An enzyme diluent was used to stabilize the

solution during aerosolization.

Enzyme Exposures - The hamsters were divided into 4 groups with equal numbers of males and

females in each. One group was injected intratracheally with elastase and another with sterile
saline. A third group was exposed to aerosols of papain and a fourth to aerosols of enzyme diluent.

The 0.6 ml elastase solution and 0.6 ml saline were intratracheally injected while the hamsters

were anesthetized with Brevital. Aerosols of papain were generated with a Retec generator from a

25 mgm/ml solution into a chamber where the hamsters were housed for 120-minute exposures.

137Cs Fused Clay Particle Exposures - Some of the hamsters treated with enzymes died I to 7

days after exposure. Twenty-one days after treatment the remaining hamsters were randomly divided
into groups of 39 to 44 for exposure to 137Cs fused clay particles and subsequent whole-body count-

ing and interval sacrifice. The 137Cs aerosols were prepared by incorporating 137Cs into mont-

morillonite clay by cation exchange. An aerosol of this solution was generated, fused at 1100°C

and used for an essentially nose-only inhalation exposure of 2 groups of 84 non-anesthetized ham-

sters. The treated animals were exposed at the same time as their controls. All exposures were
20 minutes long. The sizes of the 137Cs fused clay particles were log-normally distributed with

activity median aerodynamic diameters that ranged from 1.4 to 1.6 um with a geometric standard

deviation of 1.6.

All surviving animals were whole-body counted 2 hours, I, 2, 4, 8, 16, 32, 60, 128, 190 and

256 days after exposure in a well-type scintillation counter. At 3 hours, 8, 32, 128 and 268 days

after exposure the specified number of hamsters were sacrificed with pentobarbital. The lungs were

removed and inflated at 20 cm water pressure with 10% neutral buffered formalin. The head was

removed from the carcass and all three samples counted in the same well counter. After at least 3

days of fixation the lung volume was determined by water displacement. The lungs were then rou-
tinely embedded in parafin, sectioned and stained with hematoxylin and eosin. The mean linear

intercepts and internal surface areas of the lungs were determined by point counting methods de-
scribed by Dunnill.I

RESULTS

The intratracheal elastase injections definitely increased the lung volumes at sacrifice times

21, 29, 53, 149 and 289 days after injection (Fig. i). The volumes, as measured after inflation 

20 cm water pressure, were twice the control lung volumes (6-8 ml vs 2-3 ml). The papain aerosols

did not affect the lung volumes when compared to controls measured at the same times. The mean

linear intercepts (MLI), an estimate of alveolar size, were also increased by the elastase injections.

They were 2 to 3 times control values and roughly paralleled the increased lung volumes. The

papain aerosols did not alter the MLI. The internal surface areas were reduced slightly by elastase

instillations and papain aerosols at later times (Fig. 2).

The pulmonary lesions induced by either enzyme allowed the exposed hamsters to be readily

differentiated from the control animals by either gross or microscopic examination. Grossly, the

lesions were about the same in character and severity within each group at all sacrifice times.

The lungs of hamsters injected with elastase did not collapse when the thorax was opened due to air

trapping in the alveoli. Even after perfusion with formalin some alveolar trapped air persisted.

Occasionally one entire lung lobe was atelectatic. In hamsters exposed to papain aerosols, numerous

pinpoint acute or chronic hemorrhages were scattered through all lung lobes but air trapping was

not present grossly. No gross lesions were noted in control hamsters.
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Figure 1. Lung volumes after enzyme
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Microscopically, hamsters injected with elastase and sacrificed 21 days later (on the day of
exposure to 137Cs clay particles) had widely distended alveoli with some destruction of alveolar

walls. Alveolar macrophage numbers were generally increased but diffusely spread through the

alveoli. Atelectasis present in some lung lobes appeared to be simply a compression from adjacent

overdistended lung lobes. Acute inflammation was not a feature of the lesions. At later sacrifice

times, lesions were very similar to those seen at initial sacrifice. The alveolar distention was

perhaps more severe and alveolar macrophage and hemosiderin were at least as abundant.

Hamsters exposed to aerosols of papain also had prominent histologic lesions at 21 days after
enzyme exposure (on the day of exposure to 137Cs clay particles). Scattered primary lung lobules

were dilated and overdistended apparently due to focal destruction of alveolar septae. Alveolar

macrophages were increased in number and accumulated in clumps of 25 to I00. At later times,

lesions were only slightly more severe. Accumulations of macrophages were still present at 287

days after exposure to papain. In control hamsters exposed to aerosols of enzyme diluent or intra-

tracheally injected with saline, the only consistent lesions were found in the latter. At 21 and

29 days after injection (0 and 8 days after exposure 137Cs fused clay particles) small scattered

epithelial proliferations in alveoli were found. At later times these foci were rarely found.
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The elastase treatment significantly reduced whole-body deposition to 86% of the controls and

lung deposition to 45% of the controls. The papain aerosol did not affect whole-body deposition

but did significantly reduce lung deposition to 65% of the controls. These changes may be the

result of altered breathing patterns which resulted in relatively greater deposition in larger

airways and in elastase animals, less total deposition.

The effects of the emphysema induced by elastase and papain on the clearance of fused clay

particles is shown by the clearance curves in Figures 3 and 4. All four curves could be accurately

described by three component exponential equations. The first component, presumably tracheobron-

chial clearance, was a major portion, 78 to 83%, Df the initial body burden in all groups and

cleared rapidly with a half-time of 0.9 to 1.2 days. The second component was 11 to 13% of the IBB.

In the enzyme treated hamsters the clearance of this component was much faster than controls, g and

16 days half-time compared with a 31 and 46 day half-time. The long-term component was 4 and 5% of

the IBB in enzyme treated hamsters and 8 and 9% of the IBB in control animals. The enzyme treat-

ments resulted in a prolonged half-time in the last component of 185 and 244 days compared to 140

and 160 days for the control hamsters.

DISCUSSION

Both enzyme treatments induced a histologically apparent emphysema, that is, a chronic de-

structive lesion of the alveolar septae with distention of alveoli. Intratracheal elastase caused

a diffuse type emphysema, whereas the inhaled papain caused a focal emphysema more strictly related

to terminal bronchioles. In addition, the elastase caused a loss of elastic recoil as evidenced by

the large lung volumes obtained when the lungs were filled at 20 cm water pressure. These lesions

were persistent, being present at sacrifice 289 days after treatment. However, one parameter of
pulmonary emphysema, the internal surface area, was not reduced with the papain aerosol treatment

and was only slightly decreased with the elastase treatment. In addition, there was no chronic
inflammation other than hemosiderin laden macrophages, and no chronic bronchitis associated with

the lesions. Thus, the emphysema resembled more closely the homozygous anti-alpha trypsin defi-

ciency related human emphysema rather than the chronic bronchitis and emphysema associated with
2cigarette smoking.
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Fiqure 3. Whole-body retention of inhaled
137Cs fused clay particles after treatment
with elastase.
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Figure 4. Whole-body retention of inhaled
137Cs fused clay particles after treatment
with papain.
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The induced lesions markedly affected the deposition and retention pattern of the inhaled

fused clay particles. The first component of the retention curve was similar in all groups. The

second component was considerably shortened by the enzyme induced lesions; 9 and 16 days versus 31

and 46 days for the controls. This phase of pulmonary clearance has been associated with the

alveolar macrophage clearance from the lung. Thus, the stimulation of macrophages by both enzyme

treatments may be responsible for the increased clearance of particles in the second phase of

clearance. The third component of the retention curve was prolonged by the enzyme treatments; 185

and 244 days versus 160 and 140 days for the control, although the percentage of the lung burden in

this category was reduced 4 and 5% of the IBB versus 9 and 8%. The emphysema, with attendant

changes in pulmonary function, or retention of macrophages deep in the alveoli may be responsible

For this prolonged retention. The histologic appearance of the emphysema, although different in

pattern, i.e. diffuse with elastase I.T. and focal with papain aerosol, had similar effects on the

retention pattern of the fused clay particles.

The increase clearance of particles from the lung after enzyme induced pulmonary lesions is in
contrast to the findings of Ferin 2 who found that papain-induced pulmonary lesions decreased the

clearance TiO2 particles as determined at 25 days after exposure. Papain treated rats retained an
average of 61 to 82% of the initial lung burden 25 days after exposure compared to the controls

which retained 49.o. Using a similar analysis for the study reported here the enzyme treated hamsters

retained 33 and 36% of the ILB while the controls retained 54 and 55% at 32 days after exposure.

One difference in these studies is the relatively large amount of particles used by Ferin, about

300 to 400 .Jgm compared to several ~gms.

The increase clearance of particles does agree, however, with a previous report by Gross.3

Emphysema was produced in hamsters, rats and guinea pigs by intratracheal or inhalation exposure to

papain. Relatively large lung burdens (milligrams) of quartz and bituminous coal were inhaled 

the animals either shortly before or for 5 months after emphysema production. Abundant dust was

present in non-emphysematous portions of lungs but little or no dust was found when emphysema was

present. In the hamsters, the only species to develop good emphysema, there was a statistically

significant reduction in mean silica content of emphysematous lungs regardless of when the dust

burdens were administered. Improved lung clearance was believed to be a major factor in the re-

duction of dust content in the emphysematous lungs.
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INFLUENCE OF PARTICLE SIZE ON PHAGOCYTOSIS BY RABBIT ALVEOLAR MACROPHAGES in Vitro

ABSTRACT

Phagocytosis of particles deposited deep in the lung may play
PRINCIPAL INVeSTIGATOrS

an important role in the ultimate fate of the p~rtieZe. Mono-
F. F. Hahn

disperse aerosols of montmorillonite fused clay particles G.J. Newton
ranging from 0.32 to 2.02 ~m in dia~Leter, have been used to Karen L. Springstead

Jean C. Cerdes
test the phagocytic capabilities of rabbit alveolar macro-

phages in vitro. Using 169yb-labeled particles, it has been

shows that free particles can be separated from phagocytized particles and the percentage of phago-

cytosis determined. Preliminary results indicate that a greater percentage (20-40%) of the larger

particles (0.97-2.02 um) are phagocytized than the smaller particles (0.32-0.35 um) (0-10%). 

dition, this phagocytosis has been shows to be energy dependent and require glycolysis. Oxidative

phosphorylation is not necessary for phagocytosis of these particles by rabbit alveolar macrophages.

INTRODUCTION

A large proportion of inhaled particles deposited in the alveoli are phagocytized by alveolar

macrophages. The particle laden macrophages may migrate to the bronchioles, be transported up the

airways by mucociliary flow to the pharynx and thus, to the gastrointestinal tract, or they may

move to the lymphatics and to pulmonary and tracheobronchial lymph nodes. However, the exact role

of the macrophages in pulmonary clearance of particles is not fully understood.

Particle size is an important aspect of the fate of inhaled particulates. The deposition of

inhaled particles in the alveoli is dependent on their aerodynamic diameter. Thus, a major portion

of the particles in the alveoli are in the 0.05 to 5 ~m size range. Further, pulmonary clearance of

deposited particles such as plutonium dioxide, uranium oxide, and bacterial spores is also dependent

to some extent on particle size. Particle size is also a factor in phagocytosis as shown in studies
with peripheral leukocytes, 1 phagocytes of the liver 2 and alveolar macrophages.3 For example, the

phagocytosis of radiolabeled polystyrene latex particles by rabbit alveolar macrophages in vitro is

less for 6 ~m particles than for 3 or 1.5 ~m particles. Thus, size may also be a factor in phagocy-

tosis of particulates although definitive in vitro studies with alveolar macrophages have not been

conducted. The effects of particle size on in vitro phagocytosis by alveolar macrophages is re-

ported here using particle sizes with aerodynamic diameters which are in the respirable range.

MATERIALS AND METHODS

Particles:
The particles used were monodisperse montmorillonite clay containing 169yb. Aerosols were gen-

erated from a solution of montmorillonite clay in which 169yb had been incorporated by cation ex-

change. The resultant aerosol was passed through an 1100°C heating column and then into a Lovelace

aerosol particle separator (LAPS), which separated the particles based on their aerodynamic size.

Particles from a particular segment of the LAPS foil had aerodynamic sizes that were distributed

log normally with a standard deviation (Og) less than 1.12. Real sizes were calculated from the
formula:

real diameter = aerodynamic diameter

3~density of clay, 2.2 gm/em3)(Cunningham’s slip correction)

and had aerodynamic diameters ranging from 0.47 to 3.15 ~m and real diameters from 0.32 to 2.02 ~m.
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Alveolar Macrophages:

Macrophages were obtained by saline lavage of excised lungs from 1.5 to 3.0 kg New Zealand

white rabbits. Slides were made of the lavaged cells and any lavages with more than 15 red blood
cells per 100 white blood cells were discarded. Total cell numbers obtained ranged from 107 to 108;

the percent macrophages was 99 to I00~. Viability of the cells, as determined by the trypan blue
dye exclusion method, was 92 to 100%.

Media:

Eagles MEM (Gibco) enriched with 20% fetal calf serum, I00 units of penicillin - streptomycin

and 200 um glutamine was used for all cell washes and test procedures.

Phagocytic Test Procedures:

In the basic procedure, 5 x 105 particles/ml and 5 x 104 cells/ml were incubated in triplicate

samples for 3 hours. The free particles were separated from the engulfed particles by centrifuga-

tion on a Ficoll gradient. The free particle layer (bottom layer), cell layer (middle layer), 

supernate (top layer) were then counted for radioactivity and compared. Tubes containing particles

only and containing particles and cells placed in ice at 0 time (0 hr), served as controls.

Sample tubes plus background and standard samples were counted in an Auto Gamma counter. The

results of the triplicate samples were averaged and the percent phagocytosis was calculated by the

following formula:

(experimental middle cpm - experimental top cpm) - (0 hr middle cpm - 0 hr top cpm) x I00 = % phagocytosis
particle only bottom cpm

Inhibitors of glycolysis (sodium fluoride) and of oxidative phosphorylation (dinitrophenol and sodi-

um azide) were used to confirm and characterize energy requirements for active phagocytosis.

RESULTS

Initially tests were performed to assess the reliability of the methods. Viability tests be-

fore and after the incubation showed that 90 to 95% of the cells were active, indicating that the

procedures had little effect on viability. The pipettes and tubes used in the procedures were ana-

lyzed for radioactivity at the end of the test to determine loss of radioactivity during the trans-

fer procedures. Some activity was lost but it was relatively uniform in all groups. The total ra-

dioactivity recovered from each tube was also relatively uniform, again indicating that losses of

radioactivity were random in all groups. The supernate (top) fraction was filtered through a 0.3

um Millipore filter to determine if the radioactivity in that fraction was in particles. Most of

the activity passed through the filter indicating that the activity was in a soluble form and not

associated with suspended particles. Cytocentrifuge slides were made of the middle layer and ex-

amined microscopically. Particles could be seen inside macrophages, indicating that phagocytosis

had taken place.

The effect of particle concentration on the percent phagocytosis was determined by varying the
number of particles used with 5 x 104 cells/ml by ratios of I0:I, 5:1 and 1:1. The results are

shown in Table i. There appears to be little effect of the particle concentration in this range of

ratios, except with the larger particles (1.22 and 2.02 ~m). A 10:1 ratio was used in subsequent

experiments to enable higher quantities of radioactivity and better counting statistics.

The effect of particle size on the percent phagocytosis was determined by combining the results

of a number of tests using various particle sizes (Fig. i). With the smaller size (0.32 ~m) there

was little phagocytosis. Particles of 0.97, 1.22, 1.34 and 2.02 um diameter generally had a similar

percentage phagocytosis at 3 hours.
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Table 1
The Effect of Particle Concentration on Percent Phagocytosis After 3 Hours Incubation

Particle Size (~m)
0.32 0.35 0.97 0.97 1.22 2.02 2.02

Experiment Number C B D E A F G
Concentration 10:1 0 3 30 20 61 20 24
Particles/cell 5:1 0 0 17 16 63 28 31

1:1 0 I 18 15 70 37 41

The effect of various metabolic inhibitors

on phagocytosis was also determined to further

characterize the process and compare the results

with other studies (Table 2). Cold (4°C) 

pletely inhibited the uptake of particles as did
sodium fluoride at 4 x 10-2 M. Dinitrophenol (2

x 10-4 and 2 x 10-5 M) and sodium azide (2 x -3

and 2 x 10-4 M) had little effect on the uptake.

DISCUSSION

This method of testing phagocytosis deter-

mines the percent of total particles present that

are phagocytized by the cells. It does not depend

on tedious microscopic examination to count parti-

cles in cells. Particles associated with the cell

layer are actually phagocytized as indicated by

the morphologic demonstration of particles in the

cells and the fact that this is an energy depend-

ent process that can be stopped by cold tempera-

tures.

The particle size did have an effect on the

phagocytosis of the particles. Small particles

(real size 0.32 and 0.35 ~m diameter) were taken

up poorly during the 3-hour incubation time. A

greater number of larger particles were taken up

in the 3-hour period, averaging from 25 to 40%.

6O

,32 .97 1.22 1.34 2.02
PARTICLE SIZE-REAL DiAMETER-microns

Figure I. The effect of particle size on the
percent phagocytosis of 169Yb fused clay par-
ticles by rabbit alveolar macrophages in
vitro. Mean and range of 3 determinatio~ns at
each particle size.

Table 2
The Effect of Various Metabolic Inhibitors on Phagocytosis of Fused Clay Particles

by Rabbit Alveolar Macrophages - (% Phagocytosis after 3 Hours Incubation)

Inhibitors

None Sodium Fluoride Sodium Azide Dinitrophenol
Concentration (M) 4 x 10-2 4 x 10-3 4 x 10-4 2 x 10-3 2 x 10-4 2 x 10-4 2 x 10-5

Experiment No. 33a 29 I - 26 - 24
Experiment No. 34a 26 5 21 15 24 14 27 19
Experiment No. 35b 20 I 21 16 26 17 32 19

aparticle size - 1.22 pm; bparticle size - 1.34 pm
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These results are in general agreement with studies of the effect of particle size on the phagocy-
tosis by blood leukocytes and the hepatic reticuloendothelial cells 1’2 which showed that particles

in the 0.4 to 1.2 ~m range are phagocytized more rapidly than particles in the 0.088 to 0.26 um

size range.

In contrast, the results are not in agreement with in vitro phagocytosis experiments with

Acanthamoeba in which the uptake kinetics were a function of the particle mass (or volume) and not
the particle number, surface area, or diameter. 4 The explanation for this phenomenon is that par-

ticles accumulate at the cell surface until an optimum volume, approximately the same for all sizes

from 0.126 to 2.68 ~m latex beads, is reached at which time the particles are ingested. Timed

studies have not been completed for phagocytosis of fused clay particles by rabbit alveolar macro-

phages to compare with studies of Acanthameoba. If such a phenomenon operates with phagocytosis by

rabbit alveolar macrophages, then the reason small particles are ingested more slowly may be that

time is required for a critical volume of particles to be reached to initiate phagocytosis.

The studies with metabolic inhibitors indicate that the phenomenon of phagocytosis in these

tests is energy dependent as the uptake of particles is inhibited by cold (4°C). The dinitrophenol

and the sodium azide did not affect the uptake of particles indicating that oxidative phosphoryla-
tion was not necessary for the process. However, sodium fluoride in highest concentration (2 x 10-2

M) essentially stopped particle uptake, indicating that glycolysis may be necessary. Examination

of the sodium fluoride treated cells after 3 hours showed that their viability was 80 to 90%, but

that clumping of cells had occurred. The effect of this clumping on phagocytosis is speculative

but may decrease it. Similar findings have been reported in another study of metabolic inhibitors
on rabbit alveolar macrophages with the exception of the inhibitory effect of sodium fluoride.5

Guinea pig alveolar macrophages differ metabolically from rabbit alveolar macrophages as both DNP
6and sodium fluoride will inhibit their phagocytic capabilities.

These studies are being continued to determine effects of particle size on the phagocytosis by

alveolar macrophages. The uptake of particles in the alveoli may have an important bearing on their

ultimate clearance from the lung.
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SPONTANEOUSLY OCCURRING RENAL DISEASE IN THE

ABSTRACT

Syrian haynsters develop spontaneous renal lesions that resemble

those of arteriolar nephrosclerosis in man and differ from

other spontaneously occurring or virus-induced renal diseases

previously observed in other rodent species. The morphologic

changes are degenerative and inflammatory but with little

cellular infiltration, and are associated with histopathologic

changes in the intrarenal vasculature. The lesions are progres-

sive, often fatal, and are not uncon~nonly co~Tplicated by

glomerular a~yloidosis or membranous glomerulonephritis with

SYRIAN HAMSTER

PRINCIPAL INVESTI#ATO~S

D. O. Slauson
C. H. Hobbs

the nephrotic syndrome and uremia. End stage kidneys often exhibit fibrinoid necrosis of invrarenal

arterioles ar~ thus resemble lesions seen in the malignant phase of human essential hypertension.

The pathologic changes appear at an earlier age and are often more severe in females than in males,

are a major cause of morbidity and mortality, and hamper life-span studies utiZizin~ the hamster.

F~rther, when uremia is present, the histopathologic ck~nges of uremic pneumonitis are difficult to

separate from those of radiation-induced pneumonitis.

INTRODUCTION

Published reports of renal disease in the hamster are scarce. ChestermanI described a renal

disease characterized by pale, granular kidneys and microscopic changes which were irregular in

nature and left intervening areas of normal and scarred kidney tissue. The glomeruli in his study

exhibited profound changes which varied from thickening of the capillary basement membranes to

complete glomerular fibrosis and atrophy. Amyloid deposits were present in most of the more severely

affected glomeruli. Intrarenal vascular changes, however, were not described. The study of Takeda
and Grollman 2 on renal disease in the guinea pig described lesions which are quite similar to those

we have encountered in the Syrian hamster, but they did not describe vascular necrosis.

The lesions observed in our hamsters apparently differ from previously described hamster renal
diseases, and are morphologically distinct from spontaneous murine nephritis, 3 virus-induced murine

nephritis, 4 experimental hypertension in rats 5 and other animal nephropathies in which vascular

lesions have been described. 6 We are interested in these hamster renal lesions as a model of human

arteriolar nephrosclerosis and also because they are a major cause of morbidity and mortality in

our hamster colony and thus hamper life-span studies utilizing hamsters.

MATERIALS AND METHODS

The animals used in these studies were purchased from ARS Sprague Dawley (Madison, Wisconsin)

and were housed I animal per cage. Water bottles were changed twice weekly and cages and feed were

changed weekly. The animals were maintained on commercial chow (Wayne Lab Blox; 4% fat) and tap

water. Approximately 100 animals of each sex were examined for this study.

Postmortem examinations were performed following euthanasia or as soon after death as practical.

The kidneys were examined grossly and were routinely fixed in 10% neutral buffered formalin, embedded

in paraffin, and stained with hematoxylin and eosin. Selected kidneys were also stained by the

periodic acid Schiff method, phosphotungstic acid-hematoxylin, Masson’s elastic tissue stain, and

Congo red.
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RESULTS

Gross Pathologic Findings:

Changes detectable during gross examination were variable. Early cases often exhibited a

slight cortical dimpling with focal adhesion of the capsule to the cortical surface. The subcapsular

surface was pale tan in color and finely granular or dimpled. The most severely affected animals

exhibited pale, granular kidneys which were coarsely nodular (Fig. 1). Focal subcapsular extravasa-

tions of blood or petechial or eccymotic hemorrhages were occasionally seen on the cut surface.

Gross changes were rarely detected before 150 days of age. Between 150 days of age and the

end of the first year of life, the incidence of detectable renal lesions increased. Females were

affected more severely, more commonly and often at an earlier age than males, as was reflected in

the cumulative mortality curves (Fig. 2). Animals of both sexes older than one year of age only

rarely exhibited grossly normal kidneys. Some exhibited ascites and edema, evidencing a nephrotic

syndrome. Occasional older animals showed terminal left or right atrial or atrioventricular cardiac

mural thrombosis with rare pulmonary embolism.

Microscopic Findings:

The histopathologic changes were basically similar in both kidneys in all cases. The lesions

were characterized by progressive sclerotic changes in the walls of intrarenal arterioles with

subsequent glomerular and tubular degeneration and atrophy and subsequent interstital fiLrosis.

The lesions in general were strikingly devoid of inflammatory cellular infiltrates.

Radiating linear cortical lesions consisting largely of tubular atrophy and focal tubular

necrosis, tubular dilitation and mild interstitial fibrosis in the absence of leukocytic infiltration

were characteristic changes in the early stages (Fig. 3). Glomeruli sometimes exhibited thickened

glomerular capillary basement membranes with progressive glomerulosclerosis (Fig. 4). In severely

affected kidneys, the tubules were atrophic and often were lined by a flattened epithelium. Pro-

teinaceous fluid or casts were often seen within the tubular lumina.

The earliest consistently detectable vascular change was a modest thickening of the vascular

wall with resultant luminal reduction. Occasionally, small vessels exhibited fraying, splitting

and other irregularities of the internal elastic lamina often accompanied by fibroelastic medial

thickening with occasional reduplication of the internal elastic lamina. Arterioles down to the

interlobular level exhibited a progressive eosinophilic thickening of the entire wall with reduction

of lumen diameter. The interstitial tissues were generally free of involvement except for secondary

changes such as modest interstitial fibrosis associated with tubular atrophy. There was usually no

infiltration of inflammatory cells.

Late occurring changes included focal glomerular fibrinoid necrosis. Some kidneys also exhibited

renal amyloidosis in addition to arteriolar glomerular disease, and occaslonal kidneys exhibited

membranous glomerulonephritis. The most striking change in the end-stage kidneys was fibrinoid

necrosis of the intrarenal arterioles (Fig. 4). Cell nuclei within the vascular wall were commonly

lost, and there was a severe reduction in the diameter of the vascular lumen. The characteristic

change here often was a diffuse eosinophilic intimal thickening which sometimes approached virtual

vascular obliteration. Some larger vessels exhibited segmental necrosis of the wall. Vascular

lesions of this severity were rarely encountered in other tissues, but were occasionally seen in

the testis. Tubular atrophy was a pronounced finding. The proximal and distal convoluted tubules

often contained a very flattened cuboidal epithelium. Other tubules were dilated and tortuous and

contained eosinophilic, proteinaceous material. The interstitium was generally relatively free of

chronic inflammatory cells, although modest focal collections of mononuclear cells were occasionally
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Figure I. Kidney of hamster dying of renal
failure showing typical coarsely granular and
pale capsular and cut surfaces with cortical
atrophy.

Figure 2. Cumulative survival curves for
male and female Syrian hamsters as a function
of time. The slope of the curve for females
greatly exceeds that for males.

Figure 3. Linear cortical tubular atrophy
with focal tubular necrosis and lack of
inflammatory infiltrate in kidney of 160 day
old male hamster. H and E, X170

Figure 4. Glomerulosclerosis, tubular
degenerative changes and vascular necrosis
(arrows) in kidney of a 335 day old female
hamster H and E, X300
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encountered in chronically affected kidneys. Diffuse interstitial fibrosis was often present

within the severely atrophic tubular zones.

DISCUSSION

The lesions seen here encompass the spectrum of intrarenal vascular changes encountered in
hypertensive nephropathy of man.7 From early arteriosclerotic changes consisting mainly of fibrous

thickening of the intima and arteriolar wall with lumenal reduction, the lesions progress to include
fibrinoid necrosis and necrotizing arteritis. The fairly uniform lack of inflammatory infiltrates

and pelvic renal changes tends to rule out an infectious etiology. Similarly, the initial linear

and focal cortical development of the lesions in association with the anatomic distribution of the

intrarenal vasculature and the demonstration of early vascular lesions tends to rule out the possi-

bility of diffuse progressive glomerulonephritis. Renal amyloidosis, while not uncommonly seen in

our hamsters, is usually a late-occurring sequellae, and does not appear to be related to the

development of the overall renal disease in a pathogenetic sense. Arteriolar nephrosclerosis

including vascular necrosis as described in Syrian hamsters in this report appears to represent a

morphologic correlate useful for study of the pathogenesis of the disease as it occurs in man,

particularly as much of our limited knowledge of the pathogenesis of hypertensive nephropathy comes
from experimental models in which renal vascular disease is induced. 8’9 Beyond its value as a

model for human arteriolar nephrosclerosis, this hamster renal disease requires recognition as a

potential handicap to the use of the Syrian hamster in life-span studies.
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NITROGEN DILUTION CONSTANT: A METHOD OF CORRECTING FOR BREATHING

PATTERN CHANGES WHEN ANALYZING NITROGEN CLEARANCE CURVES

ABSTRACT

Nitrogen clearance curves of unsedated Beagle dogs were

constructed by plotting sequential end-expiratory nitrogen

peaks (FETN2) against breath number during open circuit

measurements of functional residual capacity (FRC). Curves

were analyzed graphically and the slope of the main component

PRINCIPAL INVESTIGATOR

Joe L. Mau~erZy

was described in terms of B½, the number of breaths used to lower FETN2 to 1/2 its original value.

The value of B½was directly proportional to the quantity (FRC/VT). The quantity (B½/(FRC/VT)) 

relatively constant for normal individuals regardZess of FRC or VT, and was called the "nitrogen

dilution constant" (NDC). The means and ranges Of VT, FRC, B½ and NDC were determined for normal

dogs. The use of NDC in comparing baseline and post-treatment washout curves is demonstrated.

INTRODUCTION

Analyses of the sequential clearance of nitrogen from the lungs during oxygen breathing have
been used to evaluate intrapulmonary gas distribution and mixing since Darling et al I first provided

a quantitative analysis of washout curves in 1944. Previous studies (1970-1971 Annual Report, LF-

44 pp. 227-236, and 1972-1973 Annual Report, LF-46, pp. 155-162) have demonstrated the usefulness

of N2 washout curves in evaluating gas distribution defects in Beagle dogs following the inhalation

of radioactive aerosols. The character of a N2 washout curve is determined not only by the uniformity

of gas distribution within the lung, but also by the ratio of tidal volume (VT), or diluting volume,
to the functional residual capacity (FRC), or volume which is being diluted. The breathing patterns

of unsedated experimental animals are difficult to control and there can be considerable variations

in VT and FRC among normal dogs2 as well as within individual dogs with excitment or lung disease.

Since these variations make N2 washout curves difficult to interpret, there was a need for the
ability to determine the effect of breathing pattern changes on nitrogen washout on a quantitative

basis. This report describes the derivation of a new index of washout efficiency and presents data

that demonstrate its usefulness.

METHODS AND RESULTS

A typical N2 washout curve from a normal adult Beagle dog is shown in Figure 1. The dogs were
placed in positioning stocks, fitted with a face mask and connected to the breathing apparatus

previously described (1969-1970 Annual Report, LF-43, pp. 205-211). The dogs were switched at the

end of a normal expiration from breathing room air (79% N2) to breathing pure 02 and the progressive

washout of N2 from the lungs was monitored by a mass spectrometer and recorded on a strip chart
recorder. The expirate was collected in a lO0-1iter spirometer during the washout and its volume

and N2 content were used to determine VT and FRC. Curves were constructed by plotting sequential

end-expiratory nitrogen peaks (FETN2) against breath number on semilog graph paper. The total
curve was divided graphically into individual components, each having a different slope and each

representing a fraction of the original curve. The relative size of each component was expressed as

a percentage of the total by dividing the individual Y-intercepts by the Y-intercept of the original

curve. The washout rate (slope) of each component is expressed in terms of B½, the number 

breaths required to reduce FETN2 by one-half. Most curves from dogs had 3 components: a rapidly-
clearing component primarily indicating the washout rate of conducting airways, a major component

with an intermediate clearance rate thought to be representative of most of the gas exchange area
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of the lung and a small, slowly clearing component representing both nitrogen excretion from the

blood and areas with extemely poor ventilation. The intermediate component (component 2 in Fig.

I) was of primary interest because it not only reflected mixing in the alveolar bed, but also was

the fraction demonstrating the most marked changes with breathing pattern and disease. The follow-

ing discussion will therefore be limited to that fraction of the curve and all mention of B½ will

refer to the slope of the "alveolar" component.

An empirical relationship between the ratio of VT to FRC and B½ was established by performing

washouts of a large plastic syringe which allowed the adjustment of "VT" and "FRC". When plotted,
the washouts took the form of straight lines indicating that the syringe acted as a single chamber

with only one clearance component (Fig. 2). Regardless of whether VT, FRC, or both were varied,

the B½ of the washout was found to equal the quantity, FRC/VT, In contrast to the syringe, the B½
of the alveolar component of normal subjects (human or animal) was found to always exceed the

quantity, FRC/VT. The data in Figure 1 show that although FRC/VT = 3.1, B½ = 4.5. The amount by

which B½ exceeded FRC/VT probably reflected the error in considering the alveolar component as a
single chamber, but was primarily related to a degree of imperfect mixing found in normal lungs.

Human subjects were utilized to evaluate the relationship between B½ and FRC/VT under conditions
of varied breathing patterns. A series of washouts were performed on each subject who voluntarily

breathed with a different VT and FRC for each measurement. Special care was exercised to insure
that differences in FRC were achieved only by altering the end-expiratory level and not by changing

body position. Although the absolute difference between B½ and FRC/VT varied with breathing pattern,
the relationship between the magnitudes of the values remained nearly constant. That relationship

was therefore named the "nitrogen dilution constant", and is derived as follows:

B½/(FRC/VT) = Nitrogen Dilution Constant (NDC) (1)
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As seen in Table 1, the NDCs of trials 1 and 3

were identical although FRC/VT ranged from 4.6
to 12.8. This demonstrates that the NDC not only

serves as an index of the quality of intrapulmo-

nary gas mixing, but also serves to "normalize"
Trial ithe evaluation of mixing efficiency within an

individual whose breathing pattern changes, f 9

Two to four washouts were performed on each VT 1.19

of I0 male and I0 female dogs aged 12 to 14 FRC 5.43

months to determine the normal mean and variation FRC/VT 4.56

of NDC. As seen in Table 2, the grand mean NDC B~ 7.5

was 2.0 with individual means ranging from 1.3 NDC 1.6

to 2.5. The range of NDC was relatively smaller

than that of B½. Washouts were performed 3

times at monthly intervals on each of 5 dogs to

determine the variability to be expected within

an individual. Table 3 shows that the mean

difference between minimum and maximum values

for an individual was only 0.5 units. These

data demonstrate the usefulness of the NDC in

comparing the mixing efficiencies of individuals. VT

If baseline data are available, the NDC can x 170

be used to quantitate the portion of reduced S.D. 28

washout efficiency at some subsequent time that MIN 120
is due to an altered breathing pattern. The MAX 250

baseline NDC, derived according to equation (i), a

is multiplied by the quantity FRC/VT measured
during the subsequent washout. The resulting

value is a predicted B½ for the subsequent

washout which assumes a baseline mixing efficiency

and an altered breathing pattern.

(Baseline NDC)(Subsequent FRC/VT)
= Predicted ~ Dog ~ NDC

Any difference between the predicted B½ and the I 2.0

measured B½ reflects an alteration in mixing due 2 2.7

to some factor other than breathing pattern. An 3 2.2

illustration of the use of a predicted B½ is 4 1.9

given in Fig. 3. Baseline and post-exposure 5 2.5

(PE) data are given for dog 540U that inhaled ~ 2.3
~Ci 144Ce/kg in a fused clay aerosol, developed a
progressive radiation pneumonitis and pulmonary

fibrosis, and died at 6.5 months after exposure

Table I

SummaFy of Data From Washouts Performed

On a Human Subject Who Voluntarily
Altered His Breathing Patterna

2 3

16 20

0.55 0.47

3.13 6.02

5.67 12.8

11 21

1.9 1.6

a SUBJECT: Male, Age = 30, Wt = 73 kg,
Ht = 175 cm

Table 2

Summary of Data From Multiple

Washouts Performed On
Each of 20 Normal Beagle Dogsa

FRC B½ NDC

450 5.2 2.0

80 1.4 0.4

250 3.3 1.3

620 8.0 2.5

2-4 trials on each of 10 males
and 10 females, I year old

Table 3

Summary of 3 Washouts Performed at Monthly

Intervals on Each of 5 Normal Beagle Dogsa

MIN MAX

1.8 2.1

2.6 2.9

1.8 2.4

1.5 2.4

2.3 2.7

2.0 2.5

3 trials at monthly intervals on each of
5 dogs

in cardiopulmonary failure (1972-1973 Annual Report, LF-46, pp. 155-162). The predicted B½ for 

months PE calculated according to equation 12 demonstrated that although the B½ was slightly

increased from baseline, the increase was completely accounted for by the change in FRC/VT. At
6 months PE however, only one-half of the markedly increased B½ could be attributed to the change

in FRC/VT,
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Figure 3. Nitrogen washout
curves of Beagle dog before
and after inhaling 59 ~Ci/kg
144Ce in fused clay aerosol.

DISCUSSION

At this time, the NDC is being used primarily to evaluate 3-component curves. Preliminary

investigations have shown that although it can be used with 2-component curves, the results are

more variable and less meaningful, presumably because the main component of a 2-component curve is

less representative of a siNgle-chamber system than is the intermediate component of a 3-component

curve. In either case, one must be careful to consider a washout component as a functional rather

than an anatomical reality.

Several reported methods 3-5 have served well for the quantitative analysis of N2 washout
data. In general, however, these methods require computer treatment for practical use, involve

approximations that may be in error in many situations and use analytical techniques unfamiliar to

those outside the field or respiratory physiology. In contrast, the NDC is simple in both principle

and practice, does not require estimates of any parameter not directly measured and is based on B½

which is identical to the concept of half-time common to most disciplines. Its primary disadvantages

are related to the somewhat subjective and laborious method of curve plotting and analysis and the

accuracy with which FRC can be measured in the dog. During the 2 years it has been used at this

institution, however, the NDC has proven to be a useful tool in the evaluation of intrapulmonary

gas distribution.
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SECTION V
THERAPY FOR INHALED RADIONUCLIDES

BRONCHOPULMONARY LAVAGE AND DTPA TREATMENT FOR THE REMOVAL OF INHALED 239pu

OF VARIED SOLUBILITY IN BEAGLE DOGS. II.

ABSTRACT

The efficacy of bronchopulmonary lavage and chelation therapy

was determined for removing 239pu from Beagle dogs after in-

halation of 239pu aerosols of differing in vivo solubility.

The four aerosols used were nebulized from a solution of

239puC14 and heat treated at temperatures of 325, 600, 900

1150°C, respectively. Six dogs were exposed to each of the
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four aerosols and 3 dogs in each group were treated subsequently by lavage and intravenous diethyl-

enetria~inepentaacetic acid (DTPA); three dogs served as untreated controls. Tissue accumulation

of 239pu in the untreated control dogs at sacrifice 56 days post-exposure, expressed as a percentage

of the initial lung burden (ILB), was 6% in liver and 9% in skeleton for the 3250C aerosol group,

i% in liver and 2% in the skeleton for the 600°C group, and less vhan 0.6% in these tissues for the

900° and 1150°C aerosol groups. Tissue accumulation was 1.0% or less of the ILB for al~ organs in

the treated groups of dogs. The urinary excretion of 239pu was increased in the treated dogs com-

pared to the control dogs that inhaled the 325°C and 600°C aerosols and was low in al! dogs exposed

to the 900° and 1150°C treated aerosol particles. Ten bronchopulmenary lavage procedures removed

a mean of 44% of the ILB of 239pu from the lungs. The aerosol temperature and resultin9 differences

in solubility of the particles did not influence the efficacy of the lavage procedure. An in vitro

solubility test predicted the relative in vivo solubility of the 4 aerosols. These results are dis-

cussed in relation to the choice of therapy and its timing.

INTRODUCTION

The development of mixed oxide-fueled nuclear reactors and the liquid metal fast breeder re-

actor may increase the number of persons at risk to an inhalation hazard from the transuranic ele-

ments. Continued development of nuclear energy resources has led to the existence of these elements

in a variety of chemical and physical forms, each representing a unique hazard. This study is one

of a series undertaken to develop and evaluate methods to remove these toxic elements from the body

following accidental inhalation exposure.

Studies in Beagle dogs on the use of bronchopulmonary lavage to remove inhaled 239pu that was

calcined for 2 hours at 750o prior to aerosolization has shown that up to 50% can be removed by mul-

tiple procedures. I Similar results have been obtained in studies in which Beagle dogs have inhaled

144Ce in fused clay. 2 The chelating agent DTPA has been shown to be moderately effective in remov-

ing soluble forms of 239pu from the body following inhalation exposure. It has not been shown to

be effective in removing less soluble forms of 239pu.3

The study reported here was designed to evaluate the effectiveness of the combined treatment
of bronchopulmonary lavage and chelation therapy on the removal of 239pu from the lungs and body of

Beagle dogs. The 239pu aerosols were generated at various temperatures to produce particles of dif-

fering in vivo solubility.
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MATERIALS AND METHODS

The study was conducted using 24 Beagle dogs (12 males and 12 females) ranging from 29 to 

months of age at inhalation exposure. The dogs were divided randomly into 4 groups of 6 dogs each.

Following inhalation exposure, each group was subdivided into 2 equal groups; one subgroup was

treated with bronchopulmonary lavage and intravenous chelation therapy and the other was an un-

treated control subgroup. Details of the aerosol preparation and exposure methods have been reported

(1972-1973 Annual Report, LF-46, pp. 255-260). Briefly, each group of dogs was exposed to an aero-

generated at a different temperature. The aerosols were nebulized from a solution of 239puCl4sol
and passed through a heating column operated at different temperatures: Group 1, 325°C; Group 2,

600°C; Group 3, 900°C; and group 4, 1150°C. After exposure, daily urine and fecal collections were

made on each dog until sacrifice at 56 days post-inhalation exposure.

The bronchopulmonary lavage procedure used was described previously (1972-1973 Annual Report,

LF-46, pp. 255-260). This procedure was performed five times on the right lung and five times on the

left lung between days 2 and 49 post-exposure. Intravenous injections of i00 mg of DTPA as the cal-

cium salt were given in a volume of 1.2 ml isotonic saline 18 times from days 1 to 51 post-exposure.

The dogs were sacrificed at 56 days post-exposure by intravenous injection of sodium pentobar-

bital and exsanguination by cardiac puncture. After sacrifice, a complete necropsy was performed.

Selected tissue samples of all major organs were taken for histologic examination and autoradiographs.
All dog tissues, lavage fluids, urine and feces were analyzed for 239pu activity by standard radio-

chemical methods and counted by liquid scintillation.

Radiation dose to the lung was calculated assuming complete absorption of the 5.15 MeV alpha

particles in a lung tissue mass of 100 gln. For the three control animals at each aerosol treatment,

lung retention was adequately described by a ~wo-component exponential equation. This equation was
integrated to calculate a total radiation dose to lung. For each treated dog, a daily lung burden

value was recontructed from excreta and lavage fluid activity values. A single component exponential

equation described each segment of the lung burden curve and the radiation doses for each segment of

days were summed to arrive at a total radiation dose to lung value.

A simple method to estimate the relative solubility of an aerosol by in vitro method was evalu-

ated. A piece of a collection filter from each dog exposure was placed between two membrane filters

in a sandwich configuration and secured by a two-piece plastic O-ring. This was placed in a beaker

with 100 ml of either serum simulent (1971-1972 Annual Report, LF-45, pp. 29-36), isotonic saline

or 0.1N HCI. The solution was agitated for 2 hours at room temperature by a magnetic stirring bar.

At the end of this time, the filter was removed and the filter and solution analyzed for 239pu

activity.

RESULTS

The initial lung burden (ILB) of 239pu was calculated for each of the 24 dogs by summing the

sacrifice body burden (SBB), urine activity (3-56 days post-exposure), fecal activity (days 

post-exposure) and the recovered lavage fluid activity in the treated dogs (Table 1). The mean 

for all dogs was 111 nCi/kg and ranged from 24 to 253 nCi/kg (Table I).

The tissue distribution of 239pu at 56 days post-exposure is given in Table 1. The majority

of the 239pu remained in the lung in all groups. The percentage of the ILB found in the lung at

sacrifice increased with increasing aerosol generation temperature in the untreated dogs with group

means ranging from 54 to 87%. In the 325°C group, 6% of the ILB of 239pu was in the liver and 8%

was in the skeleton; in the 600°C group, 1% of the ILB was in liver and 2% in skeleton. The 900°C

and 1150°C aerosol groups had less than i% of the ILB in the liver and in the skeleton. One percent
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Table 1
Distribution of 239pu Activity in Urine, Feces, Lavage Fluid and Tissues at 56 Days

After Inhalation Exposure of Beagle Dogs to Aerosols Treated at Different Temperatures

Mean Percent of Initial Lung Burden
Group Aeroso~ ILB Lavage
No. Temp. (C) nCi/kg Fecesa Urinea Fluid ~ Liver Skeleton
la 325 116 30.1 1.2 -- 54.2 5.9 7.6
lb 325 137 17.8 3.8 49.3 27.7 0.2 0.9
2a 600 164 27.5 0.7 -- 67.4 1.3 2.1
2b 600 123 31.7 1.2 38.7 27.0 N.D.b 0.5
3a 900 73 19.2 0.3 -- 80.0 N.D. 0.2
3b 900 81 21.6 0.7 45.2 32.3 N.D. 0.I
4a 1150 148 11.0 0.4 -- 87.4 N.D. 0.2
4b 1150 49 16.0 1.6 43.9 37.8 N.D. 0.2

aDays 2 to 56 post-exposure; b239pu activity, not detected.

or less of the ILB was translocated from lung to the tracheobronchial lymph nodes by 56 days in all

dogs, regardless of aerosol generation temperature or treatment. Dogs that were treated by broncho-

pulmonary lavage and DTPA therapy had 1.0% or less of the ILB translocated to liver or skeleton and

only 27 to 38% of the ILB remained in the lung.

The mean activity of 239pu recovered in the lavage fluid represented 44% of the ILB (Table 1).

There was no difference in the amount of 239pu recovered in the lavage fluid between the four groups

of dogs based on the aerosol generation temperature. The first 4 lavage procedures accounted for
80% of the total activity removed; however, 239pu activity was recovered with each of the !avage

procedures.

Mean urinary excretion of 239pu activity was 0.9% of the ILB for the control dogs for all 4

aerosol groups. Urinary excretion of 239pu activity was 4% of the ILB from the treated dogs in the

325°C group. The urinary excretion of 239pu for the treated dogs exposed to the 600°C, 900°C, and

1150°C aerosol groups were the same as their respective control groups. Fecal excretion of 239pu

activity varied from 5 to 27% of the ILB. The excretion pattern did not appear to be related to the

aerosol generation temperature (Table i).

Cumulative absorbed alpha dose to the lung was calculated to 56 days and extrapolated to 200

days for the groups of control dogs. Values ranged from 70 to 90 rads at 56 days and 175 to 305
rads at 200 days with the dogs exposed to the 325°C aerosol having the lowest doses to lung. Treated

dogs had doses to lung that ranged from 36 to 47 rads at 56 days and 90 to 138 rads at 200 days.
This represented a mean reduction in cumulative absorbed alpha dose to lung of 50% at 56 days after

exposure and 54% at 200 days. The reduction in daily dose rate is given in Figure i.

The fraction of 239pu on the filter paper that dissolved during the 2-hour in vitro solubility

test was related to the solvent used and the aerosol production temperature. The 239pu was most

soluble in 0.1 N HCl and least soluble in serum simulent (Table 2). The aerosol particles from the

lowest production temperature (325° C) were the most soluble and the particles from the highest

aerosol production temperature were the least soluble.
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Figure 1. Cumulative absorbed alpha dose to lungs of Beagle dogs (rads/day)
as the mean of 3 control dogs for each aerosol generation temperature group
and for each dog treated by bronchopulmonary lavage and DTPA therapy.

Table 2
In Vitro Solubility in 3 Solvent Systems of Various 239pu Aerosols

Collected During Individual Dog Exposures
Filter Fraction of 239pu Dissolved in 2 Hours

Aerosol
Generati on Serum I sotoni c

Temperature °C Simulant Saline 0.1 N HCI

325 1.69 x 10-3 8.19 x 10-3 2.30 x 10-2

600 5.41 x 10-3 1.04 x 10-3 1.20 x 10-2

900 1.10 x 10-4 1.00 x 10-4 2.51 x 10-3

1150 1.80 x 10-5 1.30 x 10-5 2.17 x 10-4
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DISCUSSION

The increased translocation of 239pu to liver and skeleton with the 325°C aerosol indicates

these particles were more soluble in body fluids than the higher temperature aerosols. A small a-
mount of material translocated to liver and skeleton with the 600°C aerosol indicating those parti-

cles were poorly soluble and the 900° and 1150° particles were retained in the lung, indicating

relatively insoluble particles. From the tissue distribution data, none of the aerosols in this

study were highly soluble in body fluids through 56 days.

The removal of particles from the lung and body can be affected by its chemical form and in
particular by its solubility characteristics. Boecker et al.2 have shown with a relatively insolu-

ble form of 144Ce fused in clay particles, that 44% of the initial lung burden could be removed with

multiple lavage procedures. Similar results were obtained in this study in which 44% of the ILB was

removed in I0 bronchopulmonary lavage procedures. Particle solubility, varying from moderately solu-
ble to relatively insoluble, did not influence the amount of 239pu activity removed.

The chelating agent DTPA was not effective in enhancing the solubility of particles deposited
in the lung. Similar results were obtained by Boecker et al. 2 with relatively insoluble 144Ce. DTPA

did reduce the amount of 239pu activity translocated to liver and skeleton in the 325°C and 600°C

aerosol groups. This decrease in translocated activity was reflected in increased urinary excretion

of 239pu. Chelation therapy was considerably less effective than lavage in the removal of 239pu.

The relative solubility of the four 239pu aerosols as estimated by the 2-hour in vitro solu-

bility test correlated with the in vivo behavior of the inhaled particles of 239pu. Such knowledge

would be of considerable value in formulating the therapeutic approach following an inhalation ac-

cident. The value of DTPA treatment increased with increasing solubility of the inhaled aerosol.

Although lung lavage was equally effective over the range of aerosol solubilities in this study,

very soluble aerosols would leave the lung before particles could be removed by lavage. Thus, in-

formation on the solubility of a aerosol in an accidental exposure would be basic to choice of

treatment and its timing.

Lung retention, and hence the mean total dose to lung for the various control groups, was de-

pendent on the aerosol production temperature in that the total dose to lung increased as 239pu

aerosol production temperature increased. The reduction in cumulative absorbed alpha dose to lung

associated with treatment was about 50~’ ,~ in 50 days which is similar to results obtained by Boecker
et al.2 with the removal of 144Ce in fused clay from Beagle dogs. These results indicate that bron-

chopulmonary lavage is an effective method to remove accidently-inhaled 239pu. The effectiveness

of chelating agents will be dependent on the chemical form of the inhaled aerosol.
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REMOVALOF INHALED 241Am FROM THE BEAGLE DOG BY LUNG LAVAGE:

A PILOT STUDY

ABSTRACT

The purpose of this pilot study was to obtain information on

the relative effectiveness of lung lavage and intravenous

chelation therapy on the removal of 241Am from the dog. Six

Beagle dogs were divided into 2 equal groups; the first

group was exposed by inhalation to monodisperse particles of

241Am, 1.8 ~m AD. The second group was exposed to a polydis-
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perse aerosol. Two dogs in each group were treated by lung lavage on d~ys 2 and 9 post-exposure

and diethylenetriaminepentaacetic acid (DTPA) on days 1, 2, 3, 4, ? and 9. Lung lavage treatment

removed 24% of the initial lung burden of 241Am and DTPA increased urinary excretion to more than

15% of the initial tung burden during the !6 days of the study. Translocation of 241Am to liver

and skeleton occurred in the control dogs, 6 to 17% of the ILB, but less than 2% translocated to

these o~gans in vhP treated dogs.

INTRODUCTION

The development of the liquid metal fast breeder reactor will result in an increase in the

number of persons handling the radionuclide 241Am. Potential for accidental inhalation will exist

for reactor operation, transportation and fuel reprocessing. If an accident should occur, it will

be important to remove inhaled 241Am from the body to prevent radiation-induced disease.

This pilot study was done to determine the efficacy of lung lavage and the effectiveness of
treatment with the chelating agent, diethylenetriaminepentaacetic acid (DTPA), in removing 241Am

from the Beagle dog. This study will form the basis for the design of future studies of broader

scope.

MATERIALS AND METHODS

Six adult Beagle dogs, 7.5 to 12 kg body weight, were divided into 2 groups of 3 dogs each.

Each group was exposed by inhalation to an aerosol of 241Am oxide. Exposure took place in an

apparatus designed to permit "nose-only" inhalation exposure and the dog’s respiratory pattern was

measured by whole-body plethysmography during the exposure period. I Procedures for the preparation,

generation and characterization of the exposure aerosol have been reported previously. 2 The dogs

in Group I were exposed to a polydisperse aerosol of 241Am (Table 1). The dogs in Group II were

exposed to a monodisperse aerosol, AD, 1.80g 1.1 (Table I). Methods for the preparation of the

monodisperse particles were previously reported (1972-1973 Annual Report, LF-46, pp. I-9).

Two dogs in each exposure group were treated by lung lavage and diethylenetriaminepentaacetic

acid (DTPA) intravenously. The lung lavage was performed as previously reported (1971-1972 Annual
Report, LF-45, pp. 295-304) on days 2 and 9 post-exposure to 241Am. Each procedure was bilateral,

that is, the right was lavaged, and then left lung was lavaged during the same period of anesthe-

sia. DTPA was given on days I, 2, 3, 4, 7 and 9 post-exposure, 100 mg per treatment. The third

dog in each group received no treatment.

Collections of urine and feces were made daily on each dog after exposure to 241Am. The dogs

were sacrificed on day 16 post-exposure by pentobarbitol anesthesia and exsanguination. A complete

dissection was performed on each dog and the tissues, excreta and recovered lavage fluid were
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analyzed for 241Am activity. Each sample was ashed, resuspended and counted by liquid scintilla-

tion.

RESULTS

An initial lung burden (ILB) for each dog was calculated by summing the excreta, tissue and

lavage fluid activity. Fecal activity for days i and 2 post-exposure was not included as it was

assumed to represent clearance from the upper respiratory tract. The ILB values ranged from 0.5 to

3.0 uCi (Table I).

The amount of 241Am removed in the lavage fluid represented 16 to 30% of the ILB (Table 2).

Most of the recovered activity was removed with the day 2 lavage. More activity was removed from

the dogs in Group I exposed to monodisperse 241Am, than from the Group II dog. One dog in Group II

died by accident on day 3 post-exposure. The recovery of 241Am in the lavage of that dog on day 2

was similar to Group I dogs.

Urinary excretion of 241Am was higher from the dogs that received DTPA treatment than from the

untreated dogs. Urinary excretion for the first 16 days after exposure was 8 to 20% of the ILB.
Only 1 to 2% of the ILB was excreted in the urine from the control dogs. Fecal excretion of 241Am

varied from 5 to 40% of the ILB and was not different between treated or control groups.

Distribution of 241Am activity in the major organs of the body at sacrifice was different for

the treated and untreated dogs (Table 3). There was 20% or less of the ILB remaining in the lungs

of the treated dogs compared to 30% or more in the untreated dogs at 16 days post-exposure. Other
major organs contained 2% ILB or less 241Am activity in the treated dog at sacrifice. In the un-

treated dogs, the distribution of 241Am was mainly in the lung (31 to 55% of the ILB), liver (12 

17%) and skeleton (6 to 16%) at 16 days post-exposure. Relatively more 241Am was found in 

liver and skeleton of the untreated dog that inhaled the polydisperse aerosol than in the untreated

dog that inhaled the monodisperse aerosol.

Table 1

Experimental Design of Study of the Removal of 241Am Oxide from Beagle
by Bronchopulmonary Lavage and DTPA lreatment

Aerosol
ILB Lavage and DTHA Characterization

Aerosol Dog No. nCi Treatment AMAD ~9_
Monodisperse B = 329 + 1.8 1.1

T = 514 + 1.2 1.1

A = 461 - 1.8 i.I
Polydisperse U ~ 1153 + 1.5 1.5

V ~ 2758 + 1.6 1.5

S = 3029 - 1.5 1.5

Table 2

Aerosol

Monodisperse

Polydisperse

Recovery of 241Am Activity in Lavage Fluid from Beagle Dogs

That Inhaled 241Am Oxide

Percent Initial Lung Burden
Day 2 Post-Exposure Day 9 Post-Exposure
Right Left Right Left

Do9 No. Lun(j Lung Total Lung Lun9 Total Fetal

B 11 i0 21 2 2 4 25

T 6 15 21 2 7 9 30

U 4 16 2O 2O

V 6 7 13 2 ! 3 16

6.7 12.0 18.7 2.0 3.3 5.2 23.8



Aeroso I

Monodisperse

Polydisperse

Table 3
Distribution of 241Am Activity in Tissue, Excreta and Lavage Fluid

After Inhalation of 241Am Oxide by Beagle Dogs

Dog Percent Initial Lung Burden
Treated No. Lung Liver Skeleton TBLN Other Urine Feces Wash Lavage Fluid

Yes B 16.7 0.3 0.6 0.I 1.7 15.6 21.5 18.5 25.0

Yes T 20.4 0.8 1.8 0.I 0.0 19.1 16.5 10.9 30.4

No A 31.4 12.1 6.0 0.I 0.0 1.4 39.8 9.3 -

Yes Ua 68.9 0.6 0.3 0.1 1.7 8.3 - 20.2

Yes V 15.6 0.8 0.8 0.i 3.2 19.7 34.6 9.4 15.9

No S 54.6 17.1 15.3 0.2 2.5 2.4 4.6 2.3 -

aDied 3 days after exposure

DISCUSSION

Removal of significant amounts of 241Am oxide particles from the lungs by bronchopulmonary

lavage was accomplished in this pilot study. Lavage treatment on day 2 after exposure was nearly 4
times more effective than lavage on day 9 after exposure. The amount of 241Am oxide removed on day

2 pos~-exposure was similar to the amount of 239pu removed at the same time post-exposure in another

study, i9 and 26%, respectively (see this report, pp 269 to 273).

A significant increase in urinary excretion of 241Am in the treated dogs over the control dogs

indicated that chelation therapy was effective. In the treated dogs, nearly 20% of the ILB was

excreted in 16 days after exposure compared to ! to 2% in the control dogs.

The DTPA treated dogs had less than 2% of the ILB of 241Am translocated to liver and skeleton

whereas the untreated dogs had 6 to 17% of the ILB in the liver and similar amounts in the skeleton

at sacrifice. These results indicate that chelation therapy prevented translocation during this
time and that 241Am oxide was moderately soluble in body fluids.

Statistically, no significant differences were detected between the behavior of the monodis-

perse and polydisperse aerosol particles perhaps due to the small number of dogs in the study. The

polydisperse aerosol particles, however, appeared to be more soluble than the monodisperse particles

because more 241~ was excreted in the urine in the Group II treated dogs and more was found at
sacrifice in the liver and skeleton of the Group 11 control dog.

The overall removal of 241Am from Beagle dogs by lung lavage and DTPA treatment during the

first 16 days after inhalation exposure averaged 42% of the ILB. Lung lavage was about 2 times

more effective than DTPA treatment during this early time after exposure. Early treatment with
bronchopulmonary lavage may be important due to the rapid translocation of 241Am out of the lung.
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PREVENTION OF RADIATION PNEUMONITIS FROM INHALED 144Ce IN BEAGLE DOGS

BY BRONCHOPULMONARY LAVAGE

ABSTRACT

The efficacy of bronchopulmonary lavage and chelation therapy

to remove 144Ce inhaled in fused clay particles and prevent

radiation pneumonitis was evaluated in dogs. Sixteen Beagle

dogs were divided into 3 groups. Eight dogs (Group 1) were

treated with a series of 10 bronchopulmonary lavages and 10

injections of diethylenetriaminepentaacetic acid during the

first 56 days after inhalation exposure to 144Ce in fused clay
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particles. As a result of treatment, 46% of the initial lung burden of 144Ce was re~noved and 6 of

8 dogs survived to 550 days after exposure. Four dogs (Group II) were exposed by inhalation 

144Ce but were not treated. One dog survived to 550 days after exposure. Nonsurvivors in both

groups died of radiation pneumonitis 170-240 days after exposure. The remaining 4 dogs were not

exposed to 144Ce but were given the lavage trea~nent; all survived to 550 days.

INTRODUCTION

Inhalation will probably be the most likely route by which a radionuclide can enter the body

in the event of a nuclear accident. After a significant inhalation exposure, the removal of

internally-deposited radioactive material to reduce the chronic irradiation of various organs and

to minimize the potential for the development of radiation-induced disease will be important.

Lifespan studies in Beagle dogs have shown that 144Ce inhaled in a relatively insoluble form,

such as fused clay particles, has an effective half-life of about 170 days in the lung (1972-1973

Annual Report, LF-46, pp. 112-115). Dogs with initial dose rates of 230 or more rads per day de-

veloped radiation pneumonitis and died between 140 and 410 days after exposure.

The following report is the continuation of a study to determine if bronchopulmonary lavage
and intravenous chelation therapy would remove significant amounts of 144Ce from the lungs and

bodies of Beagle dogs exposed by inhalation to 144Ce in fused clay (1971-1972 Annual Report, LF-45,

pp. 295-304) and whether removal of activity would reduce the daily dose rate and total cumulative

dose sufficiently to prevent development of radiation pneumonitis and early death.

MATERIALS AND METHODS

Sixteen Beagle dogs (8 males and 8 females), 13 to 15 months old at the time of inhalation

exposure, were used in this experiment. The dogs were randomly divided into three groups (Table I):

Group I (8 dogs) were exposed by inhalation to a 144Ce-containing fused clay aerosol, and treated

I0 times with lung lavage and intravenously injected sodium and calcium salt of diethylenetriamine-
pentaacetic acid (DTPA) during the first 56 days after exposure, Group II (4 dogs) was exposed 

inhalation to a 144Ce-containing fused clay aerosol and not subjected to treatment, and Group III

(4 dogs) was exposed by inhalation to a fused clay aerosol containing only stable cerium and sub-

jected to 10 lavage treatments in 56 days.

Clinical observations were made daily throughout the study and are being continued. Pulmonary

function measurements were performed on each dog without anesthesia or sedation, using procedures

previously described (1970-1971 Annual Report, LF-44, pp. 227-236). Two sets of baseline measure-

ments were obtained before exposure and the tests were repeated monthly for one year after exposure
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and every 3 months thereafter. Whole-body counting and scanning procedures, and procedures for
counting the 144Ce content of the excreta, lavage fluid, and tissues have been previously reported

(1971-1972 Annual Report, LF-45, pp. 295-304).

The lavage procedure was similar to that described by Kylstra et al. I for man and modified for

the Beagle dog. Lavages were performed on the right lung of each dog in Groups I and Ill, on days

2, 9 or 10, 21, 35 and 49 and on the left lung on days 7, 14, 28, 42 and 56 after exposure. At

the end of each lavage, 50 mg of DTPA diluted in 1.5 ml of normal saline was given intravenously

by slow injection to dogs exposed to the aerosol of 144Ce in fused clay (Group I only).

Each living dog was whole-body counted periodically after exposure to determine the retention
of the inhaled 144Ce. These data were used to calculate the absorbed beta doses received by the

lungs of these dogs (1971-1972 Annual Report, LF-45, pp. 295-304). A detailed post-mortem examina-

tion of all major organ systems was performed on all dogs that died. All tissues and carcass parts

were counted for gamma activity.

RESULTS

Some 144Ee was removed in each of the 10 lung lavages even though they spanned a period from

2 to 56 days after exposure. The mean total amount of 144Ce removed in 10 lavages was 44 percent

of the initial lung burden (Table I). Urinary excretion of 144Ce in the Group !l dogs was 0.2 per-

cent of the initial lung burden whereas Group i dogs that were given DTPA excreted 1.8 percent of
the initial lung burden of 144Ce in the urine during the first 70 days after exposure.

All dogs that survived to 550 days after exposure were clinically free of illness during this

time period except for dog 558A which developed radiographic signs of pulmonary fibrosis 365 days

after exposure (Table 1). Two dogs in Group I and 3 in Group II died from radiation pneumonitis

and pulmonary fibrosis.

The dogs in Groups I and I! that died after inhalation of 144Ce exhibited a similar progres-

sive decrease in pulmonary function (Table 2). The first indication of lung damage was usually 

reduced carbon monoxide diffusing capacity at 1 to 2 months after exposure. A progressive increase

in the alveolar-arterial oxygen gradient soon followed. A shift in breathing pattern toward a

higher frequency and lower tidal volume usually appeared at 3 to 4 months after exposure, asso-

ciated with a loss of lung compliance. On subsequent measurements, impaired oxygen exchange was

reflected by a progressive drop in the oxygen saturation of arterial hemoglobin. Measurements per-

Table I
Survival rime and Status of Dogs Exposed by Inhalation to 144Ce

in Fused Clay or Fused Clay Only

Group No.

I

II

Ill

Percent ILB
Dog No. Removed Status

Days After 144Ce Exposure
_9/30/74 Death

555A 54 Dead 170
558A 46 Pulmonary fibrosis

Lymphopenia 550
560U 55 Lymphopenia 550
558S 52 Lymphopenia 550
560S 54 Lymphopenia 550
561S 26 Dead 296
556C 28 Lymphopenia 550
558C 56 Lymphopenia 550
559B 0 Dead 210
562S 0 Dead 228
561T 0 Lymphopenia 550
559A 0 Dead 221
556A Unexposed Clinically normal 550
560T Unexposed Clinically normal 550
556B Unexposed Clinically normal 550
559U Unexposed Clinically normal 550
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Table 2

Pulmonary Function of Dogs Before and After Inhalation Exposure
(Means and Ranges of Values are Listed)

Dog
Groups I & Ill Groups I & II

Groups I,II,III 550 Days Last
Baseline After Exposure Measurement

Respiratory Frequency 20 21 64
(breaths/min.) (14-23) (14-48) (38-111)

Dynamic Pulmonary Compliance 58 55 29
(ml/cm H20) (40-111) (23-70) (10-44)

CO Diffusing Capacity 6 8 2
(ml/min/mmHg) (3-i0) (4-12) (i-3)

Arterial 75 73 51
(mmH9) PO2 (63-81) (65-77) (42-69)

Alveolar-Arterial PO2 Gradient 4 5 34
(mmHg) (0-13) (0-9) (13-56)

02 Saturation of Hemoglobin 91 91 78
(%) (87-93) (88-93) (69-90)

formed 1 to 2 weeks before death showed a marked functional disability including an increase in the

arterial-alveolar carbon dioxide gradient. Group I dogs that lived to 550 days after exposure had

only transient functional alterations and the values obtained at 550 days were within the baseline

range.

Lesions found in the 5 dogs that died involved the lung, heart, and tracheobronchial lymph

nodes and were similar in Groups I and If. Radiation pneumonitis was present, characterized grossly

by pulmonary congestion, edema and focal fibrosis.

Results of the dosimetry calculations are given in Table 3. The absorbed beta dose rate in

rads per day was substantially reduced in the treated dogs compared to the untreated dogs at the

end of the treatment period, 56 days after exposure. By 550 days, approximately 85 percent of the

potential infinite dose had been received.

The distribution of 144Ce in various body tissues of dogs that died was the same regardless of

their treatment status. From 170 to 296 days, the lung contained from 82 to 86 percent of the total
body content of 144Ce. Some 144Ce translocated to the tracheobronchial lymph nodes, presumably in

particulate form and some was translocated, presumably in a soluble form, to liver and skeleton.
The interlobar distribution of 144Ce in the lung was similar for both the untreated and treated dogs.

Table 3

Absorbed Beta Dose Rate and Cumulative Dose to Lungs of Beagle Dogs
After Inhalation of 144Ce in Fused Clay Particles

Absorbed Cumulative Dose (rads)
Group Do9 Number 56 Days At Death 550 Days

I 555A 11000 21000
558A 12000 48000
560U 7600 26000
558S 8400 30000
560S 7900 27000
561S 13000 42000
556C 9900 45000
558C 8400 26000

II 559B 16000 43000
562S 14000 39000
561T 15000 58000
559A 15000 40000

(Died)
(Days)
170

296

210
228

221
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DISCUSSION

Previous studies have shown that radioactive material can be removed from the body by the use

of chelating agents and lung lavage. Prevention of radiation-induced disease by the removal of

radioactivity has not been demonstrated previously. In the present study, the removal of 28-56 per-

cent of the 144Ce activity from the lungs of treated dogs in a 56-day period after exposure resulted

in an increased survival to 550 days after exposure compared to the untreated dogs. The prevention

of radiation pneumonitis in 75 percent of the treated dogs was probably due to an early reduction

of the daily dose rate and ultimately of the cumulative dose to the lung.

Four dogs that died between 210 and 296 days after exposure had cumulative mean absorbed beta

doses to lung of 39,000 to 43,000 rads at death, higher values than for all surviving dogs at 365

days after exposure, except the untreated dog. Reduction in the cumulative absorbed beta dose may

be a significant factor in the prevention of radiation pneumonitis or may merely reflect an early

successful reduction in the daily dose rate.

Pulmonary function of the dogs still alive at 550 days after exposure to 144Ce in fused clay

appeared normal, in constrast to the severe alterations that occurred in all the dogs that developed

radiation pneumonitis and died. The sequence of changes in pulmonary function in the dogs that died

was similar to that previously reported (1972-1973 Annual Report, LF-46, pp. 155-162).

Cerium-144 inhaled in fused clay particles was relatively insoluble as demonstrated by the
long half-life in the lung. Due to the insolubility of 144Ce, the use of the chelating agent DTPA

was of little value in increasing the urinary excretion of 144Ce.

The relative tissue distribution of 144Ce, both in the lung and in other tissues, was not al-

tered by multiple lavage procedures. This finding is significant because body distribution of a

radionuclide, particularly concentration in any one organ or lung/lobe may increase the local dose

and potentially increase the probability of radiation-induced disease.

This study has demonstrated that lung lavage is an effective method for removal of inhaled,
relatively insoluble particles of 144Ce from the lung. The removal of 144Ce activity reduced the

daily dose rate to lung and thereby decreased the cumulative dose with time. Radiation pneumonitis

and early death were prevented in the majority of the treated dogs in contrast to the untreated

dogs. Multiple bronchopulmonary lavages did not result in any complications nor did they alter
the biologic fate of the remaining 144Ce activity.
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COMPARISON OF DOUBLE AND SINGLE LUMEN CATHETERS FOR REMOVING INHALED 169yb

IN DOGSBY BRONCHOPULMONARYLAVAGE

ABSTRACT

This study was performed to compare the effectiveness of two
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169yb-tagged 238Pu02 and unde~)ent bilateral bronchopul,ionary B.A. Muggenburg

lavage on days 2 and 9 post-exposure. Initial lung burdens

(ILB) of 169yb ranged from 0.30 to 0.90 ~Ci. The dogs were divided into 2 groups: one was lav~ged

using a double iu~nen catheter and the other was lavaged by a new method using a single l~Jnen cathe-

ter. The percentage of the 169yb ILB removed was similar for both lavage techniques. Mean removal

for the single i~men technique was 33% as compared to 38% for the double lumen technique.

INTRODUCTION

The purpose of this study was to compare two methods of bronchopulmonary lavage for effective-

hess in the removal of inhaled radioactive material from the lung. Bronchopulmonary lavage is cur-

rently performed using a double lumen catheter, so that one side of the lung may be ventilated while

the other is lavaged. The double lumen catheter is too large to use in small patients. Therefore,

new method of bronchopulmonary lavage has been developed which uses a single lumen endotracheal

tube. The lavage fluid and gas phase in the lung are separated only by gravity. This technique can

be used in subjects of nearly any size and is much easier to perform (this report, pp. 284 to 288).
In this study, Beagle dogs were exposed to aerosols of 169yb-tagged 238pu particles and the effec-

tiveness of lavages with single or double lumen catheters in removing this material was compared.

METHOD

Six Beagle dogs, which ranged in age from 3.0 to 4.4 years, were selected from the laboratory

colony for this study. They were housed in metabolism cages for two weeks prior to exposure and

during the 16-day period of the experiment. Details of the exposure and aerosol preparation have

been presented elsewhere (1972-1973 Annual Report, LF-46, pp. I-9). The aerosol consisted of mono-

disperse particles of 238pu02 tagged with 169yb and had an aerodynamic diameter (AD) of 1.8 ~m.
Dogs received an estimated initial lung burden of 238pu of I ~Ci.

Several systems were used for detection of gamma activity from the 169yb tag. Dogs were whole-

body counted immediately following exposure and at intervals thereafter in a 4 ~ liquid scintilla-

tion counter. All excreta for the 16-day period of the experiment were collected and counted in

well-type, liquid scintillation counters. Dogs were sacrificed on day 16 post-exposure by anesthe-

sia and exsanguination and were dissected for tissue analyses. Tissues were analyzed using deep

well liquid scintillation counters. Activity in the lavage fluid was determined by rotating the 1

liter collecting bottles in front of a 7.6 x 2.0 cm Nal (TI) counter. Samples will also be radio-

chemically analyzed for 238pu activity.

The dogs were divided into two groups of three dogs. All dogs were bilaterally lavaged on days

2 and 9 post-exposure. Group I was lavaged using a single lumen catheter and Group II was lavaged

using a double lumen catheter. Both the double lumen (1972-1973 Annual Report, LF-46, pp. 255-260)

and the single lumen (this report, pp. 284 to 288) techniques have been described. The basic dif-
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ferences between the two techniques were as follows. With the double lumen tube, the right and

left lungs were functionally separated by inflating balloons in the distal trachea and in one major

bronchus. One side of the lung was ventilated with a mixture of 02, N20 and halothane. Saline,
equal to the functional residual capacity of the lung to be washed, was admitted to the other side

of the lung. Then 200 ml of saline, which was the estimated tidal volume, was repeatedly admitted

and drained until 6 liters of saline had been administered. All remaining lavage fluid was then

drained from the lavaged lung, the dog was turned on his other side, and the procedure repeated on

the other side. A Magill type endotracheal tube was used for the single lumen lavage. The dog was

positioned with the side to be lavaged down, and the lungs were separated only by gravity. A fluid

volume of 400 ml was repeatedly admitted and drained until 2 liters of fluid had been used. The dog

was ventilated manually each time the fluid was drained from the lung. To lavage the other lung,

the dog was turned to its other side and the procedure was repeated.

RESULTS

The 169yb remaining in the lung after the early, rapid stage of lung clearance was defined as

the initial lung burden. This was determined for each dog by adding the tissue activity at sacrifice

to the activity in the recovered lavage fluid and excreta. Fecal collections for the first two days

after exposure were not included because they presumably contained activity cleared rapidly from

the upper respiratory tract. Initial lung burdens of 169yb ranged from 0.30 to 0.90 ~Ci (Table I).

The percentages of the initial lung burdens removed by lavage are given for each dog in Table

1. The total mean percentage removed by the double lumen technique, Group II, was slightly higher

than the mean removed by the single lumen technique but this small difference was not significant

(38 vs 33%). The percentage of the ILB removed from each dog by lavage ranged from 16 to 47.

The percentage of the initial lung burden of 169yb which was excreted is given in Table 2.

Urine excretion ranged from 1 to 4% of the ILB and fecal excretion was in the same range. Most of

the 169yb remaining in the dogs at sacrifice was in the lungs, i.e., 83.8 to 97.3% of the sacrifice

body burden, indicating the relatively insoluble nature of the 169yb tag.

Table I

Removal by Bilateral Lung Lavage of 169yb from Dogs Which Were Exposed to Aerosols of 169yb-

Tagged 238pu. Group I was Lavaged Using a Single Lumen Catheter and Group II was Lavaged Using

a Double Lumen Catheter

% Initial Lung Burden Removed by Lavagea
Day 2 Day 9

Group ~ ILB (~Ci) Lavage Lavage Total

I 1 0.71 30 17 47

2 0.30 12 4 16

3 0.90 26 9 35

0.64 23 10 33

II I 0.34 41 6 47

2 0.77 32 9 41

3 0.43 18 8 26

0.51 30 8 38

aLavage fluid activity was corrected for physical decay of 169yb.
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Table 2

Distribution of Initial Lung Burden (ILB) of 169yb Among Excreta, Lavage Fluid and Tissues
in Dogs that were Exposed to Aerosols of 169yb-Tagged 238pu. Bilateral Lavages were Performed

on Each Dog at 2 and 9 Days Post-Exposure, Sacrifice was at 16 Days Post-Exposure

Group

I

II

Percentaqe of Initial Lung Burden
Lavage

Do9 Urine Feces Wash Fluid Lung Liver Skeleton Other

1 2.5 1.1 2.0 47 43.8 0.2 2.8 0.8
2 3.9 3.9 8.2 16 44.4 0.8 22.6 --
3 1.7 1.7 1.2 35 48.7 0.05 9.6 1,8

2.7 2.2 3.8 33 45.6 0,4 11.7 0.9

i 2.4 3.1 4.5 47 36.9 0.3 3.0 3.5

2 1.1 2.1 2.4 41 48.0 0.4 3.6 3.8

3 2.4 4.4 13.1 26 45.5 0.4 5.0 3.3

2.0 3.2 6.7 38 43.5 0.4 3.9 3.5

DISCUSSION

The two methods for bilateral bronchopulmonary lavage yielded similar results. These results

agree well with previous studies in which dogs were bilaterally lavaged by the double lumen method
at 2 days after exposure to 144Ce in fused clay. I Distribution of the radionuclide in the tissues

and the amount of 169yb activity excreted were similar in both groups of dogs, also indicating that

the two treatment methods were similar.

The findings of this study are important because the single lumen endotracheal tube lavage

technique has several advantages over the double lumen lavage technique. These are: (1) the pro-

cedure is easier to perform; (2) it is a bilateral method in which both lungs are treated in 

single period of anesthesia, not just one lung; (3) physiological data suggest it is a safer method

(this report, pp. 284 to 288); and (4) this method can be used on all ages of patients. The 
will be of further interest upon completion of analysis of these samples for 238pu activity as to

the extent to which the 169yb tag traces 238pu metabolism and also the effectiveness of the bron-

chopulmonary lavage technique in removing inhaled 238pu from the lungs of Beagle dogs.
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A METHOD OF LUNG LAVAGE USING A SINGLE LUMEN ENDOTRACHEAL TUBE

AZ~STR/CT
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arterial mean pressi~res c#id ~.,;t chan~,,~.. :The PO2 decreased from 317 to i07 mm.We during the proced-ure, but PCO2 re,~laine~ teiow 4,0 z~mHg. Pu~monarIl fi~nctio~ tests at 24 .hr after Savage reveled only
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INTRODUCTION

Bronchopulmonary lavage or lung washing has been used in the treatment of a variety of lung
diseases since the early 1960’s 1’2 and experimentally to remove radioactive particles from the

lung.3’4 The technique has included the functional separation of liquid-filled and ventilated lung

regions using a Carlens cathether with balloons in the trachea and one major bronchus. I This

technique, while effective, has been limited to human adults and large experimental animals because

of the large size of the Carlens catheter. The following study was performed to evaluate a lavage

technique employing an ordinary single-lumen endotracheal tube with the functional separation of

liquid and gas-filled lungs accomplished by gravity and position only. This procedure may have

clinical application as well as providing a method for lung lavage in smaller experimental animals.

MATERIALS AND METHODS

Five Beagle dogs, 35 to 42 months old, and determined to be normal by physical examination and

pulmonary function testing, were used in this study. Food was withheld from the dogs for 24 hr

before the lavage. Anesthesia was induced using a face mask with a mixture of 5~#, halothane vapori-

zed in equal parts of oxygen and nitrous oxide. A Magi{l-type endotracheal tube was placed in the
trachea and the balloon inflated. The anesthetic mixture was then adjusted to I-2~ halothane in

oxygen only. A 4 Fr polyethylene catheter, 100 cm long, was inserted in the femoral artery and

passed into the thoracic aorta. A Swan-Ganz balloon catheter, 5 Fr, (Edwards Laboratories, Santa

Ana, Calif.) was inserted in the femoral vein, the balloon inflated, and the catheter tip passed

into the pulmonary artery.

A 1.25-cm 3-way valve was connected to the end of the endotracheal tube. One outlet of the

valve was connected to the anesthetic machine and the other to tubing connected by a "Y" to two 2-

liter saline bottles suspended at eye level. This tubing was also connected by a "T" to a reservoir

or collecting bottle placed on the floor.

After the dog was stabilized in a light surgical plane of anesthesia, it was placed on itsside and manually hyperventilated until the FETco2 was 2-3 %. At the end of the hyperventilation
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period, the 3-way valve was turned and 100 ml of saline was introduced into the lung. After a 30-

sec pause, an additional i00 ml was introduced into the lung, followed by another 3O<ec pause and

the final introduction of au additional 200 ml of saline into the lung. The fluid was then imme-

diately drained by gravity into the reservoir on the floor, the 3-way valve turned to the breathing

circuit, and the dog manually ventilated 3 times. This washing procedure was repeated 4 times.

The dog was then turned on the opposite side and the procedure repeated on the opposite lung. After

the final wash, the lung was drained as completely as possible and the dog was ventilated manually

every 30 sec to I min until spontaneous respiration returned. The endotracheal tube was removed

and the dog began breathing ambient air.

Arterial blood samples, taken periodically during the lavage, were analyzed by methods de-
scribed previously. 5 When the dogs were ambulatory, they were placed in a cage where they remained

for 24 hr. Pulmonary function measurements were performed at 24 and 168 hr after lavage using

methods previously described (1972-1973 Annual Report, LF-46, pp. 155-162).

RESULTS

The saline introduced into the lung totaled 4 liters, about 95% of which was recovered. During

the lung washing (which lasted from 18-22 min), the heart rate decreased significantly from the

anesthesia baseline value of 107 to 80 beats per min, but remained constant throughout the procedure.

No changes occurred in the pulmonary or systemic artery mean pressures. Between the period after

lavage and before spontaneous respiration returned, the heart rate increased slightly to 88 beats

per min and there was a small, nonsignificant fall in SAMP.

The PO2 increased significantly during the hyperventilation period before lavage (Table i).
Midway through lavage of the first lung, the PO2 fell significantly to about I00 mmHg and remained
unchanged through lavage of the second lung. An additional fall in PO2 occurred after the second

lung was drained and the dog was allowed to breathe spontaneously. The PCO2, which decreased
significantly during hyperventilation (Table 1) returned to the anesthesia baseline value during

the lavage, and was allowed to gradually increase after lavage to aid in the return of spontaneous

respiration.

Blood Gas Tensiona
Table I

and Acid-Base Balance During Lung Lavage

PO2 PCO2
Event mmH9 mmHg pH

Baseline 317 41 7.31
Anesthesia ± 36.6 ± 2.8 + .02

Period of 370a 17b 7.59b
Hypervent. + 23.1 ¯ 2.9 + .07

Lavage, right 107b 36a 7.37
side down + 44.6 ¯ 3.9 ± .06

Lavage, left I07b 36 7.34
side down ± 37.2 ± 4.7 ~ .05

Return of 84b 56b 7-19b
spontaneous + 33.6 ± 6.1 ± .05
respiration

Values are means ± 1S.D.
a Comparison of this value with baseline by the t test was signi-

ficant at the 5% level, 8 df.
b Comparison of this value with baseline by the t test was signi-

ficant at the i% level, 8 df.
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All of the dogs appeared clinically normal several hours after the lung lavage procedure. The

only statistically significant functional alterations at 24 hr after lavage were a reduced fractional

uptake of CO, and an increased ventilatory equivalent for oxygen and reduced tidal volume while

breathing ambient air (Table 2). The breathing pattern was altered toward a higher frequency and

lower tidal volume (Table 2). Nitrogen washouts were slightly prolonged; and analysis of the wash-

out curves revealed a reouced rate of nitrogen dil~tion in the main alveolar component in addition

to that which could be accounted for by the breathing pattern change. By 168 hr after lavage, all

functional parameters had returned to their baseline values.

DISCUSSION

Bronchopulmonary lavage has been used for a number of years both as a valuable research method
and as a therapeutic procedure to treat lung diseases. 1 The procedure has generally been based on

the assumption that it was necessary to separate the lung into two functional compartments: the

Table 2
Lung Ventilation, Mechanics and Gas Exchange of Dogs Before and After Lung Lavage

Before Lavage
Baseline

Frequency (room air), breaths/min 19
-+ 3.8

Tidal volume (room air), ml BTPSa 181
-+ 38.3

Minute Volume (room air), ml BTPS 3350
+ 850

Functional Residual Capacity, ml BTPS 471
+ 144.9

Dynamic Pulmonary Compliance, ml/cm H20 53
+ 14.1

Diffusing capacity, ml STPDC/min/mmHg 9.2
-+ 3.2

Fractional Uptake of CO, Decimal Fraction .497
± .044

Arterial PO2, mm Hg 71
+ 5.1

Alveolar-Arterial PO2 gradient, mmHg 5
_+ 2.2

Arterial PCO2, mmHg 39
+ 5.2Arterial-Alveolar PCO2 Gradient, mmHg

2
± I.I

02 Saturation of Hemoglobin, % 90.1
-+ 2.3

Respiratory Exchange Ratio, Decimal Fraction .85
± .07

Ventilatory Equivalent for 02, ml Minute 32
Volume/ml 02 Uptake ± 3.6

After Lavage
24 hr 168 hr

48 19
± 39.2 _+ 4.0

101b 167
± 57.1 -+ 60.6

3300 3010
+1120 +1100

396 479
+- 111.6 -+ 138.3

40.1 51
± 20.0 + 14.7

6.2 8.3
+ 2.0 _+ 4.6

.334b .468
+ .033 + .097

68 72
± 9.8 + 7.7

14 6
+ 16.7 +- 3.7

38 37
± 3.3 _+ 3.2

6 2
+- 5.3 +_ 2.1

86.9 90.4
+- 5.9 + 2.6

.96 .96
+ .14 + .13

43b 38
± 7.2 _+ 10.1

a Body temperature and pressure, dry.

b Comparison of this value with baseline by the t test was significant at the 1Z

level, 8 df.
c Standard temperature and pressure, dry.
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region to be lavaged, and the region for ventilation and maintenance of anesthesia. B!enKarr~ and
Hayes6 successfully demonstrated bilateral or total lung lavage under hyperbaric conditions in the

dog. They reported that pulmonary arterial mean pressure, which was stable in our dogs, rose about

4 mmHg during lavage under hyperbaric conditions as was also reported during unilateral !avage in
humans and dogs. 7 No significant changes were observed in systemic arterial pressures nor were

such changes reported by others.7’8

The dogs were hyperventilated for 3 to 4 min before the first wash to render them apneic. Al-
though the PO fell during lavage of the first lung it remained adequate for a normal saturation of

the arterial ~lood. Oxygen-halothane gas in the upper lung provided continuous gas exchange during

the procedure. Manual ventilation between each wash renewed the supply of oxygen-halothane in the

upper lung and rempved C02, resulting in a stable PO and PCB " The decrease in PO2 and the increase
in PCO following the lavage was expected as this wa~ a perio~ of reduced ventilation aiding the

2return of spontaneous respiration.

The mild functional alterations present at 24 hr after lavage probably resulted from a combina-

tion of postanesthetic atelectasis and the retention of small amounts of fluid in the lungs. These

effects combined to reduce the overal] efficiency of ventilation and gas exchange during the early

post-lavage period, but were not sufficient to significantly raise VE or to present a hazard to the
subjects.

Bronchopulmonary lavage, using a single lumen endotracheal tube, appears to be a reasonably

safe and simple procedure. No serious physiologic alterations were found in the cardiopulmonary

system during the procedure and mild pulmonary function alterations returned to baseline by one

week after lavage. A single lumen tube greatly increases the potential for using this procedure in

smaller subjects than is possible with the Carlens double lumen tube (Dr. Kylstra, Duke Univ. Med.

Center, has performed this procedure successfully in a 9 yr. old patient with alveolar proteinosis).

Because this procedure washes the entire lung in a single anesthetic experience, the number of treat-

ment sessions required may be less. It also may be useful in obtaining pulmonary cells and surfec-

tant from experimental animals for research.

2,

3.

4,

5.

6.

7.

8.
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SECTION VI
RESPIRATORY TRACT DEPOSITION MODELS

BRONCHIAL TREE STRUCTURE IN THE HUMAN, BEAGLE,

ABSTRACT

Partial results of an extensive study of airway morphology

are presented. Bronchial tube branching angles, lengths and

diameters were measured on replica casts of lungs from

humans, dogs, rats and a hamster. Each cast of silicone

moulding compound was cured in the thorax of the subject,

checked for artifacts and hand pruned before measurement. A

RAT AND HAMSTER

PRINCIPAL INVESTIGATORS

R, F. ~ -ri°t~i~en

H. C. Yeh
D. J. Velasques

total of about 150,000 morphometric measurements were made based on a conceptual model of ai~,ay

branches. Data presented include nurnber of divisions in the bronchial tree in various lobes, and

the changes in branching geometry seen as one progresses deeper into a lobe. Significant diT~erenoes

in structune were found between species, from lobe-to-lobe within a lung and with depth ~}thin a

lobe. The humans had bronchi that were longer in relation to their diameters and had more symmetric

bifurcations with respect to diameter ratios and branch angle ratios than the other species.

INTRODUCTION

An extensive lung morphometry project has been undertaken to quantitate similarities and

differences in tracheobronchial anatomy in humans and selected laboratory animals. Morphometric

measurements were made on replica casts of the lungs of two humans, two Beagle dogs, two black-

and-white hooded rats and one golden Syrian hamster. These species were chosen because of their

extensive use in inhalation studies with particulate materials. The basic aim of the study was to

quantitate anatomical features of importance in the deposition of inhaled aerosols; viz branching

angles, inclinations to gravity, airway lengths and diameters. Over a one-year period, about

150,000 hand measurements were made. These data are relevant to the construction of models to

describe particle deposition and clearance, the distribution of air during breathing and in estab-

lishing the basic anatomy of the mammalian tracheobronchial tree. Models of the human respiratory
tract by Weibel I and more recently by Horsfield 2 include detailed data on the tracheobronchial

tree and are useful in many circumstances. These authors do not treat the differences in anatomy

between lobes nor do they include morphometry in non-humans. Also, branching angles were not

included in these models.

METHODS

Casts were made in situ using room-temperature-vulcanizing silicone-rubber industrial moulding
compounds that have negligible shrinkage on curing. The casting technique has been published.3

The casts were evaluated for artifacts by comparing cast volumes with data from pulmonary function
tests, by stereographic radiographic techniques 4 and by close examination with an optical and a

scanning electron microscope. These methods showed that in the pulmonary region, the structure seems

to be consistent with results reported in the literature. However, based on the radiographic tech-

nique, in major bronchi the tube diameters of the cast appear to be 10-15% larger than and tube

lengths and branch angles within 5% of the precast lung inflated with air to a pressure of i0 cm H20.
Hence, the casts may be representative of the end inspiratory state.
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The casts were trimmed so that all of the

airway tubes down to and including terminal bron-
chioles remained. Trimmed casts were subjected

to measurement using a model of the airway branch

to identify the structures that were to be quanti-

tated (Fig. 1). This conceptual model of the air-

way branch has been previously described in some

detail. 5 Measurements were recorded on data

sheets, keypunched onto computer cards and fed

into a computer where they were tested for proper

tube-to-tube linkage and edited to remove any

keypunching errors. Statistical analyses were

performed and data were organized graphically for

interspecies comparisons.

RESULTS AND DISCUSSION

Differences in gross anatomy of the tracheo-

bronchial tree were immediately apparent in the

trimmed casts. The human casts were roughly

spherical in overall shape, had bronchial tubes

that were long in relation to their diameter, and

closely approximated a regular symmetric pattern

of division throughout the tracheobronchial tree.

In contrast, the non-human casts were elongated

in the apical to diaphragmmatic direction, had

shorter bronchial tubes in relation to their

diameter, and were monopodial in that they had

long, tapering bronchial tubes with smaller

lateral branches.

The average number of divisions in the tra-

cheobronchial tree was variable from species to

/
/ /

Ol

rsI

PARENT

Figure 1. The airway branch, the basic unit
of structure in the conceptual model of the
tracheobronchial tree. Diameters, lengths,
angles and radii of curvature are defined
with the aid of this diagram.

Table 1

Mean Number of Generations in the
Tracheobronchial Tree Down to and Including

Terminal Bronchioles. Trachea = Generation 1.

Species
Lobe Human Dog Rat Hamster

RA 14 15 13 11

RM-RC 14 17 15 13

RL 17 20 19 17

R. Intant. 16 17 15

LA 13 17 11 I0

LL 13 17 15 16

species and from one lobe to another within a given lung. Table I lists the mean number of genera-

tions of tubes in the tracheobronchial tree down to and including terminal bronchioles, defined as

the most distal non-respiratory airway tubes. The human has less variation in the mean number of

divisions from lobe to lobe than the other species.

The relative weights of lung lobes can be estimated from morphometry data. Assuming that

bronchial tubes of equal diameter supply air to equal volumes of lung tissue, the relative numbers

of terminal bronchioles in lobes should equal the relative tissue volumes of the lobes. Assuming

that the total number of bronchial tubes larger in diameter than 0.7 mm is proportional to the
total number of terminal bronchioles we have estimated relative lobar masses in the Beagle dog

(Table 2). Comparison of our estimates from a dog cast with previously reported measurements 

relative lobar weight obtained by dissection shows good agreement.

Comparison of bronchial branching angles, lengths and diameters at varieus depths in the lung

are shown in Fig. 2 for four mammalian species. The curves were generated by combining all of the

r~easurements for each species. The rat and hamster show similar tracheobronchial structure,

differing mainly in the ratio of diameters at bifurcations. The rat has a somewhat more asymmetric

branch than the hamster in that the diameter of its major branch relative to the minor is greater.
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Figure 2. Airway morphology as a function of diameter of the parent bronchus for four species;
A, human; B, dog; C, Rat and D, hamster.
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Table 2

Relative Size of Lung Lobes in the Beagle Dog

Experimental Experimental
From (116 Fresh (Air Dried

Lobe Morphometrya Beagle Lungs)b Do9 Lungs)C

R.A. 1.00 1.00 1.00

R.C. .58 .54 .51

R.I. .42 .54 .43

R.D. 1.65 1.54 1.43

L.A. .87 1.00 .89

L.D. 1.58 1.62 1.51

Right: Left 60 : 40 58 : 42 58: 43

Total # of Bronchial Tubes in Lobe
Total # of Bronchial Tubes in R.A. Lobe

R. G. Cuddihy, W. C. Griffith and B. B. Boecker, "Tissue Weight
in Adult Beagle Dogs," Lovelace Foundation Report LF-43, 1970.

H. Rahn and B. B. Ross, "Bronchial Tree Casts, Lobe Weights and
Anatomical Dead Space Measurements in the Dog’s Lung, Jour,al of
Applied Physiology, I0: 154-157, 1957.

The human is relatively unique in tracheobronchial structure, but is closer to the dog than

to the rat or hamster. Unlike the rodents, the human and dog have branch angles that increase

with increasing depth in the lung. The human tracheobronchial tree is more symmetric, with respect

to diameter ratios and branch angles, than the other species. The two curves for branch angles

for major and minor daughters in the human have the same shape and are nearly parallel. The

average diameter ratio of daughter branches at a bifurcation is less than 1.5 throughout the human

lung, but greater than this value in most portions of the other lungs. The average length/diameter

ratio for tubes in the human is comparatively large, up to 3 or more, in comparison with the

rodents or dog.

These morphometry data establish that the bronchial tree structure is variable from species

to species, from lobe to lobe within a given lung and changes with depth in the lung. Models

of the lung that reflect these anatomical properties should be developed.

As a result of this study it appears that the dog is a better model for particle deposition

studies than rodents when results will be extrapolated to man. Conspicuous by their omission in

these studies are the horse, monkey and pig, which all show promise for their utility in inhalation

studies. Proposals have been generated for study of the tracheobronchial tree in the pony and

Rhesus monkey in our laboratory.
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STUDIES OF THE DEPOSITION OF MONODISPERSE PARTICLES IN SMALL RODENTS

ABSTRACT

Hamsters and rats have been exposed to monodisperse aerosols

of spherical aluminosilicate particles (p = 2.2) !a~e~e4 PRINCIPAL INI,TST!GATORS

O. O. Raabe~th 169yb to determine the inhalation deposition and organ
H.C. Yeh

distribution with respect to particle size. Ten animals of G.J. Newton

each smecies were exposed to five aerodym~ic equivalent R.F. Pha!en
¯ D.J. Velasquez

diameters: (a) 3.!5 ~m, (b) 2.19 vm, (c) 1.14 um, (d) 

~m and (e) <0. 3 Hm. Five animals were e~osed simultaneously for twenty r~nutes with automatic

Q 7,r~aoratng of respirator9 rates and volumes using individual whole-body plethysmoaraphs. Three were

sacrificed i~ediately, after the exposure and the remaining 2 after 20 hours had e~apseal + for radio-

analysis of selected tissues to determine deposition quantities and organ distribution. The deposi-

tion fractions ~br the various aerosols in the various parts of the respiratory tract are sum~n, arized.

Relative deposition ~,+~ong the various lung lobes showed remarkable consistency with respect to

particle size.

INTRODUCTION

Exposures of rodents to monodisperse aerosols for the determination of regional deposition

within the respiratory tract are currently underway. The purpose of these studies is to determine

the fraction of inhaled aerosol particles which deposits in the respiratory tracts of golden Syrian

hamsters and black-and-white hooded rats when particle size and density is varied. The two aerosol

types chosen for study are aluminosilicate spheres (p = 2.2) labeled with 169yb and gold spheres

(p = 15.3) labeled with 198Au. The plan is to study the same five aerodynamic equivalent sizes 

particles for each type to investigate the effect of particle density. To date, only the studies

with the aluminosilicate aerosols have been completed and are reported herein.

MATERIALS AND METHODS

Monodisperse aerosols of 169yb-labeled, aluminosilicate particles were prepared in essentially

the same way as the monodisperse aerosols of 67Ga-labeled, aluminosilicate particles described in

this report, pp. 8 to 11. Monodisperse sizes used in this study had activity median aerodynamic

(equivalent) diameters (AMAD) of 3.15 ~m, 2.19 um, 1.14 um and 0+61 ~m. In addition, two smaller

particle sizes < 0.3 ~m and < 0. i ~m AMAD were generated by nebulization of dilute silicic acid
solutions with 16gYb and conversion to silicate particles by heat treatment at 1150°C.

The five-port rodent apparatus with associated whole-body plethysmographs for simultaneous
exposure of five rodents has been described. I The sixth port was used for obtaining aerosol sam-

ples. Each plethysmograph housed one animal in an airtight plastic chamber with the head protruding

through an airtight latex rubber collar. When placed in the apparatus, aerosol was drawn past each

animal’s head. Pressure changes in the plethysmograph chamber were used to monitor respiratory

activity. Such respiratory data were both plotted on a strip chart and recorded on magnetic tape

for analysis by analog computer.

Prior to exposure, each animal was anesthetized with sodium pentobarbital given intraperitone-

ally to render it unconscious for about one hour. In a few cases, individual animals succumbed to

the anesthetic and were not considered in analyses of the results. Each animal was then placed in

a plethysmograph unit, a leak test was made, and the front of the plethysmograph chamber was inserted
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into an exposure port. The exposure began after all chambers were inserted. Exposures were normally

20 minutes in duration. Seven filter samples were taken during the exposure, one from each port

and one overflow sample to determine the activity concentration of the aerosol, a cascade impactor

sample was taken to verify the monodispersity and aerodynamic size of the particles, and an electro-

static precipitator sample was taken for electron microscopic observation of the particles. The

determination of the activity deposited in each animal was made by careful dissection and radioanal-

ysis with well-type liquid scintillation detectors of various parts of the respiratory tract,

including each lung lobe and other tissues and excreta.

RESULTS

Basic characteristics of the animals used in this study are summarized in Table i, including

the averages and standard deviations for body weight, age and lung lobe weights at necropsy.

Although the absolute weight of each lobe varied among species and sexes, their relative weight

expressed as percent of total lung weight was nearly constant irrespective of sex and species.

This property simplified the interpretation of relative deposition concentration to each lobe.

Table i

Lobar Weight Distributions fcr Black and White Hooded Rat and Syrian Hamster

Spec]es Black and White Hooded Rat Syrian Hamster
Number 30 - Male 28 - Female Both Sexe~ 27 - Male 27 - Female Both Sexes
and Sex Mean S,D. %T.L. Mean S,D. %T.L. %T.L Mean S.D. %T.L, Mean S.D, %T,L. %T.L,

463.6 35,4 256.6 16.7 132.4 12.7 136.4 15.4

114,3 11.9 114.1 !2.1 148.4 30,2 149,0 32,6

0.230 0.085 10.64 0.152 ~.032 !0.20 10.43 0.0827 0.012 10,82 0,i05 0.030 11.18 ii.00

0.296 0.070 13.69 0.711 0,D47 14.16 13.92 0,0966 0,039 12.64 0,i15 0.035 12.25 12.45

0.624 0.126 28.86 0.427 0.083 28.66 28.76 0.233 0.038 30.49 0.283 0,060 30.14 30.32

0.252 0.060 11.66 0.186 0,039 12.48 12.06 0,0859 0,025 11.24 0.114 0.031 12.1a 11.69

0.760 0.152 35.!5 0,514 0.092 34.50 34.84 0,266 0,053 34.81 0.322 0.088 34,29 34,55

2.162 1,490 0.764 0,939

Boey Weight
(gm)

Age (Days)

Lung - RA.
<gm)

Lung - R.C.
(gm)

Lung - R,D.
(gm)

~ung - R,I.
(gm)

Lung - Left
(gm)

T~L, (gm)

Deposition data for the lung lobes of the immediate sacrifice and 20-hour sacrifice animals

were compared for each aerosol particle size to evaluate the lung clearance that occurred during

the first 20 hours after exposure. Material cleared from the lung during these 20 hours was assumed

LB have been deposited on the ciliaZed airways of the bronchial region and the remainder was assumed

to be pulmonary deposit. The fraction fT’ of the total respiratory tract deposit which was repre-

sented by this bronchial deposit is given on the average by:

fT = (~0 O) ( L20)T20 (1)
avg. avg.

with L0 and L20 the observed lung burdens of deposited aerosol and TO and 120 the total respiratory
tract deposition in the immediate and 20-hour sacrifice animals, respectively, and ()avg" indicating

the average for all animals; T20 includes all observed activity including excreta and is equivalent
to TO. The fraction, fL’ of the initial lung burden which is represented by the bronchial deposit
is given on the average by:

To
fk = fT([oO)avg"

(2)

The values’of fT and fL and the calculated standard errors observed in this study for both hamsters

and rats are given as percentages in Table 2 for the various particle sizes. Although quite variable,

they show basic trends with the bronchial fractions being minimum for the 0.61 um particles.
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Table 2

Bronchial (20-Hour Cleared) Deposition as Percentage of Initial
Total Deposit in Respiratory Tract, fT, and as Percentage

of Initial Lung Burden, fL, (With Calculated Standard Errors)
With Respect to Aerosol Aerodynamic Diameter

Aerodynamic Diameter (um)
<0.] 0.61 1.14 2.19 3.15

Hamster F"~T
27 -+ 2 5 ÷ 7 18 ~- 9 16 ± 7 6 ~ 7

LL 37 + 2 6 + 9 34 ± 15 58 ± 15 28 + 28

Rat rfT 20 + 3 4 ~ 2 15 + 8 5 ± 8 IO ~ 5

LfI_ 24 ± 4 5 ± 3 24 -+ 13 18 ~ 31 51 + 23

Using the calculated average values of fL and fT’ the observed lung burdens were converted to

appropriate bronchial and pulmonary parts. Each deposition quantity was converted to the fraction

of the total inhaled aerosol which was associated with that quantity by dividing by the product of

animal minute volume, the exposure time, and the aerosol concentration. The skull and gastrointes-

tinal activity for the immediate sacrifice animals was taken to represent the nasopharyngeal deposit.

The results are summarized in Table 3.

Tables 4 and 5 show the relative lobar burdens of the immediate and 20-hour sacrifice rats,

respectively, and Tables 6 and 7 the immediate and 20-hour burdens, respectively, for the hamsters.

Comparison of the data for the two sacrifice times for each species shows that the relative amounts

in the lobes varies little up to 20 hours post-exposure. This implies that clearance rates are

about the same for all lobes. For hamsters the relative deposition increased in the right diaphrag-

matic lobe and left lung and decreased in the right apical lobe and right cardiac lobe when particle

size decreased. These data agree with the results reported by Thomas et al (1971-1972 Annual

Report, LF-45, pp. 37-49). For rats, the relative deposition increased in the right diaphragmatic

lobe and right intermediate lobe and decreased in the right apical lobe and left lung when particle

size decreased. This phenomenon may be explained by differences in the average path lengths from

trachea to terminal bronchi in various lobes.

The relative lobar activity values at both 0 and 20 hours were combined and divided by the

apprepriate weight percentages of total lung to yield Table 8 for rats and Table 9 for hamsters.

The values in these tables are equivalent to lobar concentrations of deposited aerosol. In almost

every case, the right apical lobe had the highest concentration (except for the case of < 0.3 ~m in

hamster). For the remaining lobes, the relative deposition changes with particle size. The rela-

tive deposition concentrations are more uniform among various lobes for smaller particle size

(except for the case of < 0.3 ~m in hamster) while the variation between lobes is larger for larger

particle size.
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Table 3
Mean Deposition Percentages and Observed Standard Errors of Inhaled Monodisperse 169yb-Labeled

Aluminosilicate Aerosols

Aerodynamic Diameter (~m)

Hamsters

<0.1 0.61 1.14 2.19 3.15

Pulmonary 13.2 ± 1.9 12.4 = 1.7 5.5 0.7 5.5 -+ 1.3 9.6 ± 2.3
Lung LBronchial

7.9 + 1.1 0.85 = 0.09 3.0 ± 0.4 7.9 + 0.7 3.4 ± 0.2

Trachea 0.3 -+ 0.1 0.10 ~ 0.03 0.09 ± 0.02 0.4 ± 0.1 0.6 ± 0.3
Larynx 0,9 -+ 0.4 0.2 = 0.1 1.0 = 0.5 4.2 ± 2.9 4.2 _+ 1.8

Skull 6.9 -+ 1.1 2.7 ÷ 0.3 4.6 ± 0.8 24.1 ± 5.5 22.6 -+ 5.5
Naso-Pharynx [G.I. 0.3 ± 0.1 0.7 = 0.3 0.3 + 0.1 0.5 -+ 0.2 15.9 -+ 6.6

Total (Calculated) 29.5 + 2,5 16.9 + 1.8 14.5 +- 1.2 42.6 ± 6.4 56.3 -+ 9.1

Total (Observed) 28.2 + 4.0 17.0 + 1.8 16.5 ± 2.1 49.3 ± 4.7 56.0 ± 2.8

Rats

Pulmonary 20.7 ± 1.7 10.7 + 1.3 6.6 ± 0.9 7.9 _+ 1.9 4.9 ± 0.9
Lung mBronchial 6,3 + 0.5 0.61 _+ 0.07 2.1 ± 0.3 1.9 + 0.3 5.2 ± 0.4

Trachea 0.6 ± 0.1 0.2 + 0.1 0.02 + 0.01 0.09 ± 0.04 0.2 + 0.1

Larynx 0.07 ÷ 0.04 0.2 ± 0.1 0.2 + 0.2 0.7 ± 0.5 3.4 + 0.06

Skull 4.5 ± 0.6 2.0 ~ 0.4 4.5 -+ 0.8 17.9 ± 4.5 17.5 + 2.8
Naso-Pharynx LG.I. 0.1 = 0.1 0.3 ~ 0.1 0.8 ± 0.6 0.04 + 0.03 17.3 ± 6.6

Total (Calculated) 32.3 = 1.9 14.0 + 1.4 14.0 -+ 1.4 28.5 + 4.9 48.5 + 7.2

Total (Observed) 31.8 ± 2.6 14.1 + 1.7 14.2 ± 1.7 41.1 -+- 6.8 52.8 ± 3.8

Table 4
Relative Lobar Deposition in Black and White

Percent of Total Lung Burden (Mean
Hooded Rats at O-Hour Post-Exposure
and Standard Deviation)

(AMAD), 
Lobe 3.15(5)a 2.19(4) 1.14(7) 0.61(6) <0.3(6) Ave.(28)

R.A. 13.77 ± 2.33 14.77 ± 3.52 11.41 + 1.73 11.35 ± 1.13 10.95 + 1.73 12,20

R.C. 12.07 + 5.06 12.27 ± 0.64 14.19 * 1.31 14.17 + 1.97 13.23 ± 1.49 13.35

R.D. 25.86 ± 8.42 28.84 -+ 3.22 28.19 -+ 2.17 25.23 ± 2.77 26.99 ± 1.56 26.98

R.I. 10.44 + 2.64 10.31 ± 1.76 11.31 + 0.89 12.42 + 1.14 12.68 -+ 1,49 11.54

Left Lung 37.98 + 5.19 33.82 + 2.48 34.80 + 2.41 36.83 -+ 2.17 36.15 + 1.81 35.95

aNumber of animals in parenthesis

Lobe

Table 5
Relative Lobar Deposition in Black and White Hooded Rats at 20-Hour Post-Exposure

Percent of Total Lung Burden (Mean and Standard Deviation)

(AMAD), ~Jm
3.15(4)a 2.19(4) 1.14(3) 0.61(4) <0.3(4) Ave.(19)

R.A. 11.23 + 4.91 12.79 -* 1.88 12.45 + 1,03 10.45 + 0.53 12.21 + 1.97 11.79

R.C. 14.12 -+ 2.96 14.29 + 1.20 12.79 ± 3.04 14.34 +- 1.12 14.05 + 1.07 13.98

R.D. 22.24 -+ 6.50 27.92 ± 2.06 26.74 + 2.61 26.29 +- 1.39 26.60 ± 4.29 25.92

R.I. 7.31 -+ 4.40 10.94 + 5.64 11.95 + 1.53 11.99 -+ 0.58 13.00 = 1.39 10.99

Left Lung 45.08 -+ 11.26 34.07 + 3.73 36.07 + 1.79 36.94 ± 2.48 34.14 -+ 3.53 37.32

aNumber of animals in parenthesis
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Table 6

Relative Lobar Deposition in Syrian Hamsters at O-Hour Post-Exposure
Percent of Total Lung Burden (Mean and Standard Deviation)

(AMAD), 
Lobe 3.15(6)a 2.19(6) 1.14(6) 0.61(5) <0.3(6) Ave.[29~(

R.A. 17.38 + 4.22 15.35 + 5.23 12.76 + 1.67 13.05 ± 2.32 13.28 ¯ 1.58

R.C. 12.33 z 5.37 12.94 -+ 4.78 10.09 ± 3.63 11.96 ~ 1.49 8.71 ± 1.96

R.D. 29.56 -+ 10.91 28.43 = 5.64 30.13 -+ 3.95 29.27 -+ 4.55 29.39 + 5.21

R.I. 9.55 ± 4.17 9.80 - 3.25 10.66 ~ 3.25 11.70 - 1.46 9.87 + 3.70

Left Lung 31.17 + 6.80 34.36 ¯ 4.75 36.36 = 5.69 33.96 -+ 2.14 38.80 ± 4.18

aNumber of animals in parenthesis

14.41

11.18

29.36

10.27

34.96

Table 7

Relative Lobar Deposition in Syrian Hamsters at 20-Hour Post-Exposure
Percent of Total Lung Burden (Mean and Standard Deviation)

(AMAD), 
Lobe 3.15(4)a 2.19(4) 1.14(4) 0.61(4) <0.3(4) Ave.(20)

R.A. 17.93 ± 5.69 10.82 ± 3.17 14.24 ± 2.51 11.88 + 1.38

R.C. 17.62 ± 3.48 15.62 = 2.04 11.52 -+ 1.02 12.66 + 2.33

R.D. 21.75 + 3.76 23.19 -- 7.02 28.62 ± 2.43 25.26 + 3.27

R.I. 8.34 + 1.93 10.24 ± 0.82 10.70 +- 1.93 12.21 -+ 2.83

Left Lung 34.36 ± 8.10 40.12 + 10.07 34.90 + 3.68 38.00 + 2.01

aNumber of Animals in parenthesis

10.51 ± 1.95 13.08

9.52 ± 1.96 13.39

27.60 ± 4.19 25.28

12.26 ± 3.01 10.75

40.10 ± 7.63 37.50

Table 8

Relative Lobar Concentration of Deposited
Aerosol in Black and White Hooded Rats

Percent of Total Lung Burden/Percent
of Total Lung Weight

Table 9

Relative Lobar Concentration of Deposited
Aerosol in Syrian Hamsters

Percent of Total Lung Burden/Percent.
of Total Lung Weight

(AMAD), ~m (AMAD), lJm
Lobe 3.15 2.19 1.14 0.61 <0.3 Ave. Lobe 3.15 2.19 1.14 0.61 <0.3 Ave.

R.A. 1.21 1.32 1.12 1.05 1.10 1.15 R.A. 1.60 1.23 1.21 1.14 I.]1 1.26

R.C. 0.93 0.95 !.00 1.02 0.97 0.98 R.C. 1.16 1.13 0.86 0.99 0.73 0.97

R.D. 0.84 0.99 0.96 0.89 0.93 0.92 R.D. 0.87 0.87 0.97 0.91 0.95 0.91

R.I. 0.75 0.88 0.95 1.02 1.06 0.94 R.I. 0.78 0.85 0.91 1.02 0.93 0.89

Left Lung 1.21 0.97 1.01 1.06 1.01 1.05 Left Lung 0.94 1.06 1.04 1.04 1.14 1.04

Mean 0.99 1.02 1.01 1.01 1.02 1.01 Mean 1.07 1.03 1.00 1.02 0.97 1.02

S.D. 0.Ii 0.09 0.03 0.03 0.03 0.05 S.D. 0.16 0.08 0.07 0.04 0.08 0.07

REFERENCES
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MATHEMATICAL CONSIDERATIONS FOR PARTICLE DEPOSITION IN THF

TRACHEOBRONCHIAL TREE: EQUATIONS AND LUNG MODEL

ABSTRACT

L geometrical lung model generated by a Monte-5~rlo tech-

nique for use in a theoretical study of particle deposition PRINCIPAL IN’TESTI~ATORS

in the respiratory tract is described. This lung model has
H. C. Yeh

~wo main advanvages over existing lung models; (1) lung A.J. Hulbert

characteristics reflect actual lung morphometry rather than R.F. Phalen
O. G. Raabe

requiring an oversimplified regular tree-~ike lung structure,

(2) particle deposition in each lobe of the ~ung can 

calculated separately which cannot be accoz~lished in existing lung models. From a consideration

of the flow inside the respiratory tract, a set of equations h~s been chosen for application in

deposition calculations.

INTRODUCTION

Knowledge of the initial deposition pattern of inhaled particles of various toxic agents

within the respiratory tract is essential for assessment of the toxicity associated with these

particles. One approach to understanding the deposition of inhaled particles in human and experi-
mental animals has been the development of mathematical models that have predictive capabilities.

The development of a successful mathematical model requires (I) knowledge of the morphometry of the

respiratory tract and (2) realistic equations for the deposition probability of particles in airways.

This paper will concentrate on the mathematical considerations of particle deposition in the respira-

tory tract.

LUNG MODEL

Because of the complexity of lung anatomy and the calculations involved, most mathematical
models have been made with fairly simple simulated lung structures. Weibel’s I model of the human

lung with regular dichotomy is commonly used by many investigators. A characteristic of this lung

model is that the airways branch regularly from the trachea through the alveolar sacs, i.e., a

parent segment branches into two daughter segments with equal diameters and equal branching angles.

In particle deposition calculation, each level (generation) of the respiratory tract is assumed 

consist of a number of parallel tubes of equal diameter connected in series with the preceding
region and the following region. 2 This model is an over simplified description of the respiratory

tract. Our approach to this problem is to use a Monte-Carlo technique to construct a lung model

based on our extensive morphometric data. This lung model will have geometric characteristics

statistically similar to an actual lung and will permit separate deposition calculations for each

lobe.

OUTLINE OF MONTE-CARLO METHOD

The principle of the Monte-Carlo method is based on the statistical probability of occurrence

among a large population. For example, in a one-dimensional random walk problem, if one specifies

the probabilities for stepping in each possible direction and step size, then the Monte-Carlo

method can be used to predict the position with respect to the origin after a certain number of

steps. Since there are more than 20,000 airway segments in the mammalian respiratory tract, the

number of morphometric data will be large enough to form statistical probability distribution
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functions. The Monte-Carlo method can then be applied to generate hypothetical lung structure,

simpler than the real lung, but still maintaining the same statistical characteristics as the real

lung.

The hand-measured morphometric data are first analyzed and grouped to form histograms of

observed frequency of occurrence of morphometric parameters, such as branch angle, ratio of daugh-

ter to parent segment diameters and ratio of diameter to length of the segment. The raw data may

be fitted to continuous mathematical distribution functions; however, discrete cumulative distribu-

tion functions may be more desirable in some cases since they more accurately describe the data.

Some parameters, for example branch angle, may depend on the diameter of the parent segment. In

such cases, frequency of occurrence data for each of several diameter ranges may be needed. With

various distribution functions on hand, a random number is drawn from a random number generator

subroutine to provide the diameter of the major daughter from the distribution describing the ratio
of major daughter to parent diameters. In succession, other numbers are drawn to provide values

for the major daughter length, branch angle and gravity angle. The Monte-Carlo program then

selects a minor daughter diameter from the distribution describing the ratio of minor daughter to

major daughter diameters. Once the diameter of the minor daughter has been established, the minor

daughter length, branch angle and gravity angle can also be selected. The Monte-Carlo program

continues building the branching structure until the terminal bronchioles (about 0.5 mm in human)

are reached.

As an example of the method, arbitrarily fitted log-normal distribution functions were used as

input data, and results of part of a hypothetical generated lung are shown in Table I and Figure I.

In Table I, a portion of a computer representation of a very simple, arbitrary lung has been printed

and Figure I shows a two dimentsional representation of part of this example lung. Numbers on this

plot correspond to the assigned numbers in Table i, while the dashed line segment means the airway

has not reached the terminal bronchiolar level.

Since the number of larger airways in the mammalian tracheobronchial tree is small and lacks

statistical significance, their structure must be input directly rather than drawn by the Monte-

Carlo program. For practical purposes, this fixed input structure should be limited to 4 to 6

divisions down from the trachea. Incomplete Monte-Carlo generated lung structure can also be used

in particle deposiiton calculations. One method is to generate several incomplete lungs (e.g., one

tenth of a lung); the results of particle deposition calculations for each are then analyzed and

compared. Another way of estimating particle deposition is to generate a large number of single

pathways from trachea to respiratory bronchiole and then to average particle deposition calculations

for all pathways. Both schemes are designed to reduce the required computer time and storage

capacity.

DEPOSITION EQUATIONS

Assuming the breathing flow rate is 20 liters/min for man at rest, the Reynolds number (Re) 
various airways has been estimated to range from 0.0002 to 1670. 3 Strictly from the standpoint of

fluid dynamics, the Re is less than the cricial Re of about 2300 for turbulence to occur in a tube,

and the flow should be laminar in all airway segments. But due primarily to the larynx and bifur-

cations, the flow may become turbulent and secondary flow may develop at lower Re than for a straight

tube. From these considerations, it may be reasonable to assume that in the respiratory tract, the

flow is laminar when Re is less than some arbitrary Reynolds number, Rec, and the flow is turbulent

when Re is larger than Rec. Also one notes that both turbulence and secondary flow promote mixing
across the airways. Therefore, it is reasonable to assume that the air in the major conducting

airways is completely mixed3 and that there are no radial gradients of air velocity or of aerosol



Table 1

Portion of a Computer Printout of a Hypothetical Lung Structure

Generated by Monte-Carlo Method

Assigned Assigned
Segment Segment

Assigned Segment Segment Branch Inclination Number Number
Segment Diameter Length Angle Angle of Major of Minor
Number d L @ ~ Daughter Daughter

i 1.800 2,000 0.00 0.00 2 61
2 1,775 2,325 12.54 17.43 3 8
3 0.865 0,979 11.77 88.12 4 7
4 0.796 0,688 4.91 14.04 5 6
5 0,565 0,597 10.37 35.63 0 0
6 0,687 0.736 67,51 62.92 0 0
7 0,550 0.689 25,06 85.68 0 0
8 1,786 1.229 14,35 89.96 9 40
9 1.518 1.009 4,71 20.18 10 23

10 1.115 1.119 8.13 36.22 11 22
11 1.105 0.857 4.15 8.12 12 21
12 1.105 1.034 7.16 233.36 13 16
13 0.817 0.923 12.34 13,08 14 15

16 0.927 0.907 72.05 47.48 17 20

2i
22
23
24
25

0.553 0.559 61.58 62.58 0 0
0,577 0.379 29.64 110.52 0 0
1.280 1.537 44,01 37.62 24 33
1.056 0.876 7.41 23.87 25 32
1.053 0.754 10.44 30.29 26 27

33
0,536 0.487 148.06 31.63 0 0
0.965 0,942 169.53 132.86 34 39

40 1.297 1.026 88.51 34.68 41 52

6i
62
63
64
65
66
67

0.949 0.787 79,00 23.87 62 67
0.945 1,323 6.96 121,18 63 64
0.728 0.450 9.80 19.22 0 0
0.766 0.712 103.01 14.27 65 66
0.629 0.565 9,95 25.61 0 0
0.582 0.806 28,85 20.73 0 0
0.481 0.606 39.28 207.15 0 0

,3 ,2j .q2
/;612’

Figure i. Portion of a hypothetical lung
generated by Monte-Carlo method.
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concentration in these airways, except for a very thin boundary layer next to the wall. From these

considerations with existing literature, the following equations for particle depositian have been

selected.

Deposition by Diffusion

For regions where the flow is laminar, equations given by Gormley and Kennedy4 are chosen.

PD = 1 - 0.8191e-7"314x - 0.00975e-44"6x - 0.0325e-114x + ...... for x > 0.0156

PD = 4.07 x2/3 - 2.4x - 0.446x4/3 + .... for x < 0.0156

where

LD
x - 2R2~

PD
= diffusion deposition probability

D = diffusion coefficient of particles

R = radius of tube or airway = d/2

= mean flow velocity

L = length of tube or airway segment

As previously discussed, turbulence may occur in the larger airways due to the effect of

the larynx and bifurcations. The turbulent intensity should not be too high in this case. Low

intensity turbulence tends to flatten the velocity profile over a broad, more or less central zone

of the airways instead of the central peak velocity of developed laminar flow. Therefore, the equa-

tion derived by Landahl, 5 by considering the mean diffusion boundary layer in uniform flow, is a

reasonable approximation for this low intensity turbulent flow. Landahl’s equation can be written as

PD 2W-I~tR (I - 2~I~-+ ......... ) = 2.828 I/2 ( i-0.314 x I/2 +)

where

the effect of pre-entrance configurations into account, for example due to a bifurcation.
this into account, the following equation is suggested:6

f
P~ 1 - (i - PD) e

fe 1+ CI _2~ for ~> I0

t time for flow to pass through the tube or airway segment = L/V

Although the equations for PD do take the entrance effect into account, they do not take

To take

where the constant C1 has different values depending on the entrance configuration with PD previ-

ously calculated. For example, CI = 5 for a 45o angle-bend entrance whereas for a go° angle-bend

entrance CI = 7. The condition L/R > i0 is not satisfied most of the time in the respiratory
tract, nevertheless, by taking the lower limit of correction with L/R = 10 for calculating fe will

partially take into account the effect of entrance configuration.

During pauses, if any, in the breathing cycle an equation given by Buchwald7 is applicable.

4 exp (- 5.784 KTCt/6~rpR2)
P = I 5.784

where t is the pause time, K is Boltzmann constant, T is the temperature in OK, C is the Cunningham

slip correction factor, rp is the radius of the particle, u is the viscosity of fluid and the

superscript p in P~ stands for pause.
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B. Deposition by Sedimentation

The sedimentation deposition equation derived from laminar flow 2 and from turbulent flow8

has the same form and can be written as

Ps =l-exp [ 4gCppr2pL c°s¢]
9~R~ J

where

Ps = sedimentation deposition probability

pp = density of the particle

¢ = inclination angle relative to gravity

C. Deposition by Inertial Impaction

Yeh6 gave

where

Based on the equation of motion of a particle, rather than the stopping distance concept,

2 cos-l(e.st) + I sin {2 cos-l(@-St)} for @-St 
PI = I-- ~ T

PI = 1 for O-St ~ I

PI = impaction deposition probability

@ = bend angle or branching angle

St = Stokes’ number = Cppr~
9uR

CONCLUSION

This study proposes a lung model generated by Monte-Carlo technique for use in predicting par-

ticle depositon within the respirtory tract. The lung model will have geometric characteristics

closer to real lung structures than other simplified models in use. In existing lung models, differ-

ences in deposition in individual lobes cannot be calculated. Such differences exist and presumably

due to inter-lobar structure and airflow differences. The proposed lung model has the capability of

providing for the calculation of the lobar deposition. From a consideration of the flow inside the

airways, a list of deposition equations has been chosen for use in deposition calculations.
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CRITERIA FOR INHALATION EXPOSURE SYSTEMS UTILIZING CONCURRENT FLOW SPIROMETRY

ABSTRACT

Principles are given for the design and operation of a new PRINCIPAL INVEST!a4TORS
class of inhalation exposure systems utilizing concurrent

O. G. Raabe
flow spiro~etr U (CFS), a simple method for providing real- H.C. Yeh
time m~surement of respiratory volumes and rateo during

~nhalation exposure by mouth or nose of individua~ experimental animals or man to aerosols or

gases. This technique is especially useful for inhalation exposure of larger experimenta~ animals,

such as horses, where whole body plethysmography is usuali 9 impractical. Difficulties encountered

with conventional exposure systems in maintenance of unifor~ aerosol or gas concentrations and

pre~ention of large pressure excursions in the exposure chamber during breathing are obviated by

syst~ms utilizing the principles of concurrent flow spirometry. For illustration, two exposure

units with CFS are described, one for exposure of Beagle dogs and one for ponies.

INTRODUCTION

The e~posure of Beagle dogs to radioactive aerosols at ITR1 has involved the use of exposure

equipment based on the flowing aerosol nose-only apparatus with whole-body plethysmograph described
by Boecker et al I with modification and improvements such as described in last year’s Annual Report

(Annual Report, 1972-1973, LF-46, pp. 10-15). These systems employ the use of filtered dilution

air which is mixed with the aerosol on a demand basis at a rate which varies during the exposure

depending on the pressure changes in the exposure chamber caused by the breathing of the dog.

This report describes a new principle called concurrent flow spirometry (CFS) for the design

of flowing aerosol inhalation exposure systems which obviates the need for"demand" diluting air,

helps maintain uniform aerosol concentrations, prevents marked pressure excursions and provides a

direct measure of breathing rates and tida] volumes. One of the virtues of CFS is the simplicity

with which the principles can be applied to the design of exposure equipment.

DESIGN CRITERIA

General

The principle of concurrent flow spirometry (CFS) is that spirometric measurements of breath-

ing via the exhaust line of a flowing aerosol type of inhalation exposure system are the same

whether or not the aerosol flow exists (providing certain conditions are met) and can be accurately

made concurrent with the aerosol exhdust flow. Hence precise spirometric recordings can be made of

breathing volumes and rates during an inhalation exposure. Errors (normally less than 10%) which

may occur in such spirometric measurements due to inertia, transmission line length and other sys-

tem factors are the same as for direct spirometry with the same plumbing and can be corrected by

proper calibration.

Animal Connections

For exposure to an aerosol in a CFS system, the animal must be fitted with a leak-free mask or

have his head protrude directly into the aerosol chamber under sealed conditions. This latter

system has been used for dog exposures as shown in Figure I following the basic method described by

Boecker et al.I
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Figure 1. Schematic representation of an example of an aerosol
inhalation exposure system utilizing concurrent flow spiromet~
(CFS) for exposure of Beagle dogs to radioactive aerosols.

Spirometer Setup

A spirometer with five to ten times the subject’s average tidal volume is connected via a

three-way open-path cock-valve to the exhaust line of the aerosol exposure chamber with a pipe

tee. An essential characteristic of this tee connection and the associated plumbing is minimal

resistance (< 0.i" H20) between the aerosol chamber and the spirometer. The cock-valve provides a
variable path either to open the spirometer to the room air for adjustments or to provide a pressure

relief path from the aerosol chamber to the room when the animal is being connected to the apparatus.

The path volume from spirometer to tee is made about twice as large as the average tidal volume of

the experimental animal. During breathing, therefore, air in the spirometer simply reciprocates

with air in the conducting line, minimizing the effect of humidification on measured volume.

Aerosol System Pressure Control

A weight (W) attached to the pen side of the spirometer cable serves to cause the spirometer

to be unbalanced with equilibration occurring at a fixed negative pressure dependent on the mass of

the weight. This negative pressure is transmitted to all parts of the aerosol system including the

aerosol exposure chamber, preventing the release of radioactive aerosol from the system. Pressure

changes caused by the breathing of the experimental animal during an exposure are automatically

compensated ~ the motion of the spirometer. The unbalanced spirometer also provides a simple and

reproducible tool for leak-checking the whole sysLem, since spirometer movement with all flow

system and relief valves closed is a measure of the leak rate at the fixed negative pressure.

Aerosol Generation and Flow Controls

Since CFS is a closed system, all flows in and out must be controlled and balanced. Hence

provision is required for supplying a volumetric flow rate of air to simulate the generator output

when the aerosol generator is off. This is done with a 3-way solenoid and valve (SV) as shown 

Figure I.

The volumetric flow rate of aerosol passing the animal and being exhausted from the aerosol

chamber must be sufficient to meet the demand of each inspiration of the animal. Changes in the

exposuge chamber exhaust flow are compensated ~ air movement from the spirometer entering or

leaving the exhaust line at T. An undesirable situation occurs when the volumetric rate of aerosol
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entering the exposure chamber is less than the volumetric rate of a given inspiration. To avoid

this reverse flow, a criterion for a minimum aerosol exhaust rate has been adopted equal to four

times the average minute volume of the experimental animal. This represents an estimated 30%

margin of contingency, Somewhat higher flow rates can be used,

Aerosol Exposure Chamber

The aerosol exposure chamber serves to provide a relatively tranquil atmosphere from which

aerosol is breathed by the animal and from which samples are obtained. Measures of tranquility are

the average linear velocity and Reynolds’ number in the chamber. Recommended linear velocities

range from 100-500 cm/min with Reynolds’ numbers below 1000. Cylindrical metal chambers have been

used. A screen (S) at the upstream side of the chamber as shown in Figure i serves to spread the

flow across the whole cross-section and provide some additional mixing.

Dog and Pony Exposure Units

Aerosol exposure systems for acute exposure of dogs and ponies to radioactive aerosols have

been constructed and used. Cylindrical aerosol exposure chambers having volumes of 2 and 15 liters

for dog and pony units, respectively, were used with I and 20 liter spirometers, respectively. The

normal operating conditions for the pony unit were 150 ~I/min of aerosol in 6 I/min of air, 16

I/min diluting air at the nebulizer, 94 I/min diluting air at mixer, 2 I/min total for all samples

including 2 electrostatic precipitators, 2 impactor and 2 filter samples, with 114 I/min exhaust.

For the dog unit, they were 50 ul/min of aerosol in 1.6 I/min of air, 2.2 I/min diluting air at the

nebulizer, 14.2 I/min diluting air at the mixer, 2 each ESP samples at 0.56 l/min, 2 each impactor

samples at 0.54 I/min, 2 each filter samples at 0.55 I/min and an exhaust flow rate of 14.7 I/min.

SYSTEM OPERATION

A schematic representation of a CFS is shown in Figure I. Prior to connecting the experimental

animal to the exposure chamber, the exposure port is sealed and the system is balanced with the

spirometer cock valve set in the closed position. The various flows are set using the rotameters

and the final balance is carefully adjusted with minor variations in either the exhaust or diluting

air flow rates to yield the negative pressure characteristics of the weighted spirometer in use.

When this balance is achieved, the spirometer cock valve is opened, connecting the spirometer to the

system; the cock valve is then as shown in Figure I. Final flow adjustments are made until the

spirometer moves neither up nor down.

When the flow balance is achieved, the spirometer cock valve is turned to the off position

providing a path from the chamber to the room, the exposure port is unplugged and the animal is

positioned to the exposure port. The cock valve is then returned to the spirometer operation

position and the animal’s breathing pattern is recorded by the spirometer.

When ready, the nebulizer solenoid valve (SV in Figure i) is activated and aerosol generation

begins. The exposure continues for the predetermined time period, the nebulizer is turned off and

a five minute flush period elapses to allow the aerosol to be fully cleared from the system before

the animal is removed from the apparatus. The spirometer cock is then turned to provide a path

from the chamber to the room and the animal is removed from the apparatus.

Since the inhaled air is warmed and humidified in the respiratory tract of the animal before

it is exhaled, the exhaled volume is larger on the average than the inhaled volume. The exhaled

air is quickly cooled in the exposure system, but the volume increase caused by the exhaled water

vapor is detected by the CFS system and recorded as exhalation tidal air volumes that are slightly

higher on the average than the inhalation tidal volumes. Operationally, this results in a gradual

filling of the spirometer during the exposure and it may be necessary to remove excess air from the

spirometer at a measured rate during the exposure using the bleed control valve (CV).
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Aerosol chamber pressure excursions with the pony apparatus were observed in a typical exposure

to range from only -0.2 to -1.2" H20 with the spirometer imbalance pressure at -0.7" H20. Aerosol

chamber pressure excursions with the dog apparatus ranged from -0.7 to -1.03" H20 with the spirom-

eter imbalance pressure at -0.85" H20.

SYSTEM CALIBRATION AND TEST RESULTS

Spirometer response may vary with respect to breathing rate expressed as breathing cycles per

minute. Required for calibration are fixed volume syringes (Hamilton Co., Reno, Nevada) with volumes

representative of various tidal volumes of the experimental animal to be exposed. These are con-

nected to the animal exposure port in place of the animal. The breathing of the experimental animal

is manually simulated at a variety of regular rates such as i0, 20, 30 and 40 cycles per minute.

A calibration of the dog exposure apparatus was performed using three simulated tidal volumes

and four different rates. The known syringe volume was divided by the mean calculated volume to

provide a dimensionless flow correction factor. The results are shown in Figure 2 for both static

and operating conditions. A weighted least squares line fit to the operation data points yielded a

constant equal to 1.08 ± .01S.D. and a slope equal to -0.0041 ± 0.0005 S.D. When a line was fit

to all data points the constant was 1.08 ~ 0.01S.D. and the slope was -0.0042 + .0004 S.D.; this

demonstrates the principle that the spirometer response is essentially the same with or without the

concurrent aerosol flow.

DISCUSSION

Aerosol inhalation exposure systems with CFS provide measurements of respiratory rates and

tidal volumes. Since the CFS systems involve a closed loop, all flows in and out are controlled

and metered to provide constant and reproducible exposure conditions. Pressure excursions during

the exposure are usually small (less than ± 0.5" H20) and a small negative pressure can be main-
tained in the system to prevent inadvertent releases of a hazardous atmosphere.

A useful aspect of CFS is its ability to be readily adapted to use in a variety of inhalation

exposure systems because of the ready availability of spirometers and the basic simplicity of the

principles of operation.

I I I J

0.9-

I00± Irnl [3
Deviotlon

0.8
2i0 ~ 40

CYCLES PER MINUTE (X}
5O

Figure 2. Spirometer calibration
data showing flow correction
factor (F) with respect 
breathing cycles per minute (X)
for three simulated tidal volumes
under both normal operating
conditions and static conditions
with no aerosol flow. A linear
function F = 1.08 - 0.00406X fit
by weighted least-squares is
shown; the correlation coefficient
r = 0.93

1.
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SECTION VII

REPEATED INHALATION EXPOSURE STUDIES

REPEATED INHALATION EXPOSURES OF MICE TO 144Ce02. II.

ABSTRACT

Mice were repeatedly exposed by inhalation to aerosols of

144Ce02 at 60-day intervals for 7 consecutive exposures to PRINOIPAL INVESTIGATORS

maintain initial lung burdens (ILB) of i44Ce following each D.L. Lundgren

exposure near 0.2, 1.0 or 4.5 ~Ci. Additional groups of mice R.O. MaClellan
F. F. Hahn

were exposed only once to achieve ILBs of 0.2, 1.0 or 4.5 A. Sanchez

~Ci when 70 days of age and once to achieve ILBs of 1.0 or G.J. Newton

4.5 ~Ci when either 260 or 450 days of age. Control mice

consisted of those exposed once or repeatedly to stable Ce02, sham exposed once or repeatedly and

nontreated mice. Clearance of newly deposited 144Ce during the first 7 days was slightly decreased

during the course of repeated in~lavion exposure and slightly decreased in mice exposed once at in-

creased ages. Long-term retention of 144Ce in mice exposed once did not appear to va~ d with the

age at exposure but sufficient data are not yet available to determine the effect of repeated expo-

sure on the long-term retention of 144Ce. The 50% survival time was significantly shortened in

mice repeatedly exposed to 144Ce02 as cow,pared with mice exposed once ~nd the controls. Cumulative

absorbed radiation dose to lung was 4 to 8 times greater in the repeatedly exposed animals than in

those with comparable ILBs that were only exposed ence. Dose rates and c~ulative doses in some of

the repeatedly exposed mice were similar to those in a Beagle dog that died with a pulmonary heman-

giosarcoma 765 days after a single inhalation exposure. One squamous cell carcinama and one adeno-

carcinoma were found upon examination of the lungs of 52 repeatedly exposed mice that died between

14 and 373 days after the initial exposure. These represent the first pulmonary t~mors we have ob-

se~oed in mice exposed by inhalation to an insoluble form of !44Ce.

INTRODUCTION

Cerium-144 is one of the radionuclides present in nuclear reactors after a period of sustained

operations and is present in nuclear fuel when it "is reprocessed. Since the potential exists for

not only single accidental inhalation exposures, but also for repeated inhalation exposures, it is

pertinent not only to study the effects of a single inhalation exposure as has been done I (this re-

port, pp. 130-135; 113-117), but also to determine the effects of repeated inhalation exposures to

this radionuclide. Another study on the toxic effects of a single inhalation exposure of mice to

144Ce02 has demonstrated that, on a uCi initial lung burden (ILB) per kilogram body weight basis,

mice did not develop pulmonary tumors whereas Beagle dogs did. 1 This difference in response to

inhaled 144Ce may be due to (a) the shorter effective half-time of the retention of 144Ce in rela-

tively insoluble forms in the lungs of mice as compared with the Beagle dog, or (b) a species vari-

ation in response to beta radiation.

The present study involving repeated inhalation exposures of mice to 144Ce02 was initiated to

study their effects on (a) retention and distribution in tissues of 144Ce, and (b) histological

changes resulting from the longer retention of 144Ce in the mouse lung. The effect of age of mice

on the response to a single inhalation exposure was also investigated for comparison with the re-

sponse of mice repeatedly exposed by inhalation.
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MATERIALS AND METHODS

Conventionally reared C57BL/6J female mice (Jackson Laboratories, Bar Harbor, Maine) 6 to 

weeks old were used. They were housed 3 per cage and were given food (Wayne Lab-Blox, Allied Mills,

Inc., Chicago, lll.) and water ad libitum. All mice were observed daily for deaths and the cumula-
tive percent survival determined.2

The 144Ce02 aerosol to which the mice were exposed was produced by a two-stage heat treatment
(388°C 850°C) generated from a suspension of 144CECI3 in 0.6 M HCI (4 mg/mland of droplets Ce+3).
After passing through the heating column, the aerosol was mixed with dry cool diluting air and passed

through an essentially nose-only exposure chamber containing up to 84 mice per group. The activity

144Ce02 particles ranged from 1.2 to 1.5 ~m with a geometric standardmedian aerodynamic diameter of
deviation that ranged from 1.4 to 1.7 as determined with a Mercer cascade impactor. All initial

and repeated inhalation exposures were for 25 minutes.

The experimental design being followed was summarized previously (1972-1973 Annual Report, LF-

46, PP. 275-300). groups of mice were exposed to 144Ce02 to obtain median ILBs of either 0.2,Three

1.0 or 4.5 uCi of 144Ce. At approximately 60-day intervals thereafter, these mice were re-exposed

to an aerosol containing sufficient 144Ce to replace the 144Ce cleared from their lungs and main-

tained the lung burdens (LB) near 0.2, 1.0 or 4.5 ~Ci, respectively. These exposures were repeated

seven times during a one-year period. Following the initial inhalation exposure, there was a normal

distribution of the LBs about the mean. However, by the third exposure, the distribution of the

estimated LBs had become noticeably skewed. Thereafter, all repeated inhalation exposures were based

on the ~eometric mean (median) of the estimated 144Ce remaining in the lungs. Other mice were ex-

once by inhalation to 144Ce02 when 70 days old to achieve median ILBs of 0.2, 1.0 and 4.5posed only
144Ce" were exposed by inhalation to 144Ce02 when 260 or 450 days old to achievepCi of Older mice

median ILBs of approximately 1.0 or 4.5 pCi of 144Ce. Control mice were exposed once or repeatedly

to stable Ca02, sham exposed once or repeatedly or nonexposed. Some of the mice exposed once with
median ILBs of approximately 1.0 or 4.5 ~Ci of 144Ce and some control mice were removed from this

study at intervals and used for additional experimentation (this report, pp. 211-214).

Random samples of approximately 25% of the mice in each group were whole-body counted immedi-
ately and all were counted at 1, 2, 4, 6 and 8 weeks after the first 4 exposures. Thereafter, all

mice were whole-body counted with the same schedule and beginning 8 weeks after the final exposure,

all mice were counted monthly. Mice exposed only once were whole-body counted immediately and at

i, 2 and 4 weeks post-exposure and monthly thereafter.

Sixty-six mice were sacrificed approximately i hour after inhalation exposure to obtain esti-

mates of the ILBs. Additional exposed mice were sacrificed at other intervals. All sacrificed

mice and nearly all that died were necropsied for histological examination by standard procedures.
All tissues and remaining carcasses were also radioanalyzed to determine the concentration of 144Ce

present.

Average cumulative doses in fads to the lungs of mice in the various study groups were calcu-

lated through 470 to 500 days following the initial inhalation exposures. Lung retention of inhaled
144Ce was determined from the whole-body retention of 144Ce and the percent of the whole-body bur-

den found in the lungs of mice at sacrifice or death. Three component, non-linear least square fits
were made for the whole-body retention of 144Ce after single inhalation exposures of 70-day-old

mice. All other curves were "best fits" drawn by hand. These curves were then used to develop lung

retention curves for dose calculations. The beta radiation dose absorbed by the mouse lungs follow-

ing each single or repeated inhalation exposure was calculated, using the following formula:
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where

Cumulative rad dose = 51.2 ECo ft LB(t) dft,
o

51.2 = a conversion constant;

= average energy for 144Ce-144pr in equilibrium (1.27 MeV);
C = estimate~ ~t~ of 144Ce. in pCi/gm, using an average lung weight of 0.22 g for all
o

mice;
t = time in days after the inhalation of 144Ce;

f = estimated fractional energy absorption (0.35).

RESULTS

Survival:

Maintaining the LB near 4.5 pCi by repeated inhalation exposures resulted in a 50% survival

time of 120 days in contrast to 144 days in mice exposed only once with a median ILB of 4.6 (range

2 to 8 ~Ci, Fig. 1). By maintaining the LB near 1.0 pCi, there was a 50% survival time approaching

500 days, at which time 88% of the mice exposed only once with a median ILB of 0.98 (range of 0.3

to 1.5 pCi) were alive. There were no significant differences in the survival of mice repeatedly

exposed to maintain LB near 0.2 pCi as compared to those with an ILB 0.2 pCi exposed once or a com-

posite of all control mice. Also, there were no significant differences in the survival of mice in

the various sham exposed, stable CeO2 exposed and nontreated control groups totaling 826 mice which
therefore combined to for~ the one control group for comparative purposes. The numbers of mice

entered into the survival study were as itemized for the various exposed groups in Figure 2. All

survival curves were normalized to 100% survival at day 40 because of a 10% mortality rate, presum-

ably due to spontaneous infections with Pse~domonas sp. of bacteria (1972-1973 Annual Report, LF-46,

pp. 296-300), predominantly among the mice with ILBs of approximately 4.5 ~Ci.

Whole-Body and Lun9 Retention and Tissue Distribution of 144Ce:

The clearance of initial whole-body burdens and newly deposited whole-body burdens of 144Ce

during the first 7 days following single or repeated inhalation exposures to 144Ce02 were estimated

for each group of mice. In the mice repeatedly exposed at the highest level, approximately 4.5 pCi

0
0

I .- ~~ l k I

"~-~-’~’- Repeoted Expo=.ures LLB~0.2 ~Ci

--Sinqle E:,.posure ILB ~1.0 #Ci
COMBINEO CONTROLS

Repeoted Exposures ILB-LO M.Ci

129- 189 253 315 378 D<]ys of Ret0~ted Eiposures

~--Sin~le Exposure IL8-4.6/.~Ci

~--Fr.M.~,( Fxoosure| ILB-5.0 ~Ci

’ 200 400 ’ 600
DAYS AFTER INITIAL INHALATION EXPOSURE

Figure 1. Cumulative percent surviy~ of mice following single or repeated
inhalation exposure to aerosols of ~CeO2 to maintain initial lung burdens (ILB).
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ILB, there was no reduction in clearance after any of the three exposures. A slight reduction fol-

lowing repeated exposre was evident in the mice at the lower two levels, 0.2 and 1.0 ~Ci ILB, after

the third exposures. In the mice exposed only once, there was a slight decrease in clearance as-

sociated with mice exposed at increasing age.

Whole-body retention patterns for 144Ce in the various groups are illustrated in Figure 2. It

appears that there is little, if any, difference in the retention curves among the groups of mice

exposed only once by inhalation to 144Ce02. The only possible exception is the one group of mice

exposed once at 70 days of age with median ILB of 4.6 ~Ci (range 2 to 8 ~Ci). They appear to have

had a lower retention of the initial body burden of 144Ce than all other groups of singly exposed

mice. The retention of 144Ce in these mice was distorted to some extent by the early deaths of mice

with higher ILBs.

Tissue contents of 144Ce in the lung, liver and carcass of each mouse that died in the ~ 4.5

~Ci group were expressed as percentages of the terminal body burden and single component exponential

functions were fitted to the data using a non-linear least squares method. The results were: Y =

86.8 e-0"00037(t) for lung, for the liver Y = 3.3 e÷0"O02(t), and for the carcass Y : 9.9 e+0"001BIt)

76 Mice Ex~ Once

DAYS AFTER INHALATION EXPOSURES

5OO

2rid 3rd 4th 51h 6th 7th

63 i57 154 153 146 130 I~4
ilEce M~CO Mice Mice Mice Mic,, M’ ¯

"W~ at 4d~ 0~’ °~ ~i~
~’~I.

"..~.
"" "".,,.. .< otzs9 oo~ ~ A~

~ f78 Mic* ~koos*d O~c*

,&o
DAYS AFTER INITIAL INHALATION EXPOSURES

Figure 2. Whole-body retention of 144Ce in
mice exposed once when at 3 different ages or
repeatedly exposed to maintain initial lung
burdens {ILB) of (a) ~ 0.2 ~Ci; (b) ~ 1.0 
or (c) ~ 4.5 ~Ci.
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Although this is the only group of mice in which there has been 100% mortality, preliminary data
indicate a similar distribution of 144Ce in tissues ~n the other groups of mice ,~nder study.

The curve for lung was used in conjunction with the whole-body retention curves to obtain esti-

mated lung retention curves. Three component curves fitted to the estimated lung retention data

from the three groups of mice exposed once when 70 days of age are:

0.22 ~Ci ILB: Y = 0.47 e-0"099(t) + 0.47 e-0"016(t) + 0.06 e-0 "0038(t)

0.98 uCi ILB: Y = 0.41 e-0"099(t) + 0.50 e-0"027(t) + 0.09 e-O’O040(t)

4.6 ~Ci ILB: Y = 0.26 e-0"346(t) + 0.30 e-0"058(t) + 0.44 e-0 ’0096 (t)

The ~ values correspond to effective half-times of 7, 42 and 185 days for the mice with a ILB of

0.22 ~Ci; 7, 26 and 174 days for the mice with a ILB of 0.98 uCi, and 2, 12 and 72 days for the mice

with a ILB of 4.6 ~Ci. It is not yet possible to make comparable three-component curve fits to the

other lung retention data from the other mice exposed only once when 256 or 449 days of age, but

preliminary estimations indicate that they will not vary significantly from those fitted to the mice

with ILBs of 0.98 or 0.22 uCi of 144Ce.

There was a gradual increase in the whole-body and lung retention of 144Ce in the repeatedly

exposed mice. Two-component curves were fitted to the lung retention data from all mice repeatedly

exposed to 144Ce02 except for the data resulting from the second and third inhalation exposure of
mice to maintain LB near 4.5 ~Ci, only a single component was fitted to these curves. In these mice

the apparent increased retention of 144Ce after the repeated inhalation exposures was most evident.

The increased retention in the other two groups of mice exposed repeatedly was not as evident.

Radiation Dose:

The average cumulative beta radiation dose to the lungs of mice exposed once or repeatedly to

of 144Ce02 beginning at 70 days of age to maintain LBs near 0.2 or 1.0 ~Ci haveaerosols been cal-
culated through days 470 to 500 after the initial inhalation exposure (Fig. 3). It is readily ap-

parent that the repeated inhalation exposure of

mice to 144Ce02 has resulted in a substantial in-
crease in the radiation dose to the lungs. A four-

to eightfold increase in rad doses to the lung was

observed as a result of repeated inhalation expo- ,o’

sure as compared with the rad dose following single

inhalation exposure. In mice with an ILB of 0.22

~Ci following an exposure, an average dose of 1300 z,o:
o

rads had been absorbed by the lung by day 470 in

contrast to an average of 5700 rads in mice re- c~
tO~

peatedly exposed to maintain the LB near 0.2 ~Ci.

By day 470, the lungs of mice with an ILB of 0.98

~Ci, following a single exposure, had absorbed an ,~

average of 4200 rads, whereas the lungs of mice

repeatedly exposed to.maintain the LB near 1.0
,d

~Ci had absorbed an average of ~ 34,000 rads.

Similar increases in radiation doses to the lungs

were observed in the mice with the highest LB level;

however, all mice repeatedly exposed were dead by

day 216 (Fig. 1). At that time, the average radi-

ation dose to the lungs of mice exposed once and

having an average ILB of 4.6 uCi was 21,000 rads

& ~ ,~o ~o
DAYS AFTER INITIAL INHALATION EXPOSURE

- i0~

o

>

iOI

oo
E~O

Figure 3. Relationships of dose rate and
cumulative dose to the lungs of mice repeatedly
exposed by inhalation to 144CeOp to m~:(~ain
.~^ ~-~ .... r 2 or i 0 C~ 144Ce to thatlu.~ ~u.u~.o .ea 0. . ~ ,

of a Beagle dog exposed once to ]44Ce ~, fused
clay.
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as compared to 99,000 rads in the mice repeatedly exposed to maintain LB near 4.5 pCi. The cumula-

tive beta radiation dose to the lungs of the mice exposed once when either 260 or 450 days of age

appears to be similar to that in the mice of similar ILB, exposed once at 70 days of age.

The average beta radiation dose rates to lungs of mice exposed once or repeatedly by inhalation

to 144Ce02 to maintain LBs near 0.2 or 1.0 ~Ci are illustrated in Figure 3. From the illustration

it is readily apparent that the dose rates to the lungs of mice repeatedly exposed can be maintained

within defined limits as compared to the declining dose rates in the mice exposed only once.

Histopatbology:

Fifty-two animals with maintained LB of ~ 1.0 or ~ 4.5 pCi that died between 14 and 373 days

after the initial exposure have been examined for histopathology. Those dying at earlier times gen-

erally had greater ILBs (> 3.5 ~Ci) and died with radiation pneumonitis. However, radiation pneu-

monitis was not severe in those dying I00 to 200 days after initial exposure with ILBs < 3.5 ~Ci.

Pulmonary fibrosis was present as a focal scar or as diffuse septal thickening in all mice dying

after day 132 after the initial exposure. Squamous metaplasia, apparently originating from the

bronchioles was a prominent finding in many mice 132 days or longer after exposure. In some cases,

the metaplastic cells filled the alveoli.

Two pulmonary neoplasms have been noted. A squamous cell carcinoma (Fig. 4) occurred in 

mouse 295 days after the first of 5 repeated exposures with LBs of 1.5, 1.8, 2,6, 3.3 and 3.1 ~Ci

after repeated exposures and a cumulative radiation dose to the lungs of 36,000 rads. This tumor

involved most of the left lung and invaded pulmonary vessels. Distant metastases were not found.

A pulmonary adenocarcinoma (Fig. 5) was found in the left lung of a mouse 373 days after the first

of 6 repeated exposures with LBs of 1.7, 1.2, 1.4, 1,1, 2.4 and 2.1 pCi after repeated exposures

!i:i~ ii

Figure 4. Squamous cell carcinoma in the lung

~f mouse repeatedly exposed by inhalation to
~Ce02 to maintain the lung burden near 1.0

~ci^ 14~Ce and that died 295 days after the
initial inhalation exposure (36,000 rads to
lungs to death). H & E stain. X 135.

Figure 5. Pulmonary adenocarcinoma in a mouse
repeatedly exposed by inhalation to 144Ce02 to
maintain the lung burden near 1.0 bCi 144Ce and
that died 373 days after the initial innalazion
exposure (33,000 rads to lungs to death). H 
E stain. X 340.
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and a cumulative radiation dose to the lungs of 33,000 rads. The tumor elicited an extensive fibro-

sis stromal reaction and had invaded thru the pleura. Neoplastic cells were present in distant al-

veoli, indicating probable intrapulmonary metastasis but did not metastasize beyond the lung.

DISCUSSION

The data presented indicate that the accumulation of a relatively higher dose of beta radiation

as a result of repeated inhalation exposure, compared to that from a single inhalation exposure,
resulted in an apparent decrease in the clearance of newly deposited 144Ce during the first 7 days

after each exposure. There also appears to be a very slight decrease in clearance during the first

7 days after exposure in mice exposed once when 260 or 450 days of age. From the data presently

available, it does not appear that there is an age-related effect on the long-term retention of in-
haled 144Ce following a single inhalation exposure. The effect of repeated inhalation exposure on

the long-term retention of 144Ce must await observation for a longer interval following the last

repeated inhalation exposure.

It is readily apparent that a substantial increase in beta radiation dose to the lungs has

been absorbed in the mice repeatedly exposed as compared to those exposed once. It is also evident

that a "relatively constant" dose rate to the lung was maintained in mice exposed repeatedly as

compared to those exposed only once. The toxicity of such effects are evident in the increased

mortality rate among the mice repeatedly exposed.

Single inhalation exposure of mice to 144Ce02 has been observed to result in radiation pneumo-
nitis and pulmonary fibrosis with some hyperplastic or squamous metaplastic changes in the bronchio-

far epithelium. I No tumors were observed in any of 178 mice that had inhaled 144Ce02 with resulting
ILB ranging from 1.0 to 12 ~Ci. In the present study, two tumors were observed in the lungs of 2

of 52 mice that died 295 and 373 days after the initiation of 5 to 6 repeated inhalation exposures

to aerosols of 144Ce02 to maintain the median lung burden near 1.0 ~Ci after each exposure. The

lungs of these two mice had accumulated 33,000 to 36,000 rads to the day of death, a dose of radia-

tion to the lung which would have resulted in a mean survival time of less than I00 days had it re-

sulted from a single inhalation exposure. By repeatedly exposing mice to maintain llmg burdens of
144Ce within desired ranges, mice are accumulating radiation doses in excess of 30,000 rads and yet

surviving beyong 400 days after the initial inhalation exposure. Repeated inhalation exposures to

maintain dose rates and increase the cumulative dose to the lung, as accomplished in this study,

has resulted in dose rates and cumulative dose not unlike those absorbed by the lungs of a Beagle
dog (310T) exposed once by inhalation to 144Ce in fused clay that died with a pulmonary hemangio-

sarcoma 765 days after exposure (Fig. 3). The lungs of this dog had absorbed 27,000 rads to the

day of death. From these preliminary observations, it appears that the lack of pulmonary tumors in

mice exposed once to 144Ce02 as previously reported I was due to a lower dose rate and lower cumula-
tive dose resulting from a shorter half-time of retention of inhaled 144Ce in relatively insoluble

forms as compared to the Beagle dog. It appears that mice are susceptible to the development of
pulmonary tumors provided the dose rates of beta radiation from inhaled 144Ce are maintained above

the rates that result following a single inhalation exposure.
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81!]LCiGICAL EFFECTS OF REI:EATED INHALATION EXPOSURE OF BEAGLE DOGS TO AEROSOLS OF 144Cp

IN FUSED CLAY PARTICLES

ABSTRAO~

~is e~eriment was initiated to study the biological behav-

ior and long-term effects of repeated inhalation e.~osures

to 144Ce in fused clay particles compared with those seen in

Beagle Jogs that received a single exposure as young adults.

The 36 dogs, divided into 4 equa~ groups, are exposed every

8 weeks to achieve the following: to maintain lun~ burdens

PRINCIPAL INVESTIGATOZS

B. B. Boecker
Catherine S. Lustgarten

R. O. McClellan
R. G. Thomas

of 9 and 4.5 ~Oi 1440e/kg body weight in the first and second grou~s, respectively; to increase the

lung burden by 2.5 ~Ci 144Ce/kg body weight in the third group with each exposure and to ex~,~3e

controls (fourth group) to fused clay containin~ stable cerivm. With these exposure sequences, the

144Ce-exposed dogs will receive ircreasing or maintained ~ dose rates in contrast to the steadily

decreasing dose rate seen after a single inhalation exposure. ~xposures to the first two groups

wiZ1 produce a cumulative absorbed dose to lung of = 35,000 fads and those to the third group will

yield ~ 17,000 fads within 2 yr after the first exposure. Single exposure dogs that had died with

pulmonary neoplasia when this experiment was initiated had c~ulative doses to death of 29,000 to

61,000 rads. Six of the planned 13 e~osures ~ve been completed to date. All exposed dogs are

surviving and will be maintained for lifespan observation.

INTRODUCTION

The behavior and long-term biological effects of 144Ce inhaled in forms that are relatively

insoluble in body fluids, i.e., as the oxide or in fused clay particles have been and continue to

be studied extensively in this laboratory using several species of laboratory animals. Most of
them have involved life-span studies after a single, short-term inhalation exposure to 144Ce such

as might occur in an accidental inhalation exposure situation. Other possible exposure modes

include repeated and chronic exposures. All 3 modes result in a chronic ~rradiation of the lung

but the distinctions among them relate to the frequency and magnitude of the inhalation exposures

and the retention time for the inhaled material after it has been deposited in the lung. Frequent

repeated inhalation exposures can simulate the chronic exposure situation for relatively insoluble

materials.

The present study was designed to study the behavior and long-term biological effects of
repeated inhalation of 144Ce in fused clay particles by Beagle dogs. Long-term biological effects

data presently available for 144Ce inhaled in this form are for Beagle dogs that were exposed once

as young adults (12-14 mo.). At the time the present experiment was initiated (November 1973), 

dogs had died at 143 to 1318 days after exposure with radiation-induced lesions due to the inhaled
144Ce. These included 17 dogs that died at 143 to 410 days after exposure with radiation pneumo-

nitis and pulmonary fibrosis and 6 dogs that died with pulmonary neoplasia at 750 to 1318 days

after exposure. All six dogs had pulmonary hemangiosarcomas; one also had a fibrosarcoma in the

lung and another also had a bronchiolo-alveolar carcinoma. Mean organ absorbed B dose rates and

cumulative doses for the 6 dogs with pulmonary neoplasia are illustrated in Fig. i. The cumulative

doses to death ranged from 29,000 to 61,000 rads.

A single inhalation exposure resulting in an initial lung burden of 25 uCi 144Ce/kg body

weight would deposit = 35,000 rads in 730 days and would produce a good probability of pulmonary
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Figure 1. Mean organ absorbed
B dose rates and cumulative
doses to death for lungs of 6
dogs that died with pulmonary
hemangiosarcomas after an
inhalation exposure to 144Ce
in fused clay particles.
Their initial lung burdens
ranged from 26 to 46 uCi/kg
body weight.

neoplasia. Two other exposure regimes were selected for study that would yield 35000 rads in 730

days. Each involved repeated inhalation exposures every 8 weeks; one produced a relatively constant

(within 20%) dose rate throughout the 730-day period and the other an increasing dose rate due 

an increasing lung burden. Figure 2 presents calculated ~ dose rates to lung for these 3 exposure

regimes; (a) a single inhalation exposure resulting in an initial lung burden of 25 uCi/kg body

weight, (b) repeated inhalation exposures to re-establish the lung burden to 9 uCi/kg body weight

and (c) repeated inhalation exposures to increase the lung burden by 2.5 uCi/kg body weight each

time. Also included is a dose rate curve for dogs with lung burdens re-established at 4.5 uCi/kg

to produce a cumulative dose of 17,500 rads in 2 yr. The effects of these decreasing, maintained

or increasing dose rates are reflected in the patterns by which 35,000 or ]7,500 fads is accumulated

by the lung as shown in Figure 3.

MATERIALS AND METHODS

This experiment involves 36 (18 females, 18 males) Beagle dogs from the laboratory colony that

were 14 to 18 months of age at the time of the first exposure and weighed between 6.2 and 13.5 kg.

When in the kennel facility, they are housed 3 per run, by sex and exposure group. All dogs to be
exposed in a given week are transferred to individual metabolism cages on Monday of the week pre-

ceding the exposure week. They remain in these cages until Friday of the week after the exposure

day at which time they are returned to the kennel facility. Thus, these dogs are caged individually

Figure 2. Mean organ absorbed
3 dose rates to the lungs of
Beagle dogs that received a
single or one of three different
repeated exposure sequences to
144Ce in fused clay particles.
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Figure 3. Cumulative mean
absorbed 3 doses to lungs of
Beagle dogs that received a
single or one of three different
repeated exposure sequences to
144Ce in fused clay particles.

for 18 days in every 8 week period. The inhalation exposures are conducted using standard labora-

tory procedures. Each dog is sedated with phenobarbital and triflupromazine before being exnosed

"nose-only" in an apparatus that provides respiratory data through the use of whole-body plethysmo-
graphy. Preparation of the aerosol is performed in the same manner as has been used for 144Ce

fused clay aerosols in the past. Briefly, the 144Ce is allowed to exchange into sodium-packed

montmorillonite clay particles and the 144Ce-labeled particles are then washed and resuspended In

distilled water for use in the aerosol generator. The aerosol is generated from a Lovelace nebu-

lizer, passed through a heating column operated at 1150°C to fuse the clay particles, diluted with

cool air and drawn past the dog’s nose. Aerosol samples are taken for concentration and particle

size measurements. An aerosol size distribution with an activity median aerodynamic diameter,

AMAD, of = 1.8 pm was selected for use because of its successful use in previous studies.

Each exposed dog is whole-body counted immediately after exposure, immediately before the next

exposure and at several times between exposures. From these data, the additional lung burden

required for each dog’s next exposure is determined. The duration of each exposure is then

calculated based on the expected air concentration, a pulmonary deposition of 25% of the inhaled

material and the measured volume of air inspired during the exposure period. Exposure durations to

date have ranged from i to 37 minutes. Control dogs receive a 20-min. exposure to fused clay
containing only stable cerium. Occasionally, too much 144Ce has been deposited in a dog in one

exposure resulting in a lung burden which, at the time of the next exposure, was greater than what

was desired after that exposure. In these cases, the dogs still received the entire exposure

procedure but the exposure duration was kept to ~ 1 min. Because biological effects are expected

in these animals, they receive clinical examinations and routine clinical pathology samplings in a

manner similar to dogs in the longevity studies. Present plans call for them to receive 13 expo-

sures at 8-week intervals. Animals still alive at the end of this exposure schedule will be main-

tained for lifespan observation.

RESULTS AND DISCUSSION

Six inhalation exposures have taken place to date. Typical whole-body counting results are
shown in Fig. 4 for I dog from each of the 3 groups exposed to 144Ce. From 4 to 56 days after each

exposure, the whole-body retention data could be adequately described with a single exponential

function. Therefore, a non-linear least squares method has been used to fit single component

exponential functions to the 4 to 56-day data for each exposure of each dog shown in Fig. 4. The

difference between the intercept of a curve extrapolated back to the most recent exposure time and
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Figure 4. Examples of the whole-body retention of 144Ce during a year
in which Bedgle dogs received 6 inhalation exposures to 144Ce in fused
clay particles at 8-week intervals. Dogs 644S and 654A were re-exposed
to maintain their lung burden at 9 and 4.5 ~Ci 144Ce/kg body weight,
respectively and dog 641T received an additional lung burden of 2.5 uCi
144Ce/kg with each exposure. Data are uncorrected for physical decay of
144Ce.

the whole-body count taken immediately before that exposure is taken to represent the increment in

retained lung burden due to that inhalation exposure. Considerable variation can be noted in the

effective half-lives associated with each 56-day period. Reasons for this variation are not clear

at the present time but further data analysis during the coming year will address this question in
greater detail. Because 144Ce inhaled in this form is slowly released from the fused clay parti-

cles, absorbed into the blood stream and deposited in body tissues, primarily liver and skeleton,

suitable corrections to these whole-body counting data will have to be made to calculate the ab-

sorbed doses received by lung tissue. Assumptions regarding the relative tissue distribution of
144Ce can be verified upon the death of the dogs when the tissue contents can be analyzed.

The nature of biological effects and their times of appearance will be important aspects of

the results of this experiment. In addition to effects associated with the lung and associated

tracheobronchial lymph nodes, there may be some effects noted in the tissues of the upper respira-
tory tract as well since this exposure regime will produce deposition of 144Ce in this area 13

times as compared to the one brief time associated with the single exposure situation.
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RETENTION PATTERNS

OF 137Cs-LABELED FUSED CLAY PARTICLES.

ABSTR~_CT

To provide an experimental evaluation of the adequacy of

extrapolating single inhalation exposure kinetics to the re-

peated e~osure situation, 12 Beagle dogs were given 10, 20

or 40 weekly, 10-min inhalation exposures to 137ps,~ in fused

clay particles. Wkole-body counting im~ediateik~ before and

IN BEAGLE DOGS REPEATEDLY EXPOSED TO AEROSOLS

II

PRINCIPAL INVESTIGATORS

B. B. Boecker
R. G. Thomas
R. O. ,McClellan

after each exposure and at other intervals has been used to assess the kinetics of buildup a~M re-

tention of the deposited material. Current analyses indicate that neither the deposition percent-

age nor the rate of buildup of i370s in the lung was affected by the n~nber of exposures. Two dogs

each were sacrificed at 7 days after 10, 20 or 40 inhalation exposures. Tissue analyses indicated

that 96% of the body burden ~as in the lung, 0.3 to 1% in the tracheobronchial lymph nodes and the

remainder mainly in other soft tissues. Preliminary analysis of the whole-body retention data ob-

tained after the last inhalation exFosure for the 6 remaining ~iving dogs indicates that the 137Cs

is being retained somewhat more tenaciously tb~n was obsenved in dogs that received a single inha-

lation exposure to a similar aerosoZ~ Observations are continuing on these 6 dogs.

INTRODUCTION

Current radiation protection standards include values for maximum permissible air concentrations

for repeated or chronic exposure to aerosols of different radionuclides. One of the inherent as-

sumptions made in deriving these permissible concentration values is that the retention kinetics

observed after a single inhalation exposure can be extrapolated to the multiple or chronic exposure

situation. This assumption was necessary because of the paucity of biological data for any inhala-

tion modes other than the single exposure situation. Fhe present experiment was designed to examine,

on a preliminary basis, the degree to which retention kinetics observed after a single inhalation
exposure to 137Cs-labeled fused clay (alumimosilicate) particles can be used to predict those ob-

served after a number of repeated exposures. It involves dogs that received weekly, 10-min inhalation
exposures for 10, 20 or 40 weeks to 137Cs in fused clay. The first report on this experiment was

made in the 1972-1973 Annual Report, LF-46, pp. 291-294.

MATERIALS AND METHODS

This experiment, initiated in May 1973, involved 12 Beagle dogs (6 males, 6 females) that were

approximately 3 years of age at the time of the first inhalation exposure. They received weekly,
lO-min inhalation exposures to 137Cs-labeled fused clay particles for 10, 20 or 40 weeks and were

whole-body counted before and after each exposure as well as several times between exposures. After

10 exposures, 4 dogs were removed from the exposure schedule: 2 were sacrificed at 7 days after the

last exposure for tissue analyses and 2 have been maintained for measurements of the long-term whole-

body retention. A similar procedure was followed for the 8 dogs that received 20 or 40 exposures.

The exposure aerosol was produced by exchanging 137Cs into sodium-packed montmorillonite clay,

washing the clay, resuspending it in distilled water, nebulizing this suspension, passing the drop-

lets through a heating column operated at 1100°C, cooling the resulting aerosol and moving it past

the dog’s nose for exposure. Exposures were performed individually in our standard dog inhalation
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apparatus that provided for nose-only inhalation exposure and a measure, by whole-body, plethysmo-

graph, of the respiratory parameters during exposure. Cascade impactor and electrostatic precipita-

tor samples were taken during each exposure to characterize the appearance and aerodynamic size of

the exposure aerosol. Filter samples taken during each exposure indicated that the average and stan-
dard deviation of the air concentrations for these 280 exposures were 1.26 + 0.64 ~Ci 137Cs/liter.

The dogs were maintained individually in metabolism cages from the first exposure until 2 weeks

after the 40th exposure. Excreta collections were made for 3 consecutive days during the last week

that the 6 remaining dogs were caged. They were then transferred to the kennel facility where they

are housed 3 per run. Whole-body counting and clinical observations are continuing on all survivors.

RESULTS AND DISCUSSION

Typical whole-body retention data observed during the exposure sequence are shown in Figure 1.

Data from 1 dog each from the i0, 20 and 40-exposure groups are presented. There was an increase in
whole-body retention with each exposure. Immediately after each exposure, some 137Cs-labeled parti-

cles were present in the upper respiratory tract but they were rapidly cleared, presumably by muco-
ciliary activity, swallowing and excretion via the gastrointestinal tract. Fhe 137Cs activity re-

maining after this early clearance phase was complete is taken to be the long-term retained burden

and it can be seen that this burden as assessed by the whole-body count taken immediately before

each inhalation exposure also continued to increase with each exposure.

As reported previously, the long-term retained burden was assumed to represent pulmonary-de-
posited 137Cs. Data were presented that indicated the pulmonary deposition averaged 19% and ranged

100-

1.0

50<3

Sacrificed
at 70 Days

DOG 469T
I0 Exposures

lO01

J I

?,oj,
OG 449V

20 Exposures

,oI , . !
I00 0 I00 150

DAYS AFTER FIRST EXPOSURE

al 279 Days

y

300
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Figure 1, Whole-body retention of 137Cs after repe~d weekly, 10-min
inhalation exposures of Beagle dogs to aerosols of ±°ICs in fused clay
particles. Uncorrected for physical decay of 137Cs.
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from 11 to 28% of the amount inhaled. Also, an analysis of the buildup in lung burden as a result

of the first 20 exposures expressed on the basis of exposure air concentration, indicated a linear

buildup with increasing exposures.

Results of the excreta collections obtained for 3 days prior to transfer to the kennels are
shown in Table I. These values are averages of the 3 daily values obtained. The 137Cs in the cage

wash water was prorated between the urine and feces in direct proportion to the observed 137Cs

levels in each. Because of the exposure and sampling schedule used, the sample collection time

after the first exposure was essentially equal for all dogs. However, the time from last exposure

to sampling ranged from I0 to 219 days. In spite of this, and the fact that the number of exposures

ranged from I0 to 40, the percentage of body burden excreted per day in urine and feces was consis-

tent with no apparent trends relating to number of exposures. These data indicate that the inhaled
137Cs was behaving similarly in all dogs. The persistence of the fecal-to-urine (F/U) ratio above

unity is in contrast to that seen during the first 256 days after a single inhalation exposure to
137Cs in fused clay as described elsewhere (this report, pp. 48-52). In the single exposure situ-

ation, fecal excretion of 137Cs exceeded that in urine for about the first 50 days and beyond that,

urinary excretion predominated.

Results of tissue analyses for the 6 dogs sacrificed 7 days after they were withdrawn from the

exposure schedule are presented in Table 2. Numerous tissues in addition to the lung and tracheo-

bronchial lymph nodes (TBLN) were analyzed but they have been combined as the remainder in Table 
Fcr comparison, similar data observed after a single inhalation exposure to 137Cs in fused clay

particles (this report, p. 50) are included. In the repeatedly exposed dogs, 137Cs in the lung

Table 1
Excretion of 137Cs After Repeated Inhalation Exposures of Beagle Dogs

to 137Cs in Fused Clay Particles

No. of Days After Exposure % Body Burden per Day

Dog No. Exposures First Last Urine Feces F/U
504B i0 282 219 0.030 0.116 3.8

453C i0 281 218 0.035 0.041 1.2

464V 20 283 150 0.038 0.067 1.8

501B 20 281 150 0.036 0.097 2.7

472V 40 283 10 0.058 0.123 2.1

481S 40 281 10 0.040 0.103 2.6

= 0.040 0.091 2.3

Table 2
Relative Tissue Distribution of 137Cs in Beagle Dogs

After Repeated Inhalation Exposures to 137Cs in Fused Clay Particles

Sacrifice Number of % Sacrifice Body Burdena

Daxs PE Exposures Lung TBLNb Remainder

64 I 92 0.45 8

70 I0 96 0.31 4

128 1 92 0.95 7

140 20 96 0.33 4

266 I 89 2.5 8

279 40 g6 1.0 3

aMean of 2 values; bTBLN = tracheobronchial lymph nodes
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represented 96% of the sacrifice body burden regardless of whether the dog received 10, 20 or 40

exposures in contrast to the decreasing percentage seen in the lung with increasing time after a

single exposure. Relative amounts in the TBLN and remainder are correspondingly lower in the re-

peatedly exposed dogs. Because of the repeated exposure sequence that replenished the lung compart-

ment every week, it is not surprising that these dogs, sacrificed 1 week after their last exposure,

would have a greater proportion of their total body burden associated with the lung.

Long-term whole-body retention data are presented in Figure 2 for 2 of the dogs that received

10 inhalation exposures. The smooth curves are 2-component exponential functions fitted to the data

by a non-linear least squares method. The resulting equations in terms of ~Ci whole-body as a func-

tion of time after exposure are given for each dog. The ~ values shown for the 2 dogs have corres-

ponding effective half-lives of 63 and 100 days for the short-term component and 750 and 1260 days

for the long-term component. For 2 dogs that were observed for 7 years after a single exposure to
137Cs in fused clay, these components were 160 to 170 days and 550 days (this report, p. 49). Thus,

it appears at this time that there is enhanced retention of the segment of inhaled 137Cs that is

retained most tenaciously. Further information will be obtained on this point as additional data

are accumulated from the other 4 living dogs that received 20 or 40 exposures.
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Figure 2. Whole-body retentlon ~_ Cs after cessation of I0 weekly,
lO-min inhalation exposures to =J/~s in fused clay particles. Un-corrected for physical decay of 13 Cs.

This experiment was designed primarily to observe the radiation dose patterns resulting from
repeated weekly inhalation exposures to 137Cs in fused clay particles. It was not designed as a

dose-response study. However, because of the substantial lung burdens of 137Cs and their prolonged

pulmonary retention, it is possible that significant biological effects may be observed within the

next few years. The absorbed ~ dose rates to lung when these dogs were withdrawn from further ex-

posures ranged from 4 to 24 rads/day. If these burdens are retained similarly to the average of

the 2 retention equations shown in Figure 2, these lung burdens could result in cumulative absorbed

B doses to lung of ~ 5000 to 30,000 rads. The gamma component would also contribute substantially

to the total dose.
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SECTION VIII

AEROSOLIZED CONSUMER PRODUCTS

CHARACTERIZATION OF AEROSOLIZED CONSUMERPRODUCTS

ABSTRACT

T~e use of pressurized products is accompanied by vhe produc- PRINCIPAL I!~VE~TIGATORS
tion of respirable particles that may be inhaled by the

product user. ~kether these particles represent an inhala-
B. V. ~kler
T. R. Henderson

tion hazard depends on several factors. Preliminary data

indiaate that many products produce breathing zone particulate concentrations of 0.1 mg~1 or greater;

these particles are generally in the respirable size range. Another factor that ~st be considered

in determining potential hazard is the complex nature of commercial products. The relation between

the composition of the product as formulated and the respirable particulates is a f~rther complica-

tion in estimating potential hazard.

INTRODUCTION

The widespread and increasing use of pressurized products ("aerosols") has led to concern

about their potential role as long term health hazards. The purpose of this program is to develop

the data necessary to assess rationally the hazard associated with the use of antiperspirants, hair

sprays, paints, room air fresheners and the myriad other consumer products available in aerosolized

form.

The study, which is s~pported through agreements with the Food and Drug Administration, FDA,

and the Consumer Product Safety Commission, CPSC, was initiated early in 1974. The program is

still in its first phase of characterizing the particulates to which consumers are exposed under

normal use conditions. Later, these results will be augmented by deposition/retention and chronic

inhalation experiments. There is very little information available on the characteristics of the

aerosols produced during the use of aerosolized products. What there is describes the particles
from the entire spray rather than the particles likely to be inhaled by the normal user. 1-3 We

have therefore taken the approach of using simple physical models of aerosolized product use condi-

tions to collect and characterize the particulates reaching the user’s breathing zone. The importance

of using breathing zone samples rather than those from ~ome conveniently placed sampler for deter-
mining human exposure has been documented in the industrial hygiene literature. 4’5 The results

described in this report, while preliminary, indicate the physical parameters of the particulate

exposure and the complex nature of the particulate composition.

METHODS

The first model used for the characterization of antiperspirant aerosols is shown in Figure I.

The position of the user’s breathing zone slightly off the axis between the spray nozzle and the

intended target is reflected by the position of the impactor inlets. This model has been used

within a small laboratory fume hood to provide a controlled ventilation condition as well as to

reduce exposure of personnel conducting the tests. Other models have been used for hair sprays,

paints, panel cleaners and waxes, cleaning aids, etc. In all cases the aerosol characterization
was carried out by discharging the entire contents of a can in a series of 10 or 12 second bursts.
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This mode of discharge prevented cooling of the

can contents and a resultant change in the

discharge characteristics. In addition, by

weighing the can before and after each burst the

discharge characteristics of the cans could be

determined and an indication of manufacturing

variability derived.

Aerosol concentration and size characteris-

tics were determined from the weight of material

collected in the Andersen impactors. The "concen-

tration" must be considered somewhat approximate

because the volume of air sampled was based on

the total length of time of the discharges.

While reasonable for an experiment carried out

under the good to excellent ventilation character-

istics of a fume hood, differences were observed

that suggest some problems with this method. The

size distribution characteristics were determined

from the impactor data using a previously de-
scribed computer routine. 6 It is assumed in

Figure 1. Model for antiperspirant aerosol
sampling. Andersen impactors placed in re-
gion of user’s breathing zone; air flow
induced by hood is through the model from
front to rear.

using this analysis that the particles can be described by the log normal distribution function.

In addition, certain particle collection characteristics are assumed for the impactor; these may be

only approximately met with the Andersen impactor. Despite these questionable assumptions, the

analysis is a useful preliminary description of the size characteristics of the various products

and the breathing zone aerosols they produce.

The need to characterize the constituents of consumer products precludes the use of radiochem-

ical analytical techniques. It would be very difficult to obtain, for example, a resin with the
exact molecular properties of the resin used in a paint but with a useful amount of 14C incorporated

into the resin. These materials are produced in large scale processes, are seldom pure compounds

and may even vary slightly in their composition when different production batches are compared. We

have therefore had to rely on chemical analytical procedures that are both specific to the materials

of interest and sufficiently sensitive to provide accurate analyses from very small samples. The

principal methods selected and used to date are graphite furnace atomic absorption spectroscopy and

gas chromatography/mass spectrometry.

The graphite-furnace atomic absorption system permits the analysis of a number of metals at

concentrations below the sensitivity limit for conventional flame atomic absorption equipment.

Approximately a thousand fold increase in sensitivity as well as increased reproducibility are

possible when metals are vaporized and maintained for several seconds in the closed, nonoxidizing

atmosphere of the graphite furnace. This method permits the determination of selected metal

concentrations in impactor samples as small as 0.02 milligram total weight.

The combination of gas chromatography and mass spectrometry represents an extremely powerful

analytical system for the analysis of organic compounds volatile at temperatures below 300°C. The

sensitivity often extends down to the fraction of a nanogram range. This method typically consists

of the separation of a mixture of organic compounds by gas chromatography and introduction of each

compound into the mass spectrometer as it is eluted from the chromatograph. Mass spectra of the

ions obtained from electron bombardment of each compound may be obtained, and the nature of the com-

pound deduced from such spectra with the aid of comprehensive atlases of spectra of known compounds.
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For mixtures that are not resolved by gas chromatography, or are extensively fragmented by electron

bombardment, a reagent gas, often methane, may be used to allow estimating which molecular ions are

present. The electron bombardment of methane produces a n~.nber of radical species that may form
ions of the compound being analyzed by either addition of an H+ or abstraction of a hydride ion.

This process of chemical ionization often allows viewing the spectrum of complex mixtures injected

directly into the mass spectrometer and estimating which molecular species are present.

RESULTS AND DISCUSSION

Results of the experiments completed to date are summarized in Table 1. Descriptions of

aerosol physical properties are based on cans discharged at room temperature with the hood adjusted

for moderate ventilation except as noted. A few trials have been made at other temperatures and

ventilation conditions but are not presented here. The products used were obtained locally or

supplied by the CPSC after obtaining them from manufacturers’ warehouses. In all cases, the data

are from a single manufacturing batch.

The nature of the poor fit to the log normal distribution found in many of the products is

shown in Figure 2. In this experiment, two impactors were operated simultaneously, and the agree-

ment between them was excellent. The importance of a more suitable description of the particle

size distribution is clearly seen. The consistent deviation from the least squares determined size

distribution acts to increase the amount of respirable material over that calculated from the dis-

tribution parameters. This same pattern of deviation was observed in nearly all the experiments,

becoming more extreme as the fit to log normality, as described by the value of chi-square, became

poorer.

The relation between the composition of the material in the can prior to discharge and the

particulates that reach the lungs is an important consideration in this work. While it is clear
that the volatiles (propellants, low boiling point solvents, etc.) will not be proportionally

represented in the particles, it is not clear that the nonvolatiles will be present in the same

proportion in all particles. For example, in most discussions of the inhalation hazard of aluminum-

chlorhydrate-based antiperspirants, it is assumed that the aluminum compound is the material of

toxicological interest. Thus, inhalation tests are conducted using pure aluminum chlorhydrate as

the test aerosol. However, this compound represents
Io

only about one-half the nonvolatile material in E
typical antiperspirants and is present in the

product formulation in particles that are pre- ~ 5.0-
w

dominantly too large to be respirable. Thus, one <
might expect the smaller particles to have a low

aluminum concentration in comparison to either the ~ 2.0-
Z

larger particles or the original formulation. The
0magnitude of this effect may be seen from the data ~ Lo-w

shown in Table 2; the values reported are the

means of 12 impactor collections from 6 separate o.5
cans of Arrid Extra Dry. A single tailed Student’s

t test indicates that differences between adjacent

size fractions are significant to at least the 98%

confidence level, The exclusion of aluminum from

the respirable particles is also demonstrated by

comparison to the material collected on the target

foil of the physical model. That material con-

tained 11% aluminum; commercial grade aluminum

oo, ,a ,a 3’o 6’o 9’o 95
CUMULAT,VE PERCENT B¥ WE,GHT SMALLER THAN

,.O,CATEO S,ZE
Figure 2. Cumulative size distribution
data from a single high ventilation rate
experiment with two impactors. Computer
derived line of best fit for impactor B
is shown. Parameters and standard errors
for the data shown are: impactor A, MrIAD
4.9 ± 0.3 um, Og 1.8 ± 0.i; impactor B,
MMAD 5.0 ± 0.3 um, Og 1.8 ± 0.1.
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Arrid Extra
Dry
9 oz

Table I

Characteristics of Aerosolized Consumer Productsa

Arrid
Extra Dry Aqua Net Deshler All

9 oz Extra Surface Enamel
Excellent Super-Hold Green Endust

Ventilation 13 oz 13 oz 10 oz

Liquid
Liquid Gold Wrench Pledge Regard Scotchqard

10 oz 12 oz 14 oz 14 oz 16 oz

Physical Characteristics

Initial Discharge 1.0Z + 1.11 ± 0.87 + 1.00 + 0.90 + 1.32 ± 2.2 ± 1.7 + 1.5 ± 1,6
Rate, g/s 0.06(7) 0.05(18) 0.06(11) 0.05(I0) 0.07(5) 0,07(6) 0.3(5) 0.2(5) 0.1(5) 0.2(7)

Approximate Useful
Life, s 275 275 450 420 300 240 180 260 280 390

Mass Median 5.0 + 5.1 + 4.8 ± 5.6 + 5.6 ± 5.5 ± (c) 4.7 ± 5 ~ 2.4 :
Aerodynamic Diameter, um 0.5(13) 0.9(15) 0.3(5) 0.3(10) 0.2(5) 0.9(7) 0.9(5) 2(5) 0.3(7)

Geometric Standard 1.74 ~ 1.7 + 1.56~ 1.55 + 1.52 + 1.8 ± (c) 2.1 + 2.0 ~ 2.2 :
Deviation 0.06(13) 0.2 (15) 0.04(5) o.og(10) 0.02(5) 0.2(7) ~.2(5) 0.3(5) 0.3(7)

Applicability of lo~ ~k)derate
normal distributionO Poor Poor Poor Poor Poor Poor Poor to Good Poor Good

Breathing zone 1.3 ± 0.6 ÷ 0.06 ± 0.12 ± 0.32 ± 0.13 + 0.2 + 0.04 ± 0.06 ± 0.034
concentration, mg/l 0,3 (13) 0.2 (15) 0.01(5) 0.09(10) 0.08(5) 0.05(7) 0.1(5} 0,01(5) 0.05(5) 0.008(7)

Chemical Characteristics

Propellant, weight ~ 57 29 26 16

Liquid, weight ~ 43 67 47 84

Solids, weight ~ 4 27

Main Constituents Aluminum Chlorhydrate Alcohol Copper Phthalo- Hydrocarbons

(Determined in samples Isopropyl myristate Unknown resin cyanine Green
collected after and higher esters Zinc Molybdate
propellant vented
from can).

15 4

85 96

Hydrocarbons Hydrocarbons

a Values are given as arithmetic mean ± standard deviation (number of determinations).

b Applicability based on value of ×2 A "good" fit is one for which the probability of observing as large a X2, if the assumed distribution
is a reasonable one, is 10% or greater. A "poor" fit is one in which the probability is less than i%. Intermediate probabilities
correspond to "moderate" fits.

c Size characteristic values very scattered, probably result of analytical difficulties.

7 8 22

93 92 77

0.3

Hydrocarbons Hydrocarbons Trichloroethane
Waxes Waxes Fluorocarbon

Resins



chlorhydrate contains approximately 23% aluminum.

The increase in aluminum content in the smallest

size fraction analyzed is not explained ~ the

exclusion mechanism and may be the result of some
Effective

other particle formation process and/or a chemical Cutoff
change in the form of a portion of the aluminum Diameter Of

Impactor
from the expected organic insoluble material Stage
(aluminum chlorhydrate) to a more soluble, surface

7:2 ~m
active material, perhaps aluminum myristate,

5.0
during formulation or storage. The potential for

3.5
this type of fractionation of constituents in any

2.4
formulation containing suspended materials re-

1.2
quires careful analysis of the composition of both

0.8
the formulation and the particulates produced.
Whether, in the case of antiperspirants, aluminum

Table 2

Variation in Aluminum Content
With Particle Size

Aluminum
Content Student’s t

Mean For Comparison
(Standard of Adjacent
Deviation) Fractions

5.8% (1.3) 2.81
3.8% (2.1) 2.64
2.1% (0.7) 3.08
1.3% (0.6) 2.59
0.8% (0.3) 2.16
1.4% (0.9)

chlorhydrate should be used as the aerosol to test product inhalation toxicity can only be resolved

by further study and analysis.

The complexity of these commercial mixtures has made compositional analysis an extremely time

consuming task, even with the sophisticated analytical methods available. The data shown in Table

i give some indication of the types of materials encountered. As an example of the complexity of
commercial mixtures, the direct inlet chemical ionization mass spectrum of Scott’s Liquid Gold(~is

shown in Figure 3. The liquid constituents of this product were introduced into the mass spec-

trometer after venting the propellant gases from a can. This comparatively simple mixture spectrum

shows that the product is predominantly hydrocarbons. The presence of n-alkanes is indicated by

the series of ions at mass to charge (m/e) ratios of 71, 85, 99, 113, etc. In addition to the

saturated hydrocarbons, the mixture is rich in alkenes and cycloalkanes (m/e peaks at 69, 83, 97,

111, etc.) and dienes and cycloalkenes (m/e of 67, 81, 95, 109, etc.). Mixtures of this type could

probably be separated by capillary column gas chromatography, but the large quantity of data result-

ing from such a separation would require specialized data analysis facilities.

Separation of an initial mixture into its components before mass spectrometry does not guarantee

identification of the individual compounds. For example, the electron ionization spectrum of

isopropyl myristate, a common emollient in antiperspirants is shown in Figure 4. Yet, when a

sample of Arrid Extra Dry was analyzed and this spectrum obtained from the principal peak of the

gas chromatogram, the material could not be identified by comparison with the extensive computerized

mass spectral libraries generally available. The best guess was that it was an acetate of a long

chain fatty alcohol. The identification of the major constituents of the organic fraction of the

antiperspirant particles could be completed only after a sample of isopropyl myristate had been

obtained and the spectrum produced.

The complexity of commercial materials and the products formulated from them will continue to

be a problem throughout this program. Many of the materials have not been described in the mass

spectral atlases and it will be necessary, therefore, to develop our own specialized library through

the analysis of raw materials and specific compounds used in the manufacture of aerosolized products.

The presence of many classes of materials in a given product complicates the selection of the most

suitable material to use as a test aerosol. Some products, for example, contain both petroleum

distillates and surface active materials. While both materials might be deleterious, especially in

the deep lung, it is questionable whether the exposure to either alone is an adequate model of

exposure to the complete product.
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Figure 4. Electron ionization spectrum of isopropyl myristate.
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SECTION IX

GENERAL INSTITUTE SUPPORT FUNCTIONS

THE INHALATION TOXICOLOGY RESEARCH INSTITUTE COMPUTER SYSTEM

ABSTRACT

A new computer sysvem (PDP-11/45, Digital Equipment Corpor-

ation) has been installed at the Inhalation Toxicology PRI~JaZPAL INWESTiQATOBS

Research Institute to ~rocess and store a~l experimental A.J. Hulbert

4ata. Advantages of this in-house, disk-oriented system C.R. Crain

are contrasted with previous time-sharing operations on a

nagngtic-tape oriented, Burroughs B5500 com)uter. An inJ~l~ation storage and retrieval system is

being progr~ed that will permit each investigator to interact directly with his data without de-

pendence on a programmer. ~n-line operation 03’ various pieces of radioanalytical equipment will al-

se be possible with this new system. Preliminary operation of the computer has highlighted several

shortcomings; planned changes d~a~ing the next 6 months to alleviate these problems are described.

INTRODUCTION

In September 1972, a study was completed which analyzed the use of automatic data processing

(ADP) equipment at that time and made recommendations for continuing improvements. The following

report (1) briefly recounts that analysis and other events leading to the purchase of a computer

system dedicated to use by personnel at the Inhalation Toxicology Research Institute (ITRI); (2)

evaluates the present system in light of recent experience; and (3) describes future enhancements

selected to improve system performance.

BACKGROUND

In 1964, a Burroughs B5500 computer system was installed at Lovelace Foundation headquarters

on Gibson Blvd., a site located approxmately 10 miles from ITRI. The initial configuration provided

only magnetic tape as a data base storage medium. In 1966, Lovelace Foundation purchased additional

components including core memory and magnetic disk memory. These items allowed multiprogramming;

i.e. simultaneous execution of more than one program. In 1970, Lovelace Foundation began leasing

communications equipment, additional core and disk memory. These items enabled ITRI and other users

to use the B5500 in a time-sharing mode; i.e. simultaneous use of the computer by multiple users

from remote sites over communications lines. The total cost of operation was recovered by charging

users according to a price schedule for disk space, central processor time and input/output time.

This policy resulted in a relatively fixed maximum usage by ITRI corresponding to the funds allo-

cated to ADP operations in the ITRI budget. Since these funds were not sufficient to meet all ex-

penses, the B5500 was made available to other qualified users on a cost recovery basis. Usage by
non-ITRI users grew to the extent that non-ITRI use accounted for ~ 75% of the total and resulted

in slower operation for ITRI users. In summary, the factors of remote location from ITRI, a mag-

netic tape data base, upper budgetary limit on usage and a large amount of "outside" use produced

the following situation:

i. Access to the data base was slow and therefore expensive and relatively unused.

2. No on-line data acquisition from laboratory instrumentation was possible.
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Three approaches for solving the above problem were studied:

i. Buy separate items to collect real time data and modify usage of the B5500 to use a mag-

netic disk for the data base.

2. Buy a real time data collection system and modify usage of B5500 to use a magnetic disk

as a data base.

3. Buy a dedicated system for ITRI to collect real time data, perform information storage

and retrieval and perform all other computer tasks previously performed on B5500.

The most cost effective of these approaches is the last or dedicated system approach because it has

the following advantages:

I. Lowest total equipment cost.

2. Lowest operating cost.

3. Greatest capacity.

A proposal to acquire a dedicated computer system was prepared in June 1973 and approved by

the AEC. The proposed system included:

I. A Digital Equipment Corporation (DEC) PDP-II/45 cemputer system with a magnetic tape,

core and disk storage, paper tape reader/punch and communications adapters.

2, Additional magnetic disk storage units.

3. A CAMACI data acquisition system.

4. Nine terminals for remote usage.

The above components were assembled into a single dedicated computer system during the period from

February 1974 through September 1974 and the B5500 ceased operations on November I, 1974.

INFORMATION STORAGE AND RETRIEVAL SYSTEM

The programming staff is now developing an information storage and retrieval (ISR) system for

on-line analysis of all experimental data collected at ITRI. The files themselves are stored on

the data base disk in a random access structure which allows access to any desired record in less

than one second. The program package consists of sorting and searching tasks and a compiler for

file descriptors and procedures written by scientist users. A file descriptor is a set of instruc-

tions defining names, titles, and value limits of fields within a file’s records as well as one or

more orders linking the records for recall or processing in any anticipated sequence, The only pro-

cedures presently available are report generators; future versions will perform plotting and statis-

This high-level ISR language allows users to handle their data without de-

Thus, ITRI scientists have greater responsibility for and control of their

tical analysis as well.

pending on programmers.

data.

INITIAL OPERATION AND PROPOSED ENHANCEMENTS

The system has been operating for several months in a temporary or preliminary state. Because

all of the software systems (systems of programs) operating on the B5500 have not yet been converted

to the PDP-11/45, only a fraction of the proposed real data collection is now being performed. The

system, however, has been used a significant amount and some shortcomings have been determined:

1. The operating system software (RSX-11D/version 4A) provides somewhat less than optimum

usage of available hardware.

2. The FORTRAN compiler produces relatively inefficient programs.

3. The system software is not as reliable as it should be.

4. The usage is already approximately to the level of B5500 time sharing operations, indi-

cating that initial usage estimates were much too low.
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In September 1974, the AEC approved the following additions designed to overcome these short-

comings and also some others that are not yet of significant impact:

I. Increased central processing.

2. Additional core memory.

3. Version 6A of RSX-IID (operating system).

4. A second PDP-11 for preprocessing and buffering.

5. Additional core memory for the data base disk controller.

The present operating system (version 4A) requires that each active task (program) have dedi-

cated central processor core memory. If more than one user is using the same task, each must have

his own dedicated copy. Each shareable library or storage region must also have its dedicated cen-

tral processor core memory. For these reasons, the most important constraint which limits computer

usage is the size of the central processor core memory. The total amount of memory now available

for user tasks is approximately 60 K, where the unit K is 1024 words of 16 binary digits (bits)

lepgth. An additional 28K central processor core memory will be added during January 1975 resulting

in an increased user capacity of almost 50%.

In February 1975, a new FORTRAN compiler will be implemented. Tasks written in the FORTRAN

language will perform computations and data manipulations a factor of 2 to 4 times faster. Further-

more, it is expected that these tasks will require less core memory. Total system capacity should

increase 15 to 30% as a result of this improvement.

In March 1975, the next version of the operating system (version 6A) will be implemented. This

version will overcome many of the shortcomings of the present operating system. Multiple users of

the same task will share the bulk of core memory requirements in a common area of memory. Tasks

which are performing slow input/output will be temporarily removed from core memory and that memory

will become available for other users. Shareable libraries and common areas will only occupy core

space when an active task actually requires them. It is anticipated that this new version of the

operating system will provide an additional capacity of at least 50%.

In April 1975, an auxiliary PDP-11 type computer will be added to the system. It will have

its own core memory with 28K capacity. All of the input/output peripheral devices will be moved to

the auxiliary computer and the various control tasks associated with these devices will also be

transferred from the main computer. This change will result in a reduction of the main control pro-

cessor load by 20 to 30%; therefore, a similar percentage increase in computing capability should

be available. An additional 8K (at least) of core memory will be available in the main processor

with a corresponding increase in capacity.

In May 1975, additional core memory will be purchased for the data base disk controller. This

memory will be used to buffer the flow of data from the computer to the data base disk. Tasks which

are limited by the speed of this disk should execute in 50 to 90% of the present execution time.

The combined effect of all the above enhancements will be an increase in computer usage

capacity of 100 to 400% over the present system, depending upon the specific "mix" of user tasks.

This magnitude of increase is required if the ITRI computer system is to meet the rapidly develop-

ing computing requirements.
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AN EVALUATION OF THE INHALATION TOXICOLOGY RESEARCH INSTITUTE BEAGLF

DOG CLOSED BREEDING COLONY

ABSTRACT

Since early 1968, a closed breeding colony ~s been

in operation at the Inhalation Toxicology Research

Institute to produce experimental dogs for inhalation

toxicology studies and to replace colony breeding stock

for producing dogs with a stable gene pool. From March

1, !968 through July 15, 1974, 123 bitches were bred 613

times, resulting in 540 litters and 2809 puppies: a

conception rate for this period of 88.9%. An average of

3. 74 pups survived to one year of age.

INTRODUCTION

A PROGRESS REPORT

PRINCIPAL INVESTIGATORS

catherine S. Lustgarten
C. H. Hobbs
B. A. Muggenburg
S. A. Benjamin
D. O. Sl~uson
F. F. Hahn

In the Fall of 1961, a purebred Beagle dog colony was started at the Fission Product Inhala-

tion Laboratory with dogs obtained from other USAEC laboratories and commercial breeders. Using

line breeding techniques, this colony produced experimental dogs for the research program until

March i, 1968, when a new closed breeding program was initiated (1967-1968 Annual Report, LF-39,

pp. 236-239). Previous reports (1967-1968 Annual Report, LF-39, pp. 229-234) 1 have described

the production experience for the period 1961 through March 1968. This report summarizes the

)roduction experience since the inception of the present breeding program.

MATERIALS AND METHODS

Prospective breeding dogs were given a thorough examination before being assigned to the

breeding colony. From 1968 through 1973, this examination included a radiographic survey, a

physical examination, an electroencephalogram, an electrocardiogram, a phonocardiogram, a fecal

f~otation for parasite detection, a urinalysis and a series of complete blood counts and clinical

chemistry determinations. In 1974, the radiographic survey was eliminated from the workup

series. Dogs with severe abnormalities on the workup were culled and replaced.

All breeding bitches were examined twice weekly for stage of estrum. When gross external

signs indicated a bitch was in pro-estrus, a male was put with the bitch for 30 min. on alternate

days until breeding occurred or until the bitch was again in anestrus. The bitch was re-bred

with the same male 48 hr. after the first breeding. Details of the whelping procedures and

pediatric care have been previously reported (1967-1967 Annual Report, LF-39, pp. 229-234) and

are unchanged except for vaccinations. Canine globulin is no longer administered. Vaccination

for canine distemper consists of a modified live virus administered at 8, 12 and 26 weeks of

age, then annually on the dog’s birthday.

RESULTS AND DISCUSSION

One hundred and twenty-three bitches were mated a total of 613 times, resulting in 540

litters and 2809 puppies: an average conception rate of 88.9% and an average litter size of 5.2

puppies. The Parental Generation was in production from March 1, 1968 through August i, 1974.

Generation I began breeding January I, 1971, and Generation II on March 12, 1974. The last two

generations are still being bred.
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The conception rate over the past 6.5 years has fluctuated between 73.8.% and 94.0% and, in

recent years, has reflected a downward trend (Table I). The mean conception rate for 1961-1968

was 91.0%. The number of dogs born per litter has also declined steadily since 1970, as has the

survival rates to 6 weeks (weaning), 12 weeks and I year of age (Table 2). All losses were 

to natural deaths or euthanasias of moribund animals.

In 1971, there was a sharp rise in the number of litters in which 100% of the puppies died

during the first week of life (Table 3). During February 1974, two litters died with a hemorrhagic

syndrome - lesions typical of Neonatal Canine Herpesvirus infection. 2 Herpesvirus was ultimately

isolated from tissues of these puppies and from sera from their dams. The virologist who confirmed

the diagnosis of Neonatal Canine Herpesvirus suggested that the virus has probably been present
in our colony for quite some time. 3 In addition to early neonatal deaths, the virus is known to

cause upper respiratory problems, 4 and has been suggested as a cause of loss of fertility and

fecundity in affected dog colonies. 5 All four syndromes have been problems in the Inhalation

Toxicology Research Institute (ITRI) dog colony. Thus, it seems very possible that Herpes canis

involvement in the colony was responsible for the slightly lower conception rate, litter size

and weaning survival rate in recent years.

1968b

1959

1970

1971

1972

1973

1974c

Table I

Conception Rates by Year of Breeding

Year Parental Weighteda

Bred Generation Generation I Generation II Average

93.7% 93.7%

87.4% 87.4%

94.0% 94.0%

90.2% 81.0% 85.9%

88.5% 91.8% 90.1%

73.8% 87.8% 80.4%

90.5% 80.6% 77.8% 82.9%

a Total number of litters born/total number of breedings

b Beginning March 1, 1968

c Through August 15, 1974

Table 2

Survival of Puppies to 6 Weeks, 12 Weeks and 1 Year by Year of Birth

Average Number of Pups/Litter Percent Percent Percent

Alive at Alive at Alive at Alive at Alive at Alive at

Year Born 6 Weeks 12 Weeks 1 Year 6 Weeks 12 Weeks I Year

1968a 5.44 4.53 4.51 4.51 83.3 82.9 82.9

1969 5.51 4.68 4.68 4.60 84.9 84.9 83.4

1970 5.63 4.45 4.43 4.36 79.0 78.7 77.4

1971 5.48 3.90 3.73 3.63 71.2 68.1 66.2

1972 4.66 3.32 3.14 3.09 71.2 67.4 66.3

1973b 4.66 3.31 3.06 3.04 71.0 65.7 65.2

1974c 4.52 3.22 3.16 .... 71.2 69.9 ....

a March 1 through December 31, 1968.

Average Age
in Months of
Bitches at
Whelping

27

40

53

48

55

65

67

b 1973 - 23 of the 84 litters are not yet one year of age. The last litter was 295 days old
on October 15, 1974.

c January 1 through July 15, 1974. The last litter was 102 days old on October 15, 1974.
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A second possible cause of the lower production is the advancing ages of the bitches. When

litter size and survival were compared with the bitch’s age at whelping (Table 4), the optimum

production occurred when a bitch was between 37 and 48 months old. Production dropped off

sharply after the bitch reached 60 months of age. It is hoped that in the future, each breeding

colony generation can be retired when bitches reach an average age of 60 months.

Table 3

Instances of 80-100% Pre-Weaning Litter Mortality
by Year of Conception

Number of Total % Overall
Affected Number of Affected Conception

Year Litters Litters Litters Rate

1968a 3 72 4.2 93.7

1969 2 68 2.9 87.4

1970 4 77 5.2 94.0

1971 13 83 15.7 85.9

1972 11 98 11.2 90.1

1973 12 84 14.2 80.4

1974b 8 50 16.0 82.9

a March I through December 31, 1968.

b January 1 through July 15, 1974.

Litter Size

Number of
Age Bitches

(Months) pa GIb

Under 15 6 i

15-36 43 40

37-48 44 36

49-60 48 23

61-72 43 11

73-84 29 --

85-96 23 --

Over 96 14 --

a P = Parental Generation

b GI = Generation I

Table 4

and Survival Compared to Age of Bitch at Whelping

January I, 1968 Through June 30, 1974

Average %
Number of Size of Alive
Litters Litter at 6 Weeks

P GI P GI P GI

6 I 4.83 4.00 72.4 i00.0

84 69 5.19 5.29 84.4 70.4

65 49 5.65 5.18 83.1 73.2

65 29 5.36 4.59 78.5 78.2

59 12 5.69 3.92 71.1 48.0

41 -- 4.68 -- 74.5 --

29 -- 4.48 -- 60.8 --

21 -- 4.10 -- 54.7 --

%
Alive

at 12 Weeks
P GI

72.4 100.0

83.7 66.5

82.8 66.5

77.4 72.2

67.9 46.8

68.2 --

60.0 --

53.4 --
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The causes of death for puppies under 12 weeks of age and born between January I, 1973 and

July 15, 1974 are shown in Table 5. The fractions of pre-12-week deaths represented in the

first four categories are similar to those for pre-6-week deaths from 1961 through 1968. The

difference is in the occurrence of pneumonia, enteritis and other infections as major causes of

death in 1973-1974, a higher rate of death from undetermined causes and a much higiler total
mortality than in the 1961-1968 time period (1967-1968 Annual Report, LF-39, pp. 229-234). I The

cause of the many pneumonias is unclear. The enteritis, however, is attributed to intestinal

protozoan parasites. Some combination of Spirochetes, Giardia lamblia, Trichomonads and Isospora

~. has been present in 90% of all the puppies born since late Fall of 1973. Vigorous treatment
and constant attention have been required to control the situation. Canine Herpesvirus has been

6
found in other studies to be a cause of unexplained deaths in neonatal puppies.

The Beagle dog production experience for the past 6 years has differed in several respects

from the 7 years between 1961 and 1968. Hopefully, the downward trend of production per bitch

can be halted. It will also be of interest to determine the relative importance of such factors

as the new closed breeding colony methods and Herpes canis infection on the production rates.

Table 5

Diagnosis of Pre-12-Week Mortality for 183 Pups
Whelped From January I, 1973 Through July 15, 1974

Died or Euthanized
Primar~ Dianopsis Number Percent

Stillbirths 36 5.8

Traumatic Conditions 19 3.8

Mechanical/Circulatory Disorders 15 2.4

Inflammation/Degeneration 2 0.3

Malformation 7 1.1

Pneumonia 30 4.8

Enteritis 16 2.6

Infections 18 2.9

Undetermined 27 2.0

No Autopsy Performed 13 2.0

183 29.6
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APPENDIX A

Status of Longevity and Sacrifice Experiments in Beagle Dogs

On the following pages detailed data are presented on selected parameters relative to (a) total
body and lung content of radionuclides, and (b) the resultant radiation dose received by individual

dogs that have been assigned to longevity or sacrifice studies. In addition, information is provided

on the current interpretation of the most prominent clinico-pathological features associated with

death of animals. The data are presented recognizing that they are not only valuable reference for

scientists in this laboratory but also for scientists in other laboratories who desire to follow in

detail the progress of these important studies. The data represent the best information presently

available and it must be noted that, with time, certain values and diagnoses will be modified and

updated as new and better information becomes available.

The methods used in establishing the radiation dose parameters presented have been described in

the text of the report or referenced to previous reports. A key consideration in these dose calcu-

lations is the tissue weight used since the absorbed dose is inversely proportional to tissue weight.

Tissue weights used for the dose values reported in Appendix A have changed over the years; it is

important that the reader be aware of these changes and the rationale behind them.

Lung Weight

The earliest reported dose calculations (LF-38 and LF-39) were based on a lung weight/body

weight ratio of 0.0075 determined from tissue weights from exsanguinated dogs. This ratio was

changed to 0.014 in the 1968-1969 Annual Report (LF-41, pp. 27-28) based on calculations of the

estimated weight of lung with its normal complement of blood in the living dog. Subsequent experi-

mental evidence reported in the 1971-1972 Annual Report (LF-45, pp. 119-128) indicated that this

value was too high. Based on these results, our best estimate of the lung weight (with blood)/body

weight ratio is 0.011. This value has been used for all dose calculations for dog lung in this re-

port and will continue to be used unless additional information is obtained that indicates a change
is necessary.

Liver Weight
The liver weight/body weight ratio used originally, 0.027, was based on tissue weights from

exsanguinated dogs. It was used for dose calculations in all reports before this one. Based on the

experimental data presented in LF-45, the best estimate for liver weight (with blood)/body weight

is 0.050. This value has been used for all dose calculations for dog liver in this report and will

continue to be used unless additional information is obtained that indicates a change is necessary.

Skeleton Weight
The skeleton weight/body weight ratio has always been taken as 0.I0. This value will continue

to be used unless additional information is obtained that indicates a change is necessary.
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Number
Tattoo Radiobiol. Sex Date (Oays~ (k9) Rank ~Ci/k&a ~Ci_ Rank uCi/k~ Initial Days 9-30-74 5000 Days Death Days 9-30-74 5000 Days

157E 01-416 F 67115 431 9.7 i 280 2700 i 120 55 21 7.0 21 18000 730004

164A 02-419 M 67124 387 9.0 9 210 1900 2 190 54 1.3 24 52000+

158E 02-416 F 67115 429 10.2 6 240 2400 3 120 54 16 5.3 15 14000 55000+

195C 03-456 F 67275 397 9.3 3 270 2500 4 110 48 30

195B 02-456 M 67275 389 10.1 4 260 2600 5 100 48 34

162F 01-419 F 67124 436 11.2 2 270 3000 6 100 47 21 3.7 20 18000 61000+

158B 03-416 M 67115 429 9.3 5 240 2200 7 100 47 36

159B 02-417 F 67117 430 9.8 8 220 2200 8 98 45 29

160B 02-418 M 67122 435 9.5 7 230 2200 9 97 44 18 6.2 17 15000 62000+

23C 01-261 M 65229 408 9.1 11 160 1500 10 83 37 15 5.7 14 13000 54000+

159A 01-417 M 67117 430 11.3 10 180 2000 11 74 34 25

160C 03-417 F 67117 430 10.4 12 160 1700 12 69 31 7.5 3.2 6.8 7000 28000+

23B 02-256 M 65208 387 8.0 17 110 880 13 59 27 8.1 2.3 5.9 7~00 27000+

26F 03-263 F 65231 384 7.8 15 120 940 14 52 24 9.0 3.7 6.4 8900 33000+

13A 02-228 M 65123 381 8.3 19 99 820 15 51 23 6.6 1.9 5.4 6400 22000+

12F 02-228 F 65123 401 8.1 18 110 890 !6 50 26 8+6 4.5 8.0 7900 35000+

162A 01-418 M 67122 434 11.9 13 130 1500 17 50 23 9.5 2.3 8800 32000+

22E 02-257 F 65209 396 6.7 21 93 620 18 44 20 4.7 1.5 2.4 4700 16000+

26A 01-262 M 65230 383 7.8 14 120 940 19 41 19 6.4 2.4 5.3 6400 23000+

19B 01-252 M 65201 404 6.4 23 84 540 20 40 18 3.8 1.3 2.1 3900 14000+

22F 01-256 F 65208 395 8.8 16 120 ii00 21 34 16 6.2 2.6 5.1 5900 23000+

19C 02-252 F 65201 404 7.8 22 87 680 22 28 13 3.3 1.4 1.9 3300 12000+

22A 02-253 M 65202 389 10.5 20 98 i000 23 28 12 6.1 1.5 3.5 6100 20000+

19D 01-253 F 65202 405 8.7 24 71 620 24 27 12 3.4 1.3 2.1 3500 12000+

40E 03-283 F 65301 383 6.3 28 27 170 25 9.6 4.4 1.5 +92 .61 1500 4000 5600

28C 02-271 M 65256 406 7.6 26 30 230 26 9.3 4+3 1.4 .56 .84 1500 5100+

39C 02-283 F 65301 385 8.7 29 27 230 27 9.1 4.2 4.2 .35 1100 2800 3700

38E 01-283 F 65301 391 6.5 27 29 190 28 8+9 4.0 .81 .44 .25 840 2100 2800

30C 02-272 M 65257 395 8.8 32 19 160 29 8.3 3.7 i.I .53 .33 1200 3200 3900

30B 01-272 M 65257 395 8.2 35 17 140 30 7+9 3.6 .90 .46 .30 950 2600 3200

42D 01-284 F 65302 377 7.8 30 25 200 31 7.7 3.6 i.i .56 .30 ii00 2800 3700

28B 01-271 M 65256 406 7.2 25 32 230 32 7.1 3.2 1.0 +30 .50 ii00 3500+

22D 01-257 M 65209 396 9.1 36 16 150 33 6.8 3.1 .88 .44 .31 930 2500 3100

30D 03-272 M 65257 395 8.9 31 23 200 34 6.6 3.0 .91 .45 .28 930 2600 3200

42E 02-284 F 65302 377 8.7 33 19 170 35 6.1 2.8 .83 .47 .28 830 2200 3000

1. 90SrCI2 Longevity Dogs

Radiation Dose To Skeleton
Long-Term

Inhalation Expgsure Retained Dose Rate (rads/day) Cuml. Dose (fads) Da
Age Wt Initial Body_ Burden Burden 7305 On Potential At At 73Db To Potential To To o

....... Death De,

Days Since
9DSrCI

Inhalation
t h 9-30-74 Death

19OOO 69143
17000

68144
17000

69111
810

67196
ii00

67~03
22000 69~79
1300 67146

660 67|35

]7000 69i55
18000 68~33

85O 67146
9900 70 63

15000 7069
18000 70143
i0000 6~123

I0000 68,)74
17000 71163

13000 74H4
10000 69173

i0000
73143

i0000 69287
9500 74151

13000
71158

85OO 72179

3300 72]36

2800 74046

3259

3259
3259

3303
3303

3258

3351
3303

3258

908rLONGEVITY DOGS
(front and back)

Commentc

759 E-Fibrosarcoma

585 D-Epileptic Seizures

927 E-Hemangiosarcoma

21 D-Hemat. Dyscrasia

28 D-Hemat. Dyscarsia

886 E-Osteochondrofibrosarcoma
31 E-Hemat. Dyscarsia

18 E-Hemat. Dyscrasia

864 E-Osteosarcoma and Hemangiosarc.

1099 E-Osteochondrosarcoma

29 D-Hemat. Dyscrasia
1142 E-Hemangiosarcoma

1787 E-Osteosarcoma
1938 E-Osteosarc. and ~eraangiosarc.

1361 D-Cerebellar Hemorrhage

1046 E-Hemangiosarcoma

1702 E-Osteochondrosarcoma

3122 E-Osteogenic Sarcoma
1404 D-Fibrosarcoma

2964 D-Malig. Giant Cell Tumor

1540 E-Osteosarcoma

3237 D-Osteogenic Sarcoma

2247 E-Hemangiosarcoma

2633 E-Osteosarcoma

2436 D-Leukemia

3077 E-Myxosarcoma
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Long-Term
Inhalation Exposure Retained

Number Age Wt Initial Body Burden Burden
Tattoo Radiobiol. Sex Date (Days) (k~) Rank ~Ci/kga ~Ci Rank uCi/k~a

42F 03-284 F 65302 377 7¯3 34 17 120 36 5.7
26B 01-266 M 65238 391 9.0 37 6¯6 59 37 3.2
35E 02-277 F 65271 380 7.5 38 5.5 41 38 2.3
30G 01-277 F 65271 409 7.0 39 4.6 32 39 2.2
27D 02-267 F 65239 390 10.6 41 4.1 43 40 2.2
27A 03-266 M 65238 389 9.1 43 4¯0 36 41 1.9
26G 02-266 F 65238 391 7.0 46 3¯3 23 42 1.9
23E 01-265 M 65237 416 7.8 45 3.3 26 43 1.7
24B 03-265 M 65237 398 8.2 42 4.0 33 44 1.6
37F 01-282 F 65300 400 8.1 44 3.3 30 45 1.1
24A 02-265 M 65237 398 8.0 40 4.2 34 46 1.0
30E 01-276 M 65270 408 8.1 47 2¯8 23 47 1.0
30F 02-276 F 65270 408 10.4 48 2.6 27 48 .97
19A 01-254 M 65203 406 8.7 C 0 0 C 0
21C 02-254 F 65203 398 8.5 C 0 0 C 0
24E 01-264 F 65232 393 8.6 C 0 0 C 0
26E 02-264 F 65232 385 6.9 C 0 0 C 0
28A 01-273 M 65258 408 9.1 C 0 0 C 0
30A 03-273 M 65258 396 9.5 C 0 0 C 0
31A 01-278 M 65272 400 9.1 C 0 0 C 0
32A 02-278 M 65272 394 8.9 C 0 0 C 0
33B 03-278 M 65272 388 8.9 C 0 0 C O
35F 01-285 F 65305 414 8.1 C 0 0 C 0

40D 02-285 F 65305 387 9.4 C 0 0 C 0

42C 03-285 F 65305 380 10.3 C 0 0 C 0
158A 01-420 M 67115 438 10.2 C 0 0 C 0
160A 02-420 M 67117 437 9.~ C 0 0 C 0
162E 03-420 F 67122 436 10.2 C 0 0 C O

a kg refers to total body weight.
b Days post-9OSrCl2 inhalation.

90SrCl2~evity Dogs (Cont’d.)

I Radiation Dose To Skeleton

Dose Rate (rad~/day)
730b On ~otential At At

Initial Days 9-30-74

2.6 .59 .31

1.5 .41 .15

1.0 .33 .22

1.0 .37 ,19
.98 .19 .067
.87 .18 .O8O
.86 .19 .069
.79 .29
.55 .24 .ii
.48 .19 .i0
.47 .17 .067
.46 .17
.43 .13 .054

i 500_0 D~_s

.19

.077

.22

.12

.035
¯ 047

.035

.057

.074
¯058

¯ 038
¯033

.031

Death

.16

Cuml. Dose (rads)
To Potential To

Days 9-30-74 5000 Days

670 1600 2100
410 1100 1300
350 890 1300
380 1100 1300
190 490 570
180 500 600
180 490 580
270 890+

220 670 830
190 490 660
170 450 540
180 530

140 360 430

c D, E or S -- Died, Euthanized or Sacrificed with the most prominent features associated with death.
+ Died before potential infinite dose was received¯
Notes:
Dog 30E: D-Transitional Cell Carcinoma, Urinary Bladder
Dog 31A: D-Arteriosclerosis; Myocardial-lnfarct Hypothyroidism

Days Since
Date 90SRC12

To of Inhalation
Death Death 9-30-74 Death

3258
3322

3289
3329

3321
3322

3322
610 71293

3323
3260

430 74016

73021
3357

3331
3328

3302
3302

74008

3288
3288

74030

3255
3255

2715
2713

2708

2247 D-Bronchial Pneumonia

Commentc

3323
3033

3290
2740

D-See Note Below

D-Glomerulonephritis and Pneumonia

3013 D-See Note Below

3012 D-Aspiration Pneumonitis
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Inhalation Exposure
Number

Tattoo Radiobiol. Sex Date
Age Wt Initial Body Burden

(Da~) (kg) Rank uCi/k~ lJCi

78 01-212 M 65081 407 7.6 3 130 990 I 67 29
4C 02-183 M 64325 405 7.4 2 130 960 2 65 30

IOA 02-215 M 65084 394 10.0 8 i00 1000 3 55 22

8A 02-212 M 65081 402 7.9 1 150 1200 4 51 23

9D 02-215 F 65084 398 8.9 4 130 1200 5 47 20
11B 02-216 F 65085 389 9.7 9 91 880 6 47 25

2B 01-183 M 64325 411 7.7 6 120 920 7 46 21
lOB 02-216 F 65085 395 7.9 10 87 690 8 44 20

98 01-214 M 65083 397 9.6 17 71 680 9 39 18

9C 02-214 F 65083 397 10.1 15 81 820 I0 37 17

12E 02-230 F 65125 403 8.4 18 69 580 11 36 16

6B 01-207 M 65054 414 7.6 20 62 470 12 36 13

5A 02-184 M 64328 391 9.2 7 Ii0 I000 13 35 16

8B 01-213 M 65082 403 8.5 16 78 660 14 34 16

4D 01-184 M 64328 408 9.2 ii 83 760 15 31 ]4

12B 01-229 F 65124 402 11,0 21 59 650 16 30 13

6D 03-207 F 65054 414 7.4 13 82 610 17 29 14

12D 01-230 F 65125 403 7.6 14 82 620 18 28 13

6C 02-207 F 65054 414 8.2 19 64 520 19 24 Ii

9A 02-213 M 65082 396 10.7 22 48 510 20 20 9.3

48 01-185 M 64329 409 8.8 23 45 400 21 16 7.1

12C 02-229 F 65124 402 9.6 24 43 410 22 15 6.8

2A 02-182 M 64324 410 6.8 5 120 820 23 33

4A 01-182 M 64324 404 9.6 12 93 890 24

5C 03-182 F 64324 387 5.7 C 0 0

4E 03-183 F 64328 405 7.8 C 0 0

2D 03-184 F 64328 414 9.9 C 0 0

6A 04-207 M 65054 414 10.0 C 0 0

9E 01-217 F 65083 399 8.2 C 0 0

10C 02-217 F 65085 393 8.9 C 0 0

12A 01-231 M 65124 403 10.3 C 0 0

138 02-231 M 65124 383 9.6 C O 0

13C 03-231 M 65124 383 8.7 C 0 0

13D 04-231 F 65124 383 6.5 C 0 0

Long-Term
Retained
Burden 730

Rank ~tCi/kga Initial Days

90SrCI2 S_acrifice Dogs2.

Radiation Dose To Skeleton

a kg refers to total body weight.
b D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.
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Dose Rate (rads/day)
On Potential At At 730

9-30-74 5000 Days Death Days

14 3.0 13 12000

23

i0 2.2 8.6 9000

10 2.9 8.4 9000

9.5 2,6 8.0 8400

17
.001 6.3

7.1 !.7 4.6 6300

5.0 .87 3.8 4800

7.1 1,0 5.4 6700

6.0 2.0 3,9 5600

4.4 2.3 1.9 4400

.029 7.2

5,1 1.7 3.4 4600

ii
4.1 1.2 2.2 3900

4.3 1.4 2.4 4300

,34 5.4

4.0 1.2 1.7 3800

3.7 1,4 1.9 3500

2.9 1.5 1.9 2800

2.3 1.2 .85 2200

27
13

Cuml. Dose (rads)
To Potential To

9-30-74 5000 Days

43000+

31000+

34000+
31000+

7200+

22000+
15000+
20000+

21000+

13000 16000
9600+

18000+

14000+

15000+
12000~
13000+

13000+
11000+

6009 8000

! Days Since
Date i 9OSrCIo

To of Inhalation
Death Death 9-30-74 Death

]5000 672791

730 643531
13000 68157

15000 68348:
13000 68305’

600 65116
3900 65340!

14000 70293:

7600 68355I
10000 68306

14000 71314

3506

3600 65341

ii000 71155

350 64356
10000 72336
11000 7228C

4000 66345
11000 7423g

990O 7402~
7100 72035

150 6432~
77 6432

64331

64352

65342

7216E

72183

74147
3436

3436

35O6

3475

3436
2615

3310

90St SACRIFICE DOGS (front)

]44CeCi3 LONGEVITY DOGS (back)

Commentb

928 E-Hemangiosarcoma
28 S-

1!68 E-Hemanglosarcoma
1362 E-Osteosarcoma

1316 E-Hemangiosarcoma
31 E-Hemat. Dyscrasia

381 S-
2034 D-Osteosarc. and Hemangiosarc.

1367 E-Fibrosarcoma

1318 E-Osteosarc. and Hemangiosarc.
2380 E-Osteosarc. and Hemangiosarc,

379 S-
2264 E-Osteochondrosarcoma

28 S-
2768 E-Osteosarcoma

2782 E-Osteosarcoma

585 D-Leukemia

3472 E-Osteogenic Sarcoma

3233 E-Osteogenic Sarcoma

2628 D-BasoSquamous Carcinoma

5 S-

5 S-
6 S-

24 S-

380 S-

2638 E-Fibrosarcoma

D-Autoimmune llemolytic Anemia
D-Renal Amyloidosis; Uremia



3. 144CEC13 Longevi!ty Dogs

Radiation ~ose To Tissue
Initial Lun9 Liver Skeleton Days SinceInhalation Exposure Long-Term Body Cumulative (fads) Cumulative (rads) Cumulative (rads) Date 144CeNumber Age Wt Retained Burden Burden 365b 730b Potential To 365b 730b ~ Potential To 365b 730b Potential To of InhalationTattoo Radiobiol. Sex Date (Days) (kg) Rank l~Ci/kga lJCi uCi/kg a Days Days Infinite Death Days Days Infinite Death Days Days Infinite Death Death 9-30-74 Death Commentc

152C 02-407 F 67094 428 8.3 1 360 2900 740 32000+ 21000 79000+ 24000 24000+ 7000 67238 144 D-Pul. Injury
156B 03-408 M 67096 418 8.6 2 320 2800 520 29000+ 7400 7000+ 3200 21000+ 960 67117 21 E-Hemat. Dyscrasia
151B 01-407 M 67094 431 9.8 3 270 2700 460 24000+ 7600 59000+ 4100 18000+ 1200 67125 31 E-HemaL. Dyscrasia
156D 01-408 F 67096 418 10.0 4 210 2100 420 19000+ 4800 46000+ 2100 14000+ 610 67118 22 E-Hemat. Dyscrasia
198E 01-457 F 67278 392 8.6 5 210 1800 400 17000 19000 17000 28000 46000+ 28000 8200 14000+ 8400 68288 375 D-Pul. Fibros.
151C 03-407 F 67094 431 10.0 6 190 1900 380 17000+ 5200 42000+ 3000 13000+ 860 67125 31 E-Hemat. Dyscrasia
1970 02-458 F 67279 393 9.0 7 190 1700 360 17000+ 5200 42000+ 3000 13000+ 860 67311 32 D-Hemat. Dyscrasia
]99A 02-462 M 67285 397 8.5 8 190 1600 340 17000+ 6400 42000+ 4400 13000+ 1300 67329 44 D-Hemat. Dyscrasia
201G 02-463 F 67290 385 8.3 9 170 1400 310 15000+ 4400 37000+ 2200 11000+ 650 67317 27 D-Hemat. Dyscrasia
153A 02-408 M 67096 430 10.3 i0 150 1500 280 14000+ 8600 33000+ 9600 10000+ 2900 67234 138 D-Pul. Injury
195A 01-458 M 67279 401 10.0 11 160 1500 240 14000+ 12000 33000+ 19000 10000+ 5600 68250 336 D-Hepatic Injury
198A 01-462 M 67285 399 8.5 12 140 1200 310 11000 12000 13000+ 12000 18000 26000 31000+ 27000 5500 7800 9400+ 8100 69353 799 E-Osteosarcoma
203F 03-463 F 67290 377 6.3 13 140 870 360 13000+ 4200 31000+ 2500 9400+ 740 67326 36 D-Hemat. Dyscrasia
197C 03-462 M 67286 399 8.3 14 130 1100 260 12000+ 9800 29000+ 16000 8700+ 4600 68229 309 D-Hepatic Injury
200A 02-460 M 67283 390 10.2 15 120 1300 190 9500 11000+ 10000 16000 26000+ 19000 8000+ 5800 69062 510 D-Marrow Aplasia
199E 01-460 F 67283 395 7.5 16 110 810 330 8700 9700 9900 9900 15000 20000 24000 24000 4300 6200 7400 7400 72265 1808 D-Hemangiosarcoma
62F 02-322 F 66082 388 9.6 17 100 960 200 7900 8800 9000+ 8800 13000 19000 22000+ 20000 3900 5600 6700+ 6000 68226 874 D-Hepatic Injury

201C 03-460 tl 67283 378 8.8 18 94 830 280 7400 8300 8600 8500 12000 17000 21000 21000 3700 5300 6300 6300 72216 1759 E-Hemangiosarcoma
64A 01-326 M 66096 391 9.0 19 74 660 220 5800 6500 6700 6700 9800 14000 16000 16000 2900 4100 5000 5000 72069 2164 E-Squamous Carcinoma
60B 01-320 F 66075 402 8.6 20 69 590 130 5500 6100 6200 6200 9100 13000 15000 15000 2700 3900 4600 4600 70246 1632 E-Squamous Carcinoma

200E 01-463 F 67290 397 8.3 2] 68 560 250 5400 6000 6100 6100 9000 13000 15000 15000 2700 3800 4600 4600 72247 1783 D-Hemangiosarcoma
62E 01-322 M 66082 388 8.1 22 67 540 130 5300 5900 6000 6000 8800 12000 15000 15000 2600 3800 4500 4500 70356 ]735 D-Hemangiosarcoma
64C 03-323 F 66084 379 9.3 23 55 520 140 4300 4800 5000 5000 7300 10000 12000 12000 2100 3100 3700 3700 71064 1806 E-Myelogenous Leukemia
62B 02-321 M 66080 386 9.9 29 51 500 110 4000 4500 4600 4600 6700 9400 11000 11000 2000 2900 3400 3400 72356 2467 D-Hemangiosarcoma
63C 02-323 F 66084 383 6.8 25 44 300 170 3500 3900 3900 5800 8100 9700 1700 2900 2900 3111
66B 03-326 M 66096 385 8.8 26 43 380 120 3400 3900 3900 5700 8000 9500 1700 2900 2900 73312 2773 E-See Note Below
65B 02-326 M 66096 386 10.9 27 39 430 110 3100 3400 3500 3500 5100 7200 8600 8600 1500 2200 2600 2600 73151 2612 E-Hemangiosarcoma
61B 01-321 M 66080 397 9.5 28 31 300 68 2400 2700 2800 4100 5700 6800 1200 2100 2100 3115
60C 02-320 F 66075 402 10.2 29 28 280 130 2200 2500 2500 3700 5200 6200 1100 1900 190U 3120
63B 01-323 M 66084 383 8.1 30 26 210 130 2100 2300 2300 3400 4800 5700 1000 1700 1700 3111
54A 01-305 M 66027 407 10.2 31 25 250 43 2000 2200 2300 3300 4600 5500 980 1700 1700 3168
54B 02-305 F 66027 407 11.6 32 24 280 43 1900 2100 2200 3200 4400 5300 940 1600 1600 3168
52D 01-302 F 66025 410 7.7 33 21 170 43 1700 1800 1900 2800 3900 4600 820 1400 1400 3170
55D 02-306 F 66028 407 8.7 34 17 150 45 1300 1500 1500 2200 3100 3700 660 1100 II00 3167
60D 03-320 F 66075 402 8.8 35 16 140 150 1300 1400 1400 2100 3000 3500 620 1100 ii00 3120

Notes:
Dog 66B: E-Squamous Cell Carcinoma and Bronchogenic Adenocarcinoma
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Inhalation Exposure Long-Term
Number Age Wt Retained Burden

144CeCI~ Longevity Dogs (Cont’d.)

Radiation Dose To Tissue

Initial Lung
Body Cumulative (rads)

Burden 365b 730b Potential To

Liver
Cumulative (rads)

365b 730b Potential To

Skeleton
Cumulative (rads)

365b 730b Potential To

Days Since
Date 144Ce:
of Inhalatilon

Tattoo Radiobiol. Sex Date (Days) (kg) Rank uCi/kga pCi/k@a Days Days Infinite Death Days Days Infinite Death Days Days Infinite Death Death 9-30-74 Death
1

57A 02-308

53B 02-301

53C 02-302
56B 01-308

52C 01-301
55A 01-306

57C 02-309
51B 01-299

57B 01-309
50E 03-297

50A 01-297
49A 01-294

52B 02-299

49B 02-294

490 01-295

50F 01-298

49E 02-295

51A 02-298

50D 02-297

49G 01-296

49C 01-300
50C 02-300

51C 03-300

51E 04-300

52A 05-300

53A 01-310

53D 02-310

54C 03-310

56A 04-310
60A 01-327

61C 02-327

62A 03-327

153D 01-412

156E 02-412

197B 01-465

198C 02-465

201A 03-465

M 66034 392 8,2 36 15 130 34 1200 1300 1400 1400 2000 2800 3300 3300 590 840 1000

F 66024 404 II.0 37 14 150 42 1100 1200 1300 1800 2600 3100 550 940 940

F 66025 405 9.0 38 14 130 42 1100 1300 1900 2600 3100 550 780 940

M 66034 402 10.9 39 14 150 34 1100 1200 1300 1300 1900 2600 3100 3100 550 780 940

F 66024 409 9.0 40 13 120 44 1000 1100 1200 1700 2400 2900 510 730 870

M 66028 407 10.8 41 12 130 33 950 1100 1100 1600 2200 2600 470 670 800

M 66035 393 8.2 42 12 95 24 950 1100 1100 1600 2200 2600 470 670 800

M 66021 408 8.4 43 8.1 68 14 640 710 730 1100 1500 1800 320 450 540

M 66035 393 9.3 44 6.9 64 30 550 610 620 910 1300 1500 270 390 460

F 66018 411 8.1 45 6.3 51 12 500 550 570 830 1200 1400 250 350 420

M 66018 411 8.0 46 6.2 50 13 490 550 560 820 1200 1400 240 350 420

M 66013 407 g.g 47 5.5 55 11 430 480 500 730 1000 1200 220 310 370

M 66021 406 10.9 48 5.2 56 10 410 460 470 690 960 1100 200 290 350

M 66013 407 8.8 49 4.9 43 13 390 430 440 650 910 1100 190 270 330

F 66014 408 10.9 50 4.7 52 11 370 410 420 620 870 1000 180 260 310

F 66020 413 8.3 51 4.2 35 13 330 370 380 550 780 920 160 240 280

F 66014 408 9.1 52 3.9 36 10 310 340 350 520 720 860 150 220 260

M 66020 407 11.1 53 3.6 40 8.6 280 320 320 480 670 790 140 200 240

F 66018 411 6.9 54 2.9 20 13 230 260 260 380 540 640 110 160 190

F 66017 411 8.4 55 2.6 22 7.5 210 230 230 340 480 570 100 150 170

M 66013 407 8.7 C 0 0 0

F 66017 414 9.1 C 0 0 0

M 66021 408 10.4 C 0 0 0

F 66021 408 8.4 C 0 0 0

M 66021 406 8.5 C 0 0 0

F 66024 415 9.3 C 0 0 0

F 66024 415 8.1 C 0 0 0

F 66027 415 9.2 C 0 0 0

M 66034 403 11.8 C 0 0 0

M 66075 423 10.1 C 0 0 0

F 66080 413 10.0 C 0 0 0

M 66080 402 13.2 C 0 0 0

F 67094 437 9.3 C 0 0 0

F 67094 425 6.7 C 0 0 0

M 67289 410 9.0 C 0 0 0

F 67289 410 9.0 C 0 0 O

M 67289 391 12.6 C 0 O 0

a kg refers to total body weight.
b Days post-inhalation exposure.
c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.

1000 71034

920 71019

74213

74031-

74038

74156

73068

67243
67243

3171
3170

3171
3167

3160
3174

3160

3182

3174

3182

3181

3181

3175

3177

3178

144CECI3 LONGEVITY DOGS, cont’d. (front)

91ycI3 LONGEVITY DOGS (back)

Commentc

1826 E-Myeloprolif. Disorder

1811 D-Myelogenous Leukemia

3117 D-Hepatic Lipidosis & Degeneration

12935 D-Ependymoma, CNS

2940 D-Myelomalacia

3065 D-Aspiration Pneumonia

3178

3174

3174

3174

3171 ’

3171

3168

3161

3120

3115 2545
E-Thyroid Carcinoma

2541

2541

2541

149 S-
149 S-
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91yc13 LonI ~vi.ty Dogs4.

Radiation Dose To Tissue

Initial Lung Liver Skeleton
Inhalation Exposure Body Cumulative Rads iCumulative Rads Cumulative Rads Date Days Since

Number Age Wt Lon9 Term Ret. Burden Burden 30b 120b To 30b 120b To 30b 120b To of 91y Inhalation
Tattoo Radiobiol. Sex Date (Days) (k9) Rank ~Ci/kga ~Ci uCi/kga Days Days Total Death Days Days Total Death Days Days Total Death Death 9-30-74 Death

I18E 02-380 F 66320 413 9.3 1 540 5100 1300 + 4300 J + 340 + 910 66332
122C 01-383 M 66333 410 9.8 2 300 3000 750 + 2800 + 300 + 800 66353
I18F 01-382 F 66326 419 8.0 3 290 2300 780 + 2500 + 250 + 670 66343
I19C 01-384 F 66335 423 8.2 4 250 2100 550 + 2400 + 270 + 730 66357
164B 01-423 M 67146 409 9.5 5 250 2300 430 + 2400 + 270 + 730 67168
119D 02-382 F 66326 414 6.5 6 240 1600 720 + 2500 + 320 + 860 66354
123A 02-383 M 66333 409 II 7 240 2600 890 + 2300 + 250 + 670 66354
I18A 01-381 M 66322 415 8,1 8 220 1800 550 2400 3000 3300 3300 310 810 i000 I000 840 2100 2900 2900 72143
I19A 03-381 M 66322 409 8.3 9 220 1800 550 2400 3000 3300 310 810 1000 1000 840 2100 2900 2873
118D 02-381 F 66322 415 8.6 I0 200 1800 510 2200 2800 3100 280 700 970 970 760 1900 2600 2873
120C 03-384 F 66335 420 9.3 11 200 1900 630 + 2000 + 230 + 600 66358
164F 02-423 F 67146 409 9.0 12 200 1800 450 + 2000 + 230 + 620 67170
165A 01-426 M 67153 392 II 13 160 1700 540 1800 2300 2400 230 590 760 610 1500 2100 2677
171F 02-434 F 67163 391 6.3 14 160 1000 710 1800 2300 2400 230 590 760 610 1500 2100 74163
169C 01-434 M 67163 397 8.7 15 150 1300 460 1700 2200 2300 210 540 700 570 1400 2000 2667
II8B 01-380 M 66320 413 7.9 16 140 1100 340 1500 1900 2200 190 510 650 530 1300 1800 2875
120A 02-384 M 66335 420 11 !7 130 1400 550 1400 1800 2000 180 470 590 490 1200 1700 2860
164C 03-422 M 67144 407 9.3 18 ii0 ii00 280 1200 1500 1700 1700 160 400 520 520 420 1100 1400 1400 68252
169D 01-432 F 67159 393 5.9 19 100 610 140 1100 1400 1500 140! 360 480 380 960 1300 2671
164G 01-425 F 67151 414 7.7 20 94 730 170 i000 1300 1400 1400 130 340 450 450 360 900 1200 1200 73217
174A 01-438 M 67172 385 9.6 21 92 880 190 1000 1300 1400 130 i 330 440 350 880 1200 2658

171B 02-435 M 67166 394 9.0 22 90 820 230 980 1300 1400 120 ! 320 430 340 860 1200 2664
165F 03-426 F 67153 392 9,2 23 82 750 220 900 II00 1200 Ii0 ’ 300 390 310 790 1100 2677
166E 02-426 F 67153 390 II 24 73 820 410 800 I000 1100 100 260 350 280 700 950 2677
172A 03-435 M 67166 385 8.8 25 68 600 180 740 950 I000 97 250 320 260 650 880 2664
134C 02-385 F 66354 408 9.9 26 66 650 230 720 930 i000 92 240 310 250 630 860 2841

134A 01-385 M 66354 408 9.7 27 62 600 230 670 860 940 86 230 300 240 600 810 2841

176D 03-438 F 67172 384 9.2 28 60 550 250 660 840 910 86 220 290 230 580 780 2658
169A 01-435 M 67166 400 I0 79 58 600 240 640 810 890 890 81 210 280 280 220 560 750 750 68165

172C 01-433 F 67160 379 7.1 30 53 380 120 580 740 810 76 190 250 200 510 690 2670

173G 02-433 F 67160 376 7.2 31 52 370 130 570 720 790 76 190 250 200 500 680 2670
174E 02-438 F 67172 385 8.5 32 51 450 200 560 710 770 70 180 240 190 490 660 2658
167B 01-431 M 67158 394 11 33 51 540 130 560 710 770 70 180 240 190 490 660 2672
171E 03-429 F 67156 384 6.4 34 48 310 140 520 670 740 65 170 230 180 460 620 2674
165G 02-422 F 67144 383 8.2 35 46 380 92 510 650 700 65 170 220 170 440 600 2686

344

CommentC

12 D-Hemat. Dyscrasla

20 D-Hemat. Dyscrasla

17 E-Hemat. Dyscrasla

22 D-Hemat. Dyscrasla
22 D-Hemat. Dyscrasla

28 D-Hemat, Dyscrasla

21 D-Hemat. Dyscrasla

2012 E-Squamous Cell Carcinoma

23 E-Hemat. Dyscrasia

24 D-Hemat. Dyscrasia

2577 E-Squamous Cell Carcinoma, Maxilla

473 D-Epileptic Seizure

2258 D-Mast Cell Sarcoma

364 D-Epileptic Seizure



Inhalation Exposure
Number Age Wt Lon9 Term Ret. Burden

Tattoo Radiobiol. Sex Date (Days) (kg) Rank pCi/kga

169B 01-429 M 67156 390 9.9 36 44
164D 01-422 M 67144 407 9.3 37 43
176E 01-437 F 67170 382 6.8 38 41
171A 02-429 M 67156 384 8.2 39 40
166C .02-425 M 67151 388 11 40 31
174F 02-437 F 67170 381 6.2 41 16

167C 04-426 M 67153 389 9.9 42 14
118C 01-386 F 66320 447 10.2 C 0
IIgB 02-386 M 66322 442 9.4 C 0
121A 04-386 M 66335 435 9.4 C 0

164E 01-430 F 67151 420 8.8 C 0
165D 02-430 M 67151 396 11.4 C 0

165E 03-430 F 67151 396 9.0 C 0

166B 04-430 M 67153 394 10.3 C 0
167A 01-441 M 67156 413 10.3 C 0

167E 02-441 F 67156 413 10.3 C 0

171D 03-441 F 67163 405 7.8 C 0

174D 04-441 F 67166 390 13.1 C 0

176B 05-441 M 67195 389 10.4 C 0

a kg refers to total body weight.
b Days post-inhalation exposure.

Initial
Body

Burden
~Ci ~Ci/kga

440 80
400 130

280 150
320 94

350 64
97 85

140 64
0 0

0 0
0 0

0 0
0 0

0 0
0 0

0 0
0 0

0 0
0 0

0 0

c D, E, or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before total was received.

91yci3 Longevity Dogs (Cont’d.)

Radiation Dose To Tissue
Lung Liver Skeleton

Cumulative Rads
30b 120b To
Days Days Total Death

480 610 670

470 600 660
440 570 620

430 560 610

340 430 470

180 230 240

150 190 220

Cumulative Rads Cumulative Rads
30b 120b To 30b 120b
Days D#ys Total Death Dajs Days

59 160 210 170 420 570

59 160 210 160 410 560

59 150 190 160 390 530

54 150 190 150 380 520

44 110 150 120 300 400

23 59 76 61 150 210

19 51 65 53 130 180

Date
To of

Total Death Death

73205

91yci3 LONGEVITY DOGS, cont’d. (front)
91YCI3 SACRIFICE DOGS(front)

137CsCl LONGEVITY DOGS (back)

Days Since
91~ Inhalation

~ -~ ~h CommentC

2574
2686
2660

2674

2i79

2~60
577
375

373
37O

579
579
579

77

2~74

2~67

2664

2635

2241 D-Supp. Pleuritis

5. 91yc13 Sacrifice Dogs

Initial Lun9
Inhalation Exposure Body Cumulative Rads

Number Age Wt Lon9 Term Ret. Burden Burden 30b 120b
Tattoo Radiobiol. Sex Date (Days) (kg) Rank ~Ci/kga ~Ci uCi/kga Days Days

173F 02-442 F 67179 395 9.1 I 220 2000 260 2400 3000

172B 01-442 M 67179 398 7.2 2 220 1600 500

176C 01-443 F 67180 392 8.3 3 170 1500 380 1900

174C 02-443 M 67180 393 7.9 4 120 970 310 1300 1700

a kg refers to body weight.
b Days post-inhalation exposure.
c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before total was received.

Radiation Dose To Tissue

To

Total Death

3300 3300

+ 2300
+ 1900

1800 1800

Liver
Cumulative Rads

Skeleton

30Y 120b To 30b
Days Days Total Death Days

570 1500 1900 1900 840 2100

+ 530

440 + 480 650

310 800 1100 460 1200

Cumulative Rads Date
120b To of
Days _ Total Death Death

2900 2900 73096
+ 750 67206
+ 680 67213

1600

Days Since
91y Inhalation
9-~0-74 Death

2109
27

33

2~50

Commentc

D-Bronch. Alv. Carc., Mam. Carc.
D-Hemat. Dyscrasia
D-Hemat. Dyscrasia
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6. 137CSCI Longevity D~Ls-

Radiation Dose Toi Whole Body

Injection Exposure Rate (rads/day) Cuml. (rads) Date Days Since
Number Age Wt Initial Body Burden 30b 180b 365b Atl 30b 180b 365b To of 137Cs In~ectip9

Tattoo Radiobiol. Sex Block Date (Days) (kg_) Rank uCi/kga ~Ci Initial Days Days Days Death Days Days Days Death Death 9-30-74 Death

271D 12-558 F F 68330 421 7.2 I 4000 29000 72 31 Ii00 68356
244B 06-522 M A 68164 402 8.8 2 3900 34000 72 31 30 1300 1400 68197
241F 06-523 F B 68165 419 8.2 3 3900 32000 71 3@ i000 68187
273A 11-558 M E 68330 405 9.4 4 3800 36000 69 43 950 68349
249D 06-540 M D 68215 422 I0.I 5 3600 36000 68 35 1300 68242

253C 06-539 F C 68214 393 9.5 6 3500 33000 65 3~ 970 68236
277F 09-560 F H 68354 392 7.1 7 3000 21000 54 19 .20 .002 ~ 920 1500 1500 2111

284B 09-562 M I 69028 394 8.5 8 2900 25000 52 18 .20 .001 : 900 1500 1500 2071
282C 10-562 F J 69028 402 7.6 9 2900 22000 53 25 .59 .020 i I000 2000 2000 2000 73271

280C 09-567 F L 69052 429 7.9 I0 2900 23000 53 31 910 69076
292A 10-567 M K 69052 377 8,5 11 2900 25000 52 17 ,30 .003

~I

790 1500 1500 2047

241G 05-523 F B 68165 419 8.6 12 2800 24000 51 860 68190

247E 05-539 F C 68214 428 7.9 13 2800 22000 51 910 68241

266C 09-558 M E 68330 435 7.4 14 2800 21000 50 23 .25 .005 950 1700 1700 1700 73097

273E 10-558 F F 68330 405 8.3 15 2800 23000 51 26 .75 .030 I000 2200 2200 2135

245B 05-522 M A 68164 392 9.1 16 2700 25000 51 18 5,1 860 1400 68245

279D 10-560 M G 68354 383 8.1 17 2700 22000 48 22 .50 .010 950 1800 1800 2111

248A 05-540 M D 68215 428 9.6 18 2600 25000 48 23 .30 .003 I000 1900 1900 2250

244E 04-523 F B 68165 403 7.5 19 2100 16000 37 16 .35 .004 700 1500 1500 2300

266D 08-558 F F 68330 435 7.8 20 2100 16000 37 15 .20 .005 670 1200 1200 2135

279B 07-560 M G 68354 383 9.9 21 2000 20000 36 19 .60 .020 780 1500 1500 2111

275E 08-560 F H 68354 410 7.8 22 2000 16000 37 15 .20 .003 700 1200 1200 2111

283D 08-562 F J 69028 423 8.8 23 2000 18000 37 13 .25 ,004 640 ii00 Ii00 2071

292C 08-567 F L 69052 377 9.0 24 1900 17000 36 14 .40 ,008 670 1200 1200 2047

241A 04-522 M A 68164 418 10.0 25 1900 19000 36 18 9.1 710 1300 68241

271A 07-558 M E 68330 421 9.8 26 1900 19000 35 19 .40 .010 .00~ 730 1500 1500 1500 70292

283A 07-562 M I 69028 423 11.2 27 1900 21000 35 14 .30 .005

1

730 1200 1200 2071

291A 07-567 M K 69052 382 10.8 28 1900 21000 35 12 .28 .003 630 i000 i000 2047

253B 04-539 F C 68214 393 9.7 29 1800 17000 34 15 .40 .006 650 1300 1300 2251

274A 04-540 M D 68215 429 9,8 30 1800 18000 34 17 .60 .010 720 1500 1500 2250

244C 03-522 M A 68164 402 6.7 31 1600 Ii000 28 9.0 .13 .001 430 770 770 2301

280D 06-562 F J 69028 405 6.8 32 1600 11000 28 9.8 ,25 .003 500 840 850 2071

279A 05-560 M G 68354 383 9.5 33 1500 14000 27 11 .11 .002 470 830 840 2111

278F 06-560 F H 58354 391 8.4 34 1500 13000 26 13 .30 .010 560 I000 1000 2111

286D 05-567 F L 69052 417 8.8 35 1500 13000 27 10 .22 .004 480 820 830 2047

Note:
Dog 282C: E-Degen. Arthritis Pneum., Necro. Pharyngitis

Commentc

26 D-Hemat. Dyscrasia

33 D-Hemat. Dyscrasia
22 D-Hemat. Dyscrasia
19 D-Hemat. Dyscrasia

27 D-Hemat. Dyscrasia

22 D-Hemat. Dyscrasia

1704 See note below
24 E-Hemat. Dyscrasia

25 D-Hemat. Dyscrasia

27 D-HemaL. Dyscrasia

1594 D-Aspir. Pneum., Necro. Pharyngitis

81 D-Hemat. Dyscrasia

77 D-Hemat. Dyscrasia

693 D-Shock
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137CSCI Longevity Dogs (Cont’d.)

Radiation Dose To Whole Bod~
Injection Exposure Rate (rads/day)

30~I. (fads)
Date Days Since

Number Age Wt Initial Body Burden 30b 180b 365b At 365b To of 137Cs Injection
Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~JCi/k9a uCi Initial Days Days Days Death Days Days Days Death De#th 9-30-74 Death

241E 03-523 F B 68165 419 9.4
267A 05-558 M E 68330 435 11.2
268C 06-558 F F 68330 433 11.0
2890 05-562 M I 69028 376 9,7
247C 03-540 M D 68215 429 8.8
291C 06-567 M K 69052 382 7,7
252C 03-539 F C 68214 407 9.3
244F 02-523 F B 58165 403 5.8

278B 04-560 M G 68354 39] 9.5
2418 02-522 M A 68164 418 9.8
273F 04-558 F F 68330 405 8.4
278D 03-560 F H 68354 391 10.3
281C 04-562 F J 69028 404 8.4
2818 03-567 F L 69052 428 9.8

285A 03-562 M I 69028 393 10.5
287A 04-567 M K 69052 410 10.2

249C 02-540 M D 68215 422 8.8
266A 03-558 M E 68330 435 9.1

248C 02-539 F C 68214 427 8.3

241C 01-522 M A 68164 418 9.7

244D 01-523 F B 68165 403 7.2

251D 01-539 F C 68214 408 6.8

247B 01-540 M D 68215 429 9.4

2708 01-558 M E 68330 423 8.4

267D 02-558 F F 68330 435 7.4

277A 02-560 M G 68354 392 9.4
274E 01-560 F H 68354 419 7.1

282A 01-562 M I 69028 402 8.6
283C 02-562 F J 69028 395 8.8

286C 01-567 M K 69052 417 8.4

282D 02-567 F L 69052 426 6.9

36 1400 13000 26 14 ,50 .015
37 1400 16000 26 15 .60 .020
38 1400 15000 26 17 1.4 .060
39 1400 14000 26 9.9 .30 .005

40 1300 II000 25 12 .18 .003

41 1200 9200 22 11 .41 .005
42 1200 11000 21 12 .25 .005
43 1100 6400 20 7.2 .083 .001
44 1100 10000 21 10 .20 .003
45 I000 9800 19 7.9 .13 .001

46 1000 8400 19 10 .45 .040
47 1000 10000 19 8.4 ,13 .004

48 I000 8400 19 6.5 .15 .006
45 940 9200 17 8.1 .30 .008

50 920 9700 17 6.3 .20 .002
51 900 9200 17 8.0 .28 .007

52 900 7900 17 8.6 .22 .002

53 890 8100 16 7.9 .15 .004
54 880 7300 16 7.6 .ii .002

C 0 0
C 0 0

C 0 0
C 0 0

C 0 0
C 0 0

C 0 0
C 0 0
C 0 0

C 0 0
C 0 0

C 0 0

550 1200 1200 2300

580 1300 1300 2135

630 1500 1500 2135

480 870 880 2071

470 980 990 2250
520 970 990 2047

480 950 970 2251
340 590 590 2300

440 810 820 2111

330 640 650 2301

420 880 910 2135

350 640 650 2111

320 560 570 2071

350 690 710 2047

310 540 550 2071
360 670 690 2047

340 700 710 2250
330 630 640 2135

330 610 610 225]

2301
70081

a kg refers to total body weight.
b Days post-137Cs injection.
c D, E or S -- Died, Euthanized or Sacrificed with the most prominent features associated with death.
Note:

Dog 244D: D-Auto Immune Hemolytic Anemia Bacterial Endocarditis

2251
2250
2135

2135
2111

2111
2071

2071
2047
2047

137CSCI LONGEVITY DOGS, cont’d. (front)

90y FUSED CLAY LONGEVITY DOGS (back)

CommentC

647 See no~e below
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7.

Inhalation Exposure Initial
Number Age Wt Initial Lung Burden Body Burden

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~JCi/kga pCi pCi/kga pCi

333A 02-66] M A 69226 415 10.3 1 5200 53000 6100 62000 15
333T 01-661 F B 69266 415 8.6 2 3600 31000 4800 42000 10
347S 02-684 F D 69322 379 9.8 3 2800 27000 3500 34000 8.0

340C 03-684 M C 69322 419 10.6 4 2600 28000 3500 37000 7.6
332V 01-662 F B 69267 418 5.5 5 2400 13000 4100 23000 6.9

339A 04-684 M C 69322 422 9.8 6 1900 19000 2400 23000 5.6
335S 03-661 F B 69266 399 9.6 7 1900 18000 2600 25000 5.5

334A 04-661 M A 69266 406 11.4 8 1700 19000 2300 26000 4.8
341T 03-685 F D 69323 417 9.0 9 1700 15000 2500 22000 4.8

340U 01-684 F D 69322 419 9.8 i0 1600 16000 4600 45000 4.8
341C 02-685 M C 69323 417 10.1 11 1500 15000 1800 18000 4.4

340B 05-685 M C 69323 421 10.6 12 1400 15000 1700 18000 4.2
334B 02-662 M A 69267 407 10.6 13 1400 15000 1900 20000 4.1

332T 04-662 F B 69267 418 8.0 14 1400 ii000 1900 15000 4.1
347B 04-685 M C 69323 380 8.5 15 1300 11000 1500 13000 3.8

335A 03-662 M A 69267 400 9.6 16 ii00 11000 1600 15000 3.2

343V 01-685 F D 69323 395 7.1 17 1100 7500 2600 18000 3.0

406U 04-820 F H 70258 409 8.4 18 1100 8800 1400 ]2000 3.0

339S 05-662 F B 69267 367 7.7 19 i000 7800 1800 14000 2.9

406A 03-820 M G 70258 409 12.0 20 980 ]2000 1500 18000 2.8

448U 02-874 F L 71089 411 8.4 21 900 7600 1800 15000 2.7

439A 03-863 M I 71053 402 13.1 22 850 11000 1300 17000 2.4

343C 03-686 M C 69325 397 9.3 23 760 7100 860 8000 2.2

437T 01-863 F J 71053 406 7.6 24 740 5600 820 6200 2.2

380B 01-746 M E 70124 394 9.0 25 730 6600 970 8700 2.2

451B 04-874 M K 71089 401 9.5 26 730 6900 1100 10000 2.2

403T 02-820 F H 70258 416 6.9 27 710 4900 910 6300 2.0

449U 01-874 F L 71089 408 5.9 28 710 4200 1200 7100 2.0

452B 03-874 M K 71089 401 9.8 29 700 6900 II00 II000 2.0

341S 02-686 F D 69325 419 9.8 30 690 6800 940 9200 2.0

413A 01-821 M G 70259 383 11.2 31 680 7600 780 8700 2.0

333B 06-662 M A 69267 416 11.9 32 680 8000 980 12000 1.9

448B 04-863 M I 71053 375 9.8 33 670 6600 850 8300 1.9

402C 01-820 M G 70258 417 7.0 34 660 4700 790 5500 1.9

404U 03-821 F H 70259 416 5.8 35 640 3700 860 5100

90y Fused Clay Longevity Dogs

Radiation Dose ,ito Lun9
Rate , Cuml.

(reds/min) ! (rads)
At

Initial Death

3 ilO00
0.5

~7000
0 44000

0 ~I000

0 )7000
0 ]000
O )000

0 zOO0
0 ZOO0
0 5000

0 $000

0 3000
0 3000
0 ~OOO

0 ~0000

0 !8000
0 t7000
0 ~7000

0 i7000
o ~5ooo
0 74000
O 114000
0 12000

0 ~2000
o ~2ooo
0 12000

0 11000

0 ilO00
0 ~I000
0 11000

0 11000
0 ~1000

~oooo
0 i0000

1.9 0 i0000

To

Death

Date
of
Death

Days Since
90y Clay

Inhalation
9-30-74 Death

70000

55000
44000

41000
37000

30000
29000

27000
27000
25000

24000
23000

23000
22000

20000
18000
17000

17000
17000

15000
14000
14000

12000
12000

12000
12000

Ii000
11000
11000

11000
11000
11000

10000
i0000

69273

69278

70004
69353
69342

70021
69336

69304
70033

70045
70043

70048
69290
69356

70033
69358

70050
70349
69349

71001
71230

71158
70077

71175
70323
71232

71023
73261

71210
70123

71108
70028

71356

71114

1316

7.5
12

47

31
75

64
70

38
75
88

85
9O
23

89

75
91
92

91
82

108
141
105

117
122

199
143
135

903
121

163
2]4
126

463

220

Commentb

D-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury

E-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
E-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury

D-PuI. Fib. and Pu]. Aden.
D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury

D-Puhnonary Injury
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Inhalation Exposure
Number Age Wt

Tattoo Radiobiol. Sex Block Date (Days) (kg)

434T 02-863 F J 71053 415 7.3

446C 03-864 M I 71054 380 11.2

436U 01-864 F J 71054 412 9,1

371S 03-746 F F 70124 423 7.8

400T 04-821 F H 70259 426 6.5

378B 04-746 M E 70124 410 10.3

333S 02-663 F B 69268 417 7.6

450B 03-875 M K 71090 406 9.4

446S 04-864 F J 71054 380 8.1

332C 01-663 M A 69268 419 8.5

449S 04-875 F L 71090 409 7,9

400U 01-817 F H 70251 418 7.6

411C 02-821 M G 70259 394 9.2

439C 02-864 M I 71054 403 9.7

411D 04-817 M G 70251 386 9.8

452A 01-875 M K 71090 402 9.6

449T 02-875 F L 71090 409 8.2

374T 02-746 F F 70124 414 8.0

348C 04-686 M C 69325 376 8.7

343T 01-686 F D 69325 397 8.5

434S 01-867 F J 71055 417 9,4

407S 02-817 F H 70251 402 7.2

380D 01-747 M E 70125 395 9.4

460B 03-817 M G 70251 402 12.0

446B 04-867 M I 71055 381 11,4

375U 02-747 F F 70125 415 7.6

437S 03-867 F J 71055 408 8.4

441A 02-867 M I 71055 399 9.0

399A 02-818 M G 70252 422 9.0

377B 03-747 M E 70125 412 9,0

4~0C 01-876 M E 71091 407 10.4
339U 04-687 F D 6%28 428 7.2

372S 04-747 F F 70125 423 9.6

339B 01-687 M C 69328 428 9.1

332S 03-663 F B 69268 419 8.6

90y Fused Clay Longevity Dogs (Cont’d.)

Radiation Dose to Lung .__
Rate Cuml.

Initial (rads/min) (rads)
Initial Lung Burden Body Burden At To

Rank lJCi/kg a ~Ci ~Ci/kga ~JCi Initial Death ~ Death

36 640 4700 810 5900 1.9 0 i0000 i0000

37 600 6700 670 7600 1,8 0 9500 9500

38 590 5300 930 8500 1.8 0 9300 9300

39 590 4600 670 5200 1,8 0 9300 9300
40 500 3300 560 3600 1.5 7900

41 490 5100 700 7000 1.4 7700
42 460 3500 590 4400 1.4 7200

43 450 4200 560 5300 1.3 7100

44 420 3400 560 4500 1.2 6600

45 410 3500 500 4300 1.2 6500

46 400 3200 560 4400 1.2 6400

47 400 3000 530 4000 1.2 6200

48 380 3500 570 5200 I.i 6000

49 380 3700 700 6800 1.1 6000

50 380 3700 420 4100 I,I 6000

51 380 3600 530 5100 1.1 6000

52 380 3100 540 4400 1.1 6000

53 370 3000 460 3700 1.1 5800

54 360 3200 670 5800 I.i 5700

55 360 3100 440 3700 i.i 5700

56 340 3200 440 4100 .96 5300

57 320 2300 440 3200 .93 5100

58 300 2900 400 3800 .90 4800

59 300 3600 480 5700 .88 4800

60 300 3400 460 5200 .88 4800

61 290 2200 390 3000 .88 4800

62 280 2300 430 3600 .80 4400

63 270 2400 340 3100 .79 4300

64 260 2300 280 2500 .75 4100

65 250 2300 340 3100 .72 3900

66 250 2600 270 2800 .72 3900

67 240 1700 320 2300 .69 3800

68 230 2200 320 3100 .69 3600

69 230 2100 230 2100 .65 3600

70 220 1900 280 2400 .65 3600

Date
of
Death

Days Since
90y Clay

Inhalation
9-30-74 Death

71176
71291

71259

70306
1475
1610

1831
1279
1315

1831
1279

1483
1475
1315

1483
1279

1279
1610

1774
1774
1314

1483
1609

1483
1314
1609

1314
1314

1482
1609
1278

1771

1609
1771
1831

123
237

205
182

90y FUSED CLAY LONGEVITY DOGS, cont’d. (front)

9Oy FUSED CLAY LONGEVITY DOGS, cont’d. (back)

Commentb

D-Pulmonary Injury

D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
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Inhalation Exposure
Number Age

Tattoo Radiobiol. Sex Block Date (Days)

447U 04-876 F L 71091 414
335B 04-663 M A 69268 401

408U 01-818 F H 70252 395
438S 01-868 F J 71056 405

447B 03-868 M I 71056 370
377S 0i-748 F F 70126 413

380C 03-748 M E 70126 396
339T 02-665 F B 69269 369

407B 03-818 M G 70252 403
450E 03-876 M K 71091 407

448T 02-876 F L 71091 413
343A 03-687 M C 69328 400

405U 04-818 F H 70252 403
334C 01-665 M A 69269 409

436V 04-868 F J 71056 414

438B 02-868 M I 71056 405
379B 02-748 M E 70126 402

372T 04-748 F F 70126 424

340T 02-687 F D 69328 425

333E 01-660 M A 69265 414

334T 02-660 F B 69265 405

349B 01-683 M C 69321 372

348S 02-683 F D 69321 372

378A 01-745 M E 70121 407

3830 02-745 F F 70121 375

407T 01-812 F H 70247 398

401A 02-812 M G 70247 413

441B 01-862 M I 71050 394

4380 02-862 F J 71050 399
448A 01-873 M K 71085 407

447W 02-873 F L 71085 408

a kg refers to total body weight.
b 0, E, or S -- Died, Euthanized or Sacrificed

90y Fused Clay Longevity Dogs (Cont’d.)

Initial
Body Burden

Radiation Dose to [unq
Rate Cuml.

(rads/min) (rads)
Wt Initial Lun9 Burden At
(kg) Rank uCi/kga HCi HCi/kga ~Ci Initial Death

6.6 71 220 1500 270 1800 .65
9.8 72 190 1900 280 2700 .56
9.0 73 190 1700 260 2400 .56
9.7 74 190 1800 420 4100 .55

7.3 75 180 1300 290 2100 .52
9.9 76 150 1500 190 1900 .43

10.2 77 140 1500 180 1900 .43
6.4 78 130 830 190 1200 .38

10.6 79 130 1300 190 2000 .37
10.2 80 130 1300 170 1700 .37

8.3 81 120 960 140 1200 .33
9.3 82 110 I000 120 II00 .33

6.8 83 110 720 150 1000 .30
8.3 84 I00 850 140 1200 .30

7.4 85 100 750 180 1300 .29

8.6 86 98 840 150 1300 .28

10.7 87 90 960 110 1200 .27
10.4 88 83 860 92 960 .23

10.2 89 80 810 100 1100 .23
9.4 C 0 0 0 0 0

8.5 C 0 0 0 0 0

12.2 C 0 0 0 0 0

9.0 C 0 0 0 0 0

11.6 C 0 0 0 0 0

6.0 C 0 0 0 0 0

8.O C 0 0 0 0 0

9.2 C 0 0 0 0 0

8.6 C 0 0 0 0 0
7.8 C 0 0 0 0 0

10.0 C 0 0 0 0 0

6.6 C 0 0 0 0 0

To
Death

400000

Date
of
Death

Days Since
90y Clay

Inhalation
9-30-74

~000
3000
800
400

3O0
000

~000
~000

900
8OO

7OO
1700
1500

!5oo
1400

1300
1300

0
0

0
0
0

0
0
0

0

0
0

0

1278
1831

1482
1313

1313
1608

1608
1830

1482
1278

1278
1771
1482

1830
1313

1313
1608
1608

1771
1834

1834
1778

1778
1613
1613

1487
1487

1319
1319
1284

1284

and the most prominent features associated with death.

Death Commentb
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Inhalation Exposure
Number Age

Tattoo Radiobiol. Sex Block Date
Wt Initial Lung Burden

Initial
Body Burden

8. 91y Fused Clay Longevity Dogs
91y FUSED CLAY LONGEVITY DOGS (front)

91y FUSED CLAY LONGEVITY DOGS, cont’d. (back)

(Days) (kg) Rank pCi/kga pCi pCi/k~ pCi

13.5 1 360 4900 1000 14000
10.4 2 320 3300 870 9000
12.0 3 300 3600 770 9200
11.0 4 300 3300 840 9200
10.9 5 300 3300 700 7700
11.2 6 270 3100 670 7500
10.2 7 260 2700 640 6500
9.4 8 260 2400 470 4400

II.0 9 230 2600 350 3900
10.8 10 210 2300 390 4300
10.8 11 200 2100 290 3100
7.1 12 190 1300 400 2800
7.6 13 190 1500 360 2800
9.1 14 180 1700 310 2800

8.9 15 170 1500 230 2000
7.9 16 170 1300 320 2600
9.8 17 170 1700 380 3700
6.4 18 170 1100 270 1700
7.2 19 170 1200 370 2600
9.4 20 160 1500 320 3000
9.4 21 160 1500 340 3200
8.8 22 150 1300 470 4100

10.9 23 150 1700 350 3800
7.1 24 150 1100 170 1200

9.0 25 150 1300 200 1800
7,6 26 140 1100 450 3400

11.3 27 140 1500 300 3200
10.8 28 130 1400 200 2200
5.2 29 130 830 220 1400

I0.0 30 130 1300 240 2400
7.3 31 120 880 250 1800

10.4 32 120 1300 210 2200
11.3 33 120 1400 280 3200
7.9 34 ]20 920 140 II00

10.8 35 II0 1200 560 6500

Rate (rads/day)
60b -120b 250b 365b

Initial Days Days Days Days

990 440
880 360 150

830 390 180

830 360 150
820 360 160

750 320 130
720 320 140
710 320 140

640 280 120
570 250 110
530 240 110
520 230 100

520 220 96 15
510 210 90

460 200 86
430 190 81
470 200 84

45O 20O 88 ]5
450 190 82

430 190 82
430 190 84
400 180 78 13
420 190 84
420 180 79
410 170 72
380 170 77 13

370 150 60
370 160 69

360 150 65 9.9 1.9
360 150 64 9.9 1.9
330 150 66
330 150 64

330 140 58
320 140 62 10 2.2

300 130 60 Ii

386T 04-759 F D 70154 400
375A 01-722 M A 70079 369
384A 02-758 M C 70153 404
383S 01-760 F B 70155 409
384S 02-759 F B 70154 405
372A 03-724 M A 70082 380
384B 03-758 M C 70153 404
392U 01-761 F 0 70156 368
385A 03-759 M C 70154 401
393S 01-758 F B 70153 362
374A 03-722 M A 70079 369
387V 02-760 F D 70155 399
489C 01-951 M K 71257 382
484E 01-953 M K 71259 398
423C 03-835 M E 70342 3~I

426S 04-834 F F 70341 386
491A 04-952 M I 71258 368
483T 04-951 F L 71257 396
484S 03-952 F J 71258 397
374B 01-724 M A 70082 372
385D 01-759 M C 70154 401
385S 04-758 F B 70153 400
420C 01-834 M G 70341 401

419V 04-835 F H 70342 415

491B 01-952 M I 71258 368
390V 02-761 F D 70156 375
492A 03-956 M I 71264 374

422C 02-834 M E 70341 3~7
485U 02-951 F J 71257 394

489B 01-954 M K 71260 3~6
420U 01-836 F F 70343 403
420B 01-837 M G 70344 404
422S 02-835 F H 70342 398
490T 02-952 F J 71258 369
430A 01-835 M E 70342 372

Note:

Radiation Dose To Lun9

On At 60b 120b
9-30-74 Death Days Days

210 41000
II0 35000 49000

69 35000 51000
85 34000 48000

51 34000 48000
53 30000 43000
30 30000 43000

91 29000 42000
59 26000 38000

48 23000 33000
75 22000 32000

96 21000 30000
7.8 21000 30000 3600
24 20000 29000

49 19000 27000
28 18000 25000

29 19000 27000
4.1 18000 27000 32000

39 18000 26000

64 18000 25000

36 18000 26000

9.7 16000 24000 28000
55 17000 25000

50 17000 24000
30 16000 23000
13 16000 23000 28000

14 14000 20000
30 15000 21000

.008 15000 21000 25000 25000

.008 14000 20000 24000 25000
39 14000 20000

30 14000 20000

27 13000 19000
,012 13000 19000 22000 23000

5.9 12000 18000 22000

Days Since
Cumulative (rads) Date 91y Clay

250b 365b To Potential ITo of Inhalation
Days Days 9-30-74 Infinite eath Death 9-30-74 Death

~7000 70267

25000
25000

23000

73000+
59000+

65000+
59000+

60000+
52000+

53000+
53000+
46000+

41000+
40000+

38000+
37000

35000+
33000+
31000+

33000+
33000

32000+
31000+
32000+

29000
31000+

30000+
28000+
29000+

24000+
26000+

25000
25000
25000+

24000+

23000+
23000
22000

151000 70219

60000 70347

153000 70317

!56000 70356
19000 70267

51000 71024
16000 70309
12000 70327
I7000 70330
34000 70226

131000 70278

i37000 72190

~34000 72107
~9000 71137

29000 71172

1000 72089
3000 72238

~29000 72065
E600O 70219
~9000 70335

~9000 71062

~7000 71128
RTO00 71130
26000 72074
28000 71043

i3000 72115
4000 71155

74276

!2000 71137

!2000 71153

~I000 71150

!2000 71272

113

140
194

162
202
185

236
153

173
177

147
123
298

213
160

196
196
346

172
137

181
274

152
153
181

252
216
179

1115
1109

159

174
173

1111

295

Comm taLC

D-PuI. Injury

D-Pul. Injury
D-Pul. Injury
D-PuI. Injury

D-PuI. Injury
D-Pul, Injury

D-Pul Injury
D-Pul Injury

D-Pul Injury
D-Pul Injury
D-Pul Injury

D-Pul Injury
D-Pul Injury

D-Pul Injury
D-Pul Injury

D-PuI. Injury
D-PuI. Injury
D-PuI. Injury

D-Pul, Injury
D-PuI. Injury

D-PuI. Injury
D-Pul. Injury

D-PuI. Injury

D-Pul. Injury
E-PuI. Injury

E-PuI. Injury

D-PuI. Injury
D-PuI. Injury

D-See note below

E-Pul. Injury

D-PuI. Injury

D-PuI. Injury

E-PuI. Injury

Dog 485U: D-Bronchiolo Alveolar Carcinoma

351



91y Fused Clay Long~v~ Dogs_(_Cont’d..)

Inhalation Exposure Initial Rate (rads/d~y)
Number Age Wt Initial Lung Burden Body Burden 60b 120b 250b ~65b

Tattoo Radiobiol. Sex Block Date (Days) ~) Rank pCi/k~a pCi pCi/kga ~Ci Initial Days Days Days pays

425T 03-834 F F 70341 387 8.2 36 110 940 360 2900 330 140 61

484V 04-953 F L 71259 398 6.0 37 II0 680 180 Ii00 300 130 56
376B 02-724 M A 70082 370 8.4 38 110 900 280 2300 300 130 56

422B 03-838 M E 70348 404 11.4 39 110 1200 160 1800 290 130 56

428A 02-841 M G 70351 393 9.4 40 110 I]00 200 1900 310 130 57
484B 03-951 M I 71257 396 8.6 41 Ii0 930 170 1500 290 120 52

489S 02-956 F J 71264 390 8.1 42 110 890 180 1400 300 130 52

387S 01-767 F D 70162 406 7.7 43 100 800 330 2600 280 120 51

419T 02-838 F F 70348 421 7.8 44 100 800 250 1900 280 120 54

490S 03-954 F L 71260 372 8.1 45 i00 850 190 1500 290 120 51

390T 04-766 F B 70161 381 8.6 46 97 830 200 1700 260 120 51

483D 02-953 M I 71259 398 7.7 47 94 720 140 II00 250 Ii0 48

490A 02-954 M K 71260 372 9.2 48 92 840 150 1400 250 110 45
492S 04-956 F J 71264 374 8.0 49 90 720 270 2300 250 94 36

428S 03-837 F H 70344 386 7.1 50 89 640 210 1500 250 110 51

484D 01-956 M I 71264 401 7.7 51 88 670 170 1300 240 ]00 44

488U 03-953 F L 71259 389 8.5 52 87 740 120 1100 240 i00 45

420A 04-841 M E 70351 411 12.4 53 82 1000 2]0 2600 220 110 51

383C 01-766 M C 70161 415 I0.i 54 80 820 160 1600 220 95 41

432A 04-838 M E 70348 367 9.7 55 80 780 ]30 1200 220 99 44

426A 01-838 M G 70348 393 11,5 56 79 910 160 1900 220 96 42

485W 04-954 F J 71260 398 6.6 57 76 500 130 870 210 98 46

422T 03-841 F F 70351 407 9.9 58 75 740 230 2300 200 93 42

425S 04-837 F H 70344 390 10.5 59 73 760 270 2800 200 88 39

491S 02-958 F J 71265 376 8.1 60 69 560 ]10 900 190 75 30

426T 02-837 F F 70344 389 7.4 61 67 490 200 1500 180 79 34

487B 01-958 M K 71265 396 7.2 62 59 430 140 1000 160 72 32

391T 02-766 F D 70161 375 8.4 63 59 500 190 1600 160 70 31

382B 03-766 M C 70161 417 6.8 64 57 390 120 850 160 69 30

431A 01-839 M E 70349 376 10.1 65 49 500 100 i000 130 59 26

492C 03-958 M I 71265 375 7.2 66 47 340 92 660 130 54 23

421T 02-836 F F 70343 402 9.6 67 45 430 120 1100 120 54 24

489T 04-958 F L 71265 391 7.7 68 44 340 97 750 120 50 21

396X 03-767 F B 70162 363 7.9 69 44 340 200 1600 120 57 27

430C 04-836 M G 70343 373 7.9 70 42 340 90 710 Ii0 48 20

Note:
Dog 425T: D-Bronchiogenic Adenocarcinoma

99
8.9 : .
9.1 1.8
9.5 l12.0

9.2 ].8
8.0 1,5
7.9 1.5
8.1 1.6

8,7 1,8

7.9 1.6

Days SinceRadiation Dose To Lung
Cumulative (rads) Date 91y Clay

On At 60b 120b 250D 365b To Potential To of Inhalation
9-30-74 Death Days Days ~s Days 9-30-74 Infinite Death Death 9-30-74 Death

¯ OO8

.006
¯ 006

¯ OO8

4.5 .70 ,002

9.1 2.0

7.1 1.4 .007
7.2 1.3 .007

10,0 2.4

6.5 1.3
7.9 1.7

7.3 i 1.5

8.8 2.1 .017

7.7 1.7
6.6 1.4

4.3 ,75 .003
5.7 1.2

5,6 1.2 .007

5.1 1.0

5.1 i¯i
4.3 .89

4.3 ,91
3.2 .60 .003

5.2 1.2
3.1 .58

13000 ]9000 23000 23000

12000 18000 21000 21000
.004 12000 17000 21000 21000

12000 17000 21000 21000
.016 13000 ]8000 21000 22000

12000 17000 20000 20000
12000 17000 20000 20000

II000 ]6000 19000 20000
35 II000 17000

15 11000 16000

11000 16000 19000 19000
10000 15000 18000 18000

43 i0000 14000
9500 13000 15000 15000

I0000 15000 18000 19000

9600 14000 16000 17000

9700 14000 ]7000 17000
1.1 9500 14000 17000 18000

9000 13000 15000 16000

9000 13000 16000 16000
8900 13000 15000 16000

8800 13000 ]6000 16000

8500 12000 15000 15000
8100 12000 ]4000 14000

7400 I0000 12000 12000
7400 ii000 13000 13000

6700 9700 12000 12000

6500 9400 Ii000 12000

6400 9200 11000 11000
5500 7900 9400 9700

9.3 5200 7400

5000 7200 8700 9000
4700 6700 7900 8100
5100 7500 9200 9500

4600 6500 7700 7800

23000 23000 74268

21000 21000 1110

21000 21000 72162
21000 21000 72153

22000 22000 72325
20000 20000 1112

21000 21000 1105
20000 20000 1572

20000+ 18000 71135
20000+ 19000 72101

19000 19000 1573
18000 18000 1110

18000+ 15000 72019

15000 15000 1105
]9000 19000 1390

17000 17000 1105
17000 17000 1110

18000 ]8000 72047

16000 16000 1573

16000 16000 1386

16000 16000 1386
17000 17000 1109

16000 16000 1383
15000 15000 1390

12000 ]2000 1104

13000 13000 1390
12000 12000 1104

12000 12000 ]573

11000 11000 1573

9700 9700 1385

9000+ 8300 72083

91000 9100 1391
8200 8200 1104
9600 9600 1572

7900 7900 1391

352

CommentC

1388 D-See note below

810 D-PuI. Injury
1011 D-Pul Injury,

704 D-Pul Injury

152 D-Pul Injury

206 D-PuI. Vasc. Inj.

124 D-Pul. Vasc. Inj,

426 D-PuI. Injury

183 D-Pul. Vasc. Inj.



91y Fused Clay Longevity Dogs (Cont’d.)

Radiation Dose To Lunq I Days Since
Inhalation Exposure Initial Rate (rads/day) Cumulative (rads~ .... ~ ...... Date 9]y Clay

Number Age Wt !~] Lun~Burden BodyBurden 60b 120b 250b 365b On At 60b 120b 250b 365~ To Potential I To of Inhalation
Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~Ci/kga ~Ci ~Ci/kga uCi Initial Days Days Days Days 9-30-74 Death Days Days Days Days 9-30-74 Infinite Death Death 9-30-74 Death

428T 02-840 F H 70350 392 5.7 71 41 230 110 610 110 49 22 3.7 .76 4500 6500 7900 8100 8100 8100

488B 04-959 M I 71266 396 8.1 72 39 310 57 460 100 47 21 3.7 .78 .005 4300 6200 7500 7700 7800 7800

372B 02-722 M A 70079 377 11.6 73 35 400 270 3100 93 38 15 2.1 .37 3700 5200 6000 6100 6200 6200

387U 02-767 F B 70162 406 7.8 74 34 260 93 730 91 39 17 2.6 .59 3700 5300 6200 6400 6400 6400

396S 04-767 F D 70162 363 8.8 75 33 300 78 690 93 42 19 3.4 .75 3800 5600 6800 7000 7000 7000

489D 02-959 M K 71266 392 9.6 76 33 320 65 630 91 37 15 2.3 .41 .002 3600 5100 6000 6100 6100 6100

424S 03-839 F H 70349 398 9.3 77 31 290 37 340 85 37 16 2.8 .58 3500 5000 6000 6200 6200 6200

488S 01-960 F J 71267 397 7.3 78 31 230 76 560 85 37 16 2.5 .50 .003 3400 4900 5900 6000 6000 6000

386A 03-763 M C 70159 405 ii.0 79 30 330 38 420 83 37 17 2.9 .63 3400 4900 6000 6100 6200 6200

376A 03-725 M A 70084 372 8.4 80 29 240 40 340 80 34 15 2.3 .55 3200 4600 5500 5600 5600 5600

420D 03-836 M E 70343 403 9.3 8! 27 250 110 I000 /2 32 15 2.6 .55 3000 4300 5200 5400 5400 5400

429S 04-839 F F 70349 382 10.2 82 27 270 86 880 72 32 14 2.3 .48 3000 4200 5100 5200 5300 5300

484T 03-960 F L 71267 406 6.6 83 27 180 67 440 73 30 12 1.7 .30 .001 2900 4000 4700 4800 4800 4800

383V 04-763 F D 70159 413 7.3 84 23 170 51 370 64 27 11 1.7 .36 2600 3600 4300 4400 4400 4400

422A 02-839 M G 70349 405 11.6 85 19 230 37 430 53 23 9.6 1.5 .29 2100 3100 3600 3700 3700 3700

425A 01-840 M G 70350 396 9.1 86 19 i80 57 520 52 23 I0 1.8 .39 2100 3100 3700 3900 3900 3900

a87 04-960 F J 71267 398 6.6 87 19 130 45 290 52 23 9.9 1.7 .42 .002 2100 3000 3600 3800 3800 3800

420S 04-840 F H 70350 410 7.6 88 18 140 42 320 50 23 ii 2.0 .45 2i00 3100 3700 3900 3900 3900

382C 02-763 M C 70159 415 7.4 89 18 130 27 200 49 21 9.1 1.5 .37 9000 2800 3400 3500 3500 3500

487A 03-959 M I 71266 397 8.1 90 16 130 30 240 42 19 8.3 1.4 .30 .002 1700 2530 3000 3100 3100 3100

492B 02-960 M K 71267 377 8.9 91 16 140 30 270 43 18 7.8 1.2 .23 .001 1700 2500 2900 3000 3000 3000

485T 01-959 F L 71266 404 7.4 92 16 120 27 200 41 19 8.6 1.6 .35 .003 1700 2500 3000 3100 3100 3100

373A 02-725 M A 70084 378 9.0 93 15 140 37 330 42 18 7.4 1.1 .27 1700 2400 2800 2900 2900 2900

383W 01-763 F B 70159 413 7.8 94 14 110 43 340 39 16 6.6 .97 .28 1600 2200 2600 2600 2600 2600

423U 03-840 F F 70350 399 8.3 95 13 II0 26 220 35 15 6.6 I.I .22 1400 2000 2400 2500 2500 2500

432B 01-841 M E 70351 370 8.1 96 11 92 25 210 3! 14 6.5 1.2 .26 1300 1900 2300 2400 2400 2400

370A 01-725 M A 70084 393 9.6 C 0 0 0 0

385T 01-755 F B 70147 394 8.1 C 0 0 0 0

389W 02-755 F D 70147 381 8.4 C 0 0 0 0

381B 03-755 M C 70147 414 11.2 C 0 0 0 0

420T 01-833 F H 70338 398 8.7 C 0 0 0 0

424A 02-833 M E 70338 387 9.8 C 0 0 0 0

431B 03-833 M G 70338 365 9.2 C 0 0 0 0

428U 04-833 F F 70338 380 6.3 C 0 0 0 0

488~ 01-950 F L 71256 386 8.6 C 0 0 0 0

483A 02-950 M K 71256 395 9.1 C 0 0 0 0

485S 03-950 F J 71256 394 8.3 C 0 0 0 0

488C 04-950 M I 71256 386 8.2 C 0 0 0 0

a kg refers to total body weight.
b Days post-inhalation exposure.
c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.

353

i 91y FUSED CLAY LONGEVITY DOGS, cont’d. (front)

144Ce FUSED CLAY LONGEVITY DOGS - SERIES I (back)

1384

1103
1655
1572

1572
1103

1385
1102

1575
1650

1391
1385
1102

1575
1385

1384
1102
1384

1575
1103

1102
1103
1650

1575

1384
1383
1650
1587

1587

1587
1396

1396
1396

1396
1113

1113
1113
1113

CommentC



9. 144Ce Fused Clay Lgngevity Dogs (Series I)

Inhalation Exposure Initial Rate (rads/day)
Number Age Wt Initial Lung Burden Body Burden 60b l~Ob 365b On

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~C~/kga uCi ~Ci/kga ~JCi Initial Days Days Days 9-30-

2288 02-490 M
2108 01-474 M
209B 02-474 M

2088 01-478 F
211G 02-478 F

226C 01-490 M
217A 01-491 M

211A 03-473 M
211E 03-477 F

228A 02-491 M

211D 02-473 M

211F 02-477 F
223A 03-491 M

208D 01-477 F
209C 01-473 M

208A 01-476 M
209D 02-476 F

220C 01-492 M

C 68029 372 8.4 1 210 1700
A 67348 419 7.9 2 190 1500
A 67348 421 9.1 3 190 1700
B 67355 432 11.0 4 180 2000
B 67355 424 7.5 5 120 890
C 68029 374 7.8 6 96 740
C 68030 407 8¯8 7 68 600
A 67347 416 8.1 8 66 540
B 67354 423 8.6 9 51 440
C 68030 373 9.1 10 34 330
A 67347 416 7.1 11 27 190
B 67354 423 8.7 12 19 170
C 68030 382 9.8 13 15 150
B 67354 431 5.9 14 15 91
A 67347 420 9.0 15 11 100

A 67353 430 8.9 C 0 0
B 67353 426 7.9 C 0 0

C 68032 391 10.2 C 0 0

a kg refers to total body weight.
b Days post-inhalation exposure.

550 4600 1300 880 720
430 3400 1100 860 670
300 2800 1000 770 610
450 5000 1000 840 670
270 2000 690 530 420
300 2400 550 420 320

130 1100 380 290 220
99 800 380 290 230

120 1100 290 220 170 66
67 670 190 140 110 42

54 380 150 100 74 24
37 320 110 79 60 23

34 330 89 60 44 16
26 150 89 68 53 20
27 240 64 49 38 15
0 0
0 0

0 0

c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential dose was received¯

¯012

¯011

¯ O09

Radiation Dose To Lung

At 60b 120b 365b
14 Death Days Days Days

700 64000 110000

530 58000 i00000
470 53000 94000

550 56000 i00000
340 37000 65000 ]70000+

240 29000 51000 120000+
170 20000 36000 83000+
120 20000 36000 88000+
57 15000 27000 53000 72000+

].5 9800 ]7000 34000 46000
1¯2 7600 13000 23000 30000+

5600 9700 ]9000 25000 25000

4400 7500 14000 19000 19000
.015 4700 8300 17000 22000

3400 6000 12000 16000 16000

Days Since
Cumulative (rads) Date 14~Ce Clay

To Potential To of Inhalation
9-30-74 Infinite Death Death 9-30-74 Death

670000+ 130000 68172
270000+ 140000 68156

240000+ 130000 68164
290000+ 140000 68172

84000 68161

70000 68218
48000 68216

58000 68239
56000 69033

46000 71252
29000 71071

22000 74193

2476

2435

2483
2477
2477

2433

CommentC

143 D-PuI. Injury

173 D-PuI. Injury
181 D-PuI. Injury

182 D-PuI. Injury
171 D-PuI. Injury

189 D-PuI. Injury

186 D-PuI. Injury

257 D-PuI¯ Injury

410 D-PuI. Injury

1318 E-Hemanglosarcoma
1185 D-Hemanclosarconla

2396 D-Hemangiosarcoma

354



10, 144Ce Fused Clay Longevity Dogs (Series II)

144Ce FUSED CLAY LONGEVITY DOGS
- SERIES II (front)

144Ce FUSED CLAY LONGEVITY DOGS

Inhalation Exposure
Number Age

Tattoo Radiobiol. Sex Block Date

Radiation Dose To Lung
Initial Rate (rads/day) Cumulative (fads)

Wt Initial Lung Burden Body Burden 60b 120b 365b On At 60b 120b 365b To Pot~
(D~ (k9) Rank mCi/kga mCi mCi/kga mci Initial Da~ Days Days 9-30-74 Death Days Days Days 9-30-74 Inf:

315V 02-595 F D 69149 398 7.2 I 66 470 170 1200 370 270 200 130 19000 33000
298B 02-586 M A 69121 399 9.1 2 65 590 130 1200 370 290 240 150 20000 36000
327A 01-642 M E 69213 387 9.4 3 56 520 120 1100 320 240 180 99 17000 29000
479U 04-947 F L 71225 379 6,8 4 54 360 180 1200 320 190 140 57 12 14000 24000 47000
330S 02-642 F F 69213 374 8.3 5 53 440 110 920 300 230 180 91 15000 28000
297S 03-586 F B 69121 402 10.4 6 46 470 170 1800 270 200 150 60 15 14000 24000 50000
470A 03-947 M K 71225 397 ii.0 7 44 480 67 730 270 200 150 69 14000 24000
465S 03-918 F J 71176 382 7.9 8 41 330 I00 820 240 180 130 91 12000 22000
465A 04-918 M I 7117G 382 11.4 9 41 460 61 700 230 180 140 66 12000 22000
330U 03-641 F F 69212 373 6.0 10 37 220 85 510 220 150 110 43 3.2 ]1000 18000 36000
315A 01-595 M C 69149 398 10,9 II 35 380 130 1400 200 130 i00 43 6.0 9500 17000 33000
330B 04-641 M E 69212 373 6,3 12 34 220 72 460 200 140 110 38 .19 10000 18000 34000
303A 01-586 M A 69121 422 9.5 13 33 320 76 720 190 140 110 74 9800 17000
454A 03-883 M G 71106 402 8.8 14 32 280 68 600 190 140 97 31 1.2 9800 17000 31000
453S 04-883 F H 71106 408 8.0 15 29 230 38 300 I70 130 100 41 1.8 8900 18000 33000

464B 01-918 M I 71176 385 9.4 16 27 250 45 420 160 110 80 29 1.1 8000 14000 25000

310T 02-594 F D 69148 421 8.9 17 26 230 130 1100 150 110 86 33 7.9 7700 !~080 27000
460S 02-918 F J 71176 419 7.9 18 24 190 80 630 150 97 71 27 1.1 7200 12000 23000

480S 02-947 F L 71225 373 8.3 19 24 200 51 430 150 100 77 29 1.4 7300 13000 25000
312B 03-594 M C 69148 399 9.0 20 24 210 49 440 140 100 79 31 .15 7200 13000 ~5000

298S 03-585 F B 69120 398 10.4 21 23 240 62 650 130 97 73 29 .11 6800 12000 23000

455B 01-883 M G 71106 402 11.7 22 19 220 60 700 110 83 63 23 .96 5800 10000 20000
471A 01-947 M K 71225 397 7.5 23 19 150 34 260 !20 80 59 22 1.1 5700 9900 19000

453T 02-883 F H 71106 408 6.4 24 18 110 46 29g ]0n 75 57 20 .64 5300 9200 18000

315U 01-594 F D 69148 397 8.3 25 18 150 51 a~# 100 77 58 21 .093 5400 9400 18000

304S 01-585 F B 69120 386 7.4 26 17 120 35 260 9g 72 55 21 ,072 5000 8800 17000

311B 03-593 M C 69147 400 9.3 27 14 130 20 ]90 79 57 43 16 .062 4000 7000 ]4000

328T 02-641 F F 69212 385 10.6 28 13 140 26 270 76 55 41 15 .065 3900 6800 13000

467A 03-916 M I 71175 373 12.2 29 13 160 26 310 77 55 41 ]4 .65 3900 6800 13000

467T 04-946 F L 71224 422 6,4 30 13 81 18 120 78 55 43 17 .87 3900 6800 ]4000

297B 02-585 M A 69120 401 9.6 31 ]2 110 50 480 68 45 34 14 ,044 3300 5600 ii000

326C 01-641 M E 69212 391 9.4 32 12 Ii0 18 170 70 51 38 14 .066 3600 6200 12000
463C 02-916 M I 71175 411 10.9 33 12 130 20 220 74 50 37 14 .52 3600 6200 12000

480B 03-946 M K 71224 372 8.2 34 11 91 20 170 68 46 35 14 .74 3300 5700 11000

454S 04-882 F H 71105 401 9.6 35 i0 95 40 390 60 44 33 12 .36 3100 5400 I0000

454E 03-882 M G 71105 401 8,9 36 9.8 87 21 190 60 42 32 12 .40 3000 5200 10000

305V 02-584 F B 69119 382 6.9 37 9.8 67 18 120 57 37 27 i0 .035 2800 4600 8700

Notes:

Dog 297S: E-Hem. Sarc. Fib. Sarc.
Dog 315A: D-Hem. Sarc. and Bronch. Alv. Ca.
Dog 303A: D-PuI. Vasc. Occlusive
Dog 454A: D-Pulmonary lhrombosis associated with Amyloidosis
Dog 453S; D-Pulmonary Hemangiosarcoma; Bronchiolo Alveolar Carcinoma; Bronchogenic Carcinoma
Dog 312B: D-Hemangiosarcoma-Spleen
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44000

33000

30000

32000

32000

26000
24000

23000
24000
23000
]8000

17000

16000
18000
15000

16000
15000
15000

13000

13000
12000

nti al
nite

8!000+ 53000 70030
10(000+ 57000 69335

8~ 000+ 50000 70121
6;000+ 59000 73284

71000+ 50000 70127
61000+ 61000 71141
5: 000+ 41000 72135
4( 000+ 28000 71361
5; 000+ 41000 72122

4; 000+ 46000 72194
46000+ 43000 71335

44000
3go00+ 24000 69314
3~000 38000 74238
4zOO0+ 43000 74236

3~ 000
3( 000+ 34000 71183
3( 000

3;000
3zoo0 34000 74217

31000
2~000
2[ 000

2J 000
2zoo0
2~000

1~000

liO00

1[ 000
1~ 000
1~000

I~000

1! 000

1[ 000
I! O00

1~ 000

1; 000

- SERIES II, cont’d. (back)

Days Since
[,ate 144Ce Clay

To of Inhalation
Death Death 9-30-74 Death CommentC

246 D-Pul. Injury
234 D-Pul. Injury

273 D-PuI. Injury

790 E-Hem. Sarc.
279 D-Pul. Injury

750 See Note Below
275 D-Pul. Injury
185 D-Pul. Injury

311 D-Pul. Injury

1077 E-Hem. Sarc.
916 See Note Below

1887

1193

1193
1144

1979
1263

1144
1263
1951

1979
1952

1887
I]84
1145

1979
1887

1194
1145
1264

1264

1980

193 See Note Below

1228 See Note Below
1226 See Note Below

765 E-Hem. Sarc.

1895 D-See Note Below



Inhalation Exposure Initial
Number Age Wt Initial Lun9 Burden Body Burden

Tattoo Radjob.iol. Sex Bloc k Dat9 (Days) (k~) Rank ~Ci/kga uCi ~Ci/kga ~Ci

460T 04-916 F J 71175 418 7.4 38 9.5 70 30
327B 01-640 M E 69211 385 9.0 39 8.0 72 16

323V 02-640 F F 69211 408 7.8 40 7.8 60 12

303B 03-584 M A 69119 389 6.7 41 7.6 51 17

3108 02-593 F D 69147 420 9.1 42 6.3 57 9.4

4698 02-946 F L 71224 397 7.2 43 5.8 42 13

478B 01-946 M K 71224 379 9.6 44 5.7 54 10
308B 01-593 M C 69147 402 10.3 45 5.4 55 7.4

454C 01-882 M G 71105 401 9,5 46 5.4 51 14
464T 01-916 F J 71175 384 7.4 47 5.0 37 12

455T 02-882 F H 71105 401 10.4 48 4.9 51 16

3138 01-598 F D 69160 411 7.9 49 2.4 19 8.2

296B 01-592 M A 69135 418 10.0 50 2.1 21 3.8

466V 04-915 F J 71174 380 7.9 51 2.0 15 4.5

313C 92-598 M C 69160 411 9.6 52 1.8 17 3.8

304T 02-592 F B 69135 401 7.8 53 1.6 12 2.5

324V 03-638 F F 69210 402 7.2 54 1.5 ii 3.9

331A 04-638 M E 69210 370 9.0 55 1.3 11 2.2

461B 03-915 M I 71174 417 II.I 56 1.2 13 3.0

467U 04-945 F L 71223 421 6.6 57 1.2 7.5 2.7

477A 03-945 M K 71223 380 11.0 58 1.1 12 1.8

329C 03-642 M E 69213 386 8.3 59 .71 5.9 1.2

453B 03-881 M G 71104 406 8.1 60 .63 5,1 1,4

4638 02-915 F J 71174 410 10.4 61 .53 5.5 .77

452U 04-881 F H 71104 416 8.2 62 ,52 4.2 4.7

3148 04-597 F D 69157 407 9.7 63 .45 4.4 .82

296U 02-591 F B 69134 417 8.4 64 .44 3,7 .8!

313B 03-597 M C 69157 408 10.1 65 .37 3.7 1.1

461A 01-915 M I 71174 417 12,0 66 .35 4.3 .49

322V 02-638 F F 69210 409 6.4 67 .32 2.0 ,70

476C 01-945 M K 71223 387 9.0 68 .30 2.7 .58

4718 02-945 F L 71223 395 6.3 69 .25 1.6 .90

297A 01-591 M A 69134 415 11.0 70 .18 2.0 .38

453U 02-881 F H 71104 406 5,8 71 .18 I.I .42

457B 01-881 M G 71104 374 8.3 72 .17 1.4 .37

472W 02-942 F L 71222 390 8.0 73 .16 1.3 .36

298U 02-590 F B 69129 407 9.4 74 .12 1.2 .36

i
144Ce Fused Clay Longevitb Dogs (Series II) (Cont’d)

Rate I
60b 120b

Initial Days Days

220 56
140 46
91 45

120 44

86 36

91 35

99 33
76 31

130 32
86 29

170 30
64 14

38 12

36 11

37 10

19 9.2

28 8.3

20 7,3
33 7,1
18 6.7

30 6.6
9.9 4.1

12 3.7

8.0 3.7

38 4.0

7.9 2.6

6.8 2.4

ii 2.1
5.9 2.2

4.4 1.9
5.2 1.8

5.7 1.4

4.2 1.1

2.4 1.1

3.1 1.1

2.9 .95
3.4 .71

"~/day~) ..........
Radiation Dose To Lun~ _ Days Since

Cumulative (rad~ Date 144Ce Clay
365D On At 60b 120b 365b To Potential To of Inhalation
Days_ 9-30-74 Death Days Days Days 9-30-74 Infinite Death Death 9-30-74 Death

42 32 12
32 24 9.7

33 25 9.2

34 27 12
26 20 7.7

26 20 8.0

26 21 8.3
23 18 .028
24 18 6.7
21 15 5.3

21 15 5.0

9.8 7.4 2.9

8.9 6.9 2.8

8.6 6.6 2.5

7.9 6.2 2.5

6.8 5.3 2.2

6.7 5.3 2.1

5.9 4.7 1.9

5.2 4.0 1,6
5.0 3.8 : 1.4

5.0 3.8 1.3
3.0 2.3 .96
2.8 2.2 .84

2.3 1.8 .68

2.4 1.9 .72

1.8 1.3I .51
1.8 1.41 .49

1.5 1.1 .42

1.5 1.2 .48

1.4 i.I .44

1.4 i.I ,47

1.1 .87~ .34

.80 .61! .23

.87 .71 .30

.78 .63 .26

.74 .58! .21

.56 .43 .16

.52 2900 5100 I0000 13000 13000 1194

.046 2300 4000 7800 11000 11000 1888

,039 2300 4000 7900 10000 i0000 1888

.046 2300 4100 8600 12000 12000 1980

,028 1800 3200 6300 8500 8500 1952

.45 1800 3200 6400 8400 8600 1145

,46 1800 3100 6400 8600 8700 1145

.10 1600 2800 5700 7700 7700 1952

.43 1700 2900 5700 7600 7800 1264

.23 1500 2500 4800 6100 6200 1194

.15 1500 2500 4700 6000 6000 1264

.012 700 1200 2400 3200 3200 1939

.011 620 1100 2200 3000 3000 1964

.12 590 i000 2100 2700 2700 1195

.010 540 960 1900 2600 2600 1939

.008 470 840 1700 2300 2300 1964

.007 450 810 1700 2200 2200 1889

.007 390 710 1500 2000 2000 1889

.070 360 640 1300 1700 1700 1195

.088 350 610 1200 1500 1600 1146

.098 340 610 1200 1500 1500 1146

.004 210 370 750 1000 I000 1886

.029 190 340 680 900 910 1265

.026 160 280 5~0 730 740 1195

.021 170 290 590 770 770 1265

.002 130 220 430 570 570 1942

.001 120 220 420 550 550 1965

.001 110 190 360 470 470 1942

.021 Ii0 190 380 500 500 1195

.002 96 170 340 470 470 1889

.028 94 170 350 480 480 1146

.017 74 130 270 360 360 1146

.001 57 98 190 250 250 1265

.013 58 110 220 300 310 1265

.010 52 94 200 270 270 1265

.0088 50 90 180 230 230 1147

.00023 38 67 130 170 170 1970

CommentC

356



144Ce Fused Clay Longevity Dogs (Series II) (Cont’d)

144Ce FUSED CLAY LONGEVITY DOGS
- SERIES II, cont’d. (front)

144Ce FUSED CLAY SACRIFICE DOGS
- SERIES II, III and IV (back)

Radiation Dose To Lung
Inhalation Exposure Cumulative ~r-ads)Number Age On At 60b 365b To Poteptial ToTattoo Radiobiol. Sex Block Date (Days) 9-30-74 Death Days nays 9-30-74

Infilite Death

Initial Rate (rads/day)
Wt Initial Lung Burden Body Burden 60b 120b --365b
(k_9~) Rank ~Ci/kga ~Ci ~_Ci/kga uCi Initial Days Days Days

462C 02-914 M I 71173 409 9.0 75 .083 .75 .16 1.4 .49 ,38 .30 .11
4768 01-942 M K 71222 386 8.5 76 .079 .67 .11 .96 .47 .37 .29 .11
303S 02-589 F B 69]28 398 8.9 77 .077 .68 .23 2.1 .46 .36 .28 .10
308U 01-597 F D 69157 412 10.1 78 .076 .77 .13 1.3 .45 .35 .28 .i0
464S 01-914 F J 71173 382 8.1 79 .062 .50 .12 1.0 .37 .29 .22 .083
451T 04-880 F H 71103 415 8.0 80 .057 .45 .088 .70 .34 .26 .21 .076
310A 02-597 M C 69157 430 11.5 81 .051 .59 ,21 2.4 .30 .24 .18 .068
304A 01-590 M A 69129 395 11.3 82 .044 .50 .15 1.7 .26 .20 ,16 ,059
310U 03-596 F D 69156 429 8.0 83 .041 .33 .30 2.4 .24 .19 .15 .055
323T 05-636 F F 69209 386 8.4 84 ,039 .33 .15 1.2 .23 .18 .14 .052
306A 01-589 M A 69128 389 9,5 85 .033 .31 .19 1.7 .20 ,15 .12 .044
312A 04-596 M C 69156 406 II.0 86 .025 .27 .050 .53 .15 .12 .091 .033
472U 02-941 F L 71221 389 8.5 87 .020 .17 .036 .30 .12 ,093 .072 .027
465B 01-912 M I 71172 378 11.2 88 .018 .20 .040 .45 .]I .083 .065 .024
450D 03-880 ~ G 71103 419 11.1 89 .018 .20 .067 .74 .Ii .083 ,065 .024
327D 06-636 H E 69209 383 8.7 90 .016 .14 .078 .68 .095 .074 .058 .021
462S 02-912 F J 71172 408 8.1 91 .014 .ii .040 .32 .083 .065 .051 .019
327C 03-636 M E 69209 383 9.4 92 .0096 .090 ,061 .58 ,057 .044 .035 .0]3
478C 01-941 M K 71221 376 8.9 93 .0092 .081 .025 .22 .054 .043 ,033 .012
324T 04-636 F F 69209 401 10.8 94 .0063 .068 .053 .57 .037 .029 .023 .0084
453A 01-880 M G 71103 405 9.0 95 .0030 .027 .0051 .046 .0]8 .014 .Oil .0040
452T 02-880 F H 71103 415 9.4 96 .0024 .023 .019 .18 .014 ,011 .0087 .0032
306D 02-588 M A 69127 388 9.4 C 0 0 0 0
303V 01-588 F B 69127 397 7.5 C 0 0 0 0
310B 01-596 M C 69156 429 ii.0 C 0 0 0 0
308T 02-596 F D 69156 411 9.3 C 0 O 0 0
3248 01-636 M E 69209 401 8.8 C 0 0 0 0
322U 02-636 F F 69209 408 6.8 C 0 0 0 0
450A 0]-878 M G 71099 415 11.8 C 0 0 0 0

452S 02-878 F H 71099 411 10.2 C 0 0 0 0
467B 01-911 M I 71169 367 6.9 C 0 0 0 0
464U 02-911 F d 71169 378 8.9 C 0 0 0 0
4778 01-940 M K 71218 375 8,7 C 0 0 0 0
479T 02-940 F L 71218 372 8.0 C 0 0 0 0

a kg refers to total body weight.
b Days post-inhalation exposure.
c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received,
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120b
Dajs

.0037 26 46 93 120

.0043 25 44 88 110
.00015 24 43 86 ]I0

.00016 24 43 85 Ii0
,0028 19 35 69 89
.0019 ]8 32 64 82

.00011 16 29 57 74
.000084 14 25 49 64
.000087 13 23 46 59
.00010 12 22 44 56

.000063 !0 18 37 48

.000054 7.9 14 28 36

.0011 6.3 ]1 22 29
.00081 5.7 I0 20 26
.00061 5.7 10 20 26

.000042 5.0 9.0 18 23
,00063 4.4 7.8 16 20

.000025 3.0 5.4 11 14
.00050 2.9 5.2 I0 13

.000017 2.0 3,5 7,! 9,]
.00010 .94 1.7 3.4 4,3

.000081 .75 1.3 2.7 3.5

Date
of
Death

Days Since
144Ce Clay
Inhalation

9-30-74 Death Commentc

120
i110

110

illO
82

74

59

56

48

36

29

26

26

23

2O

14

!13

!.]

1196

1147
1971

1942
1196
1266

1942
1970

1943
1890
1971

1943

1148
1197
1266

1890
1197

1890
]148
1890

1266
1266
1972

1972
1943

1943
1890
1890

1270
1270
1200

1200

1151
1151



11. 144Ce Fused Clay Sacrifile Dogs (Series II, III, and IV)

Inhalation Exposure Initial Rate
Number Age Wt Initial Lung Burden Body Burden 60b 120L

Tattoo RadiobioI. Sex Series Date (Days) (kg) Rank ~Ci/kga ~Ci ~Ci/kga pCi Initial Dazs Days

541S 01-999 F II 72103
520A 02-998 M II 72102
530C 04-1007 M II 72115
530B 01-1002 M II 72109
525W 01-1004 F II 72111
527A 03-1007 M II 72115
521T 03-998 F II 72102
526A 01-1001 M II 72108
526B 02-1000 M II 72104
526S 01-1007 F II 72115
525T 02-1003 F II 72110
522T 03-1003 F II 72110
525U 02-1004 F II 72111
539A 03-997 M II 72101
530A 04-998 M II 72102
541U 01-1000 F II 72104
535C 03-1000 M II 72104
539D 04-1000 M II 72104
522U 01-998 F II 72102
526C 02-997 M II 72101
519S 04-1004 F II 72111
524S 02-1001 F II 72108
522S 04-997 F II 72101
527B 02-1002 M II 72109
532U 02-1007 F II 72115
521B 03-999 M II 72103
536T 03-1001 F II 72108
519T 03-1004 F II 72111

527D 01-997 M II 72101
519A 03-1002 M II 72109

520B 04-1003 M II 72110

523T 02-1008 F II 72116
543C 04-1002 M II 72109
520S 01-1003 F II 72110
526D 02-999 M II 72103

541A 05-1000 M II 72104
538S 04-1001 F II 72108

533T 01-1008 F II 72116
523S 01-995 F II 72097

538B 02-995 M II 72097

395 7.9 1 71 560 140 1100 410 310 23(
427 11.0 2 66 720 130 1400 370 280 21{
417 9.2 3 64 590 140 1300 370 260 21(
411 9,5 4 60 560 91 860 340 220
428 7.3 5 58 420 110 810 340 250 19(
418 9.2 6 54 500 78 720 310 210 16(
426 8.7 7 52 450 93 810 310 240 18(
416 7,5 8 52 390 97 730 300 200
412 5.8 9 52 300 120 680 310 22D 16Q
423 6.6 I0 51 330 100 670 290 210 J
427 8.8 11 48 420 II0 990 290 210 16d
432 8.0 12 48 380 140 1100 290 210 16~
428 9.1 13 46 420 89 810 280 190 140
394 9.3 14 41 380 120 1100 240 180 13Q
404 11.5 15 39 450 83 950 230 180 130
396 7.9 16 35 280 62 490 210 140 110
399 7,7 17 34 260 70 540 200 140 110
397 7.9 18 33 260 52 410 190 140 ]OQ
424 7.8 19 33 250 92 720 190 140 99
409 6.9 20 33 230 68 470 190 130 96
439 8.3 21 32 270 73 610 190 140 IOQ
425 6.7 22 32 210 55 370 190 130 I00
423 8.7 23 31 270 78 680 180 140 110
412 9.3 24 31 290 56 520 180 130 95
413 7.8 25 31 240 42 330 180 130 98
427 7.6 26 30 230 84 640 170 130 100
403 7.G 27 29 220 66 500 170 120 88
439 £.7 28 28 240 91 790 170 120 i
404 7.9 29 27 220 47 370 160 120 94
437 8.6 30 27 230 110 940 160 120

~I435 11.9 31 26 310 180 2100 160 120

435 6.0 32 26 150 47 280 150 99 73
399 7.6 33 26 190 42 320 150 110 84
435 6.7 34 24 160 67 450 150 II0 82
411 5.5 35 16 86 51 280 94 68 5#
396 8.3 36 16 140 28 230 92 67 51
402 6.7 37 14 95 24 160 83 57 42
413 5.9 38 14 81 20 120 79 56 4#
416 8.8 C 0 0 0 0
391 9.3 C 0 0 0 0

Radiation Dose To Lunq Days Since
(fads/day) Cumulative (fads) Date 144Ce Clay

365b On At 60b 12oh 365b To Potential At of Inhalation
Days 9-30-74 Death Days Days Days 9-30-74 Infinite Death Death 9-30-74 Death

53

48

40 5.6
44
39

35
38 5.5
42 6.4

33 5.1
36 5.5

39 6.2

36
33 4.6

29

29
34 5.3

31
20

19
16 2.5
16 2.4

CommentC

220 21000 37000 85000+

150 19000 34000 77000+
130 19000 33000 99000+
190 17000 87000+
140 18000 31000 70000+
99 15000 26000 75000+

170 16000 29000 68000+
170 15000 75000+

110 16000 27000 55000+
190 15000 74000+
150 15000 26000 58000+

99 15000 26000 76000+
27 14000 24000 45000 61000+
28 12000 22000 41000 56000+
62 12000 22000 51000+

10000 18000 34000 44000 45000
14 9900 17000 34000 47000

9.9 9600 17000 33000 43000
94 9600 17000 35000+
19 9400 16000 31000 40000+

9800 17000 33000 42000 43000
9300 16000 33000 43000 45000

57 9500 ]7000 40000+
9200 16000 30000 38000 39000
9100 16000 31000 39000 41000
9200 16000 32000 42000 43000

50 8600 15000 39000+

86 8600 33000+
22 8400 15000 29000 41000+

8100 14000 28000 35000 37000

5.4 8200 14000 27000 36000+

17 7300 12000 24000 32000+
7800 14000 27000 35000 36000

7.3 7600 13000 26000 34000+

5.2 4800 8300 16000 22000+

5.2 4700 8200 16000 22000+
4100 7100 14000 17000 18000

4000 6900 13000 17000 18000

39000 72231
45000 72283
55000 73005

21000 72189
4OOOO 72290

42000 73003
30000 72230
19000 72189
35000 72284
19000 72196
28000 72241
43000 73002

53000 73316
47000 73249
37000 73025

43000 74056

41000 74113
17000 72230
35000 73250

28000 72357

24000 73002

16000 72241
33000 73257

34000 74267
27000 73264

32000 74114

20000 74114
20000 74113

900

893

896

895

889
901

895

895

896
888

128 S-Pul. Injury
181 S-Pul Injury

256 S-Pul Injury
80 S-Pul Injury

179 S-Pul Injury
254 S-Pul Injury
128 S-Pul Injury

81 S-Pul Injury
180 S-Pul Injury

81 S-Pul Injury
131 S-Pul, Injury

256 S-PuI. Injury
571 E-Pul, Injury
514 S-PuI. Injury

289 S-PuI. Injury

683 D-Pul. Injury

740 S-Pul. Injury
128 S-PuI. Injury

515 S-Pul. Injury

256 S-Pul, Injury

260 S-Pul. Injury

130 S-PuI. Injury
522 D-PuI. Injury

888 D-PuI. Injury

514 S-Pul. Injury

735 S-Pul. Injury
742 S-Pul, Injury

740 S-

72354 257 S-Normal
907

358



144Ce Fused Clay Sacrifice Do~s (Series II, III, IV) (cont’d.)

144Ce FUSED CLAY SACRIFICE DOGS
- SERIES II, Ill and IV, cont’d. (front)

144Ce FUSED CLAY IMMATURE LONGEVITY
AND SACRIFICE DOGS (back)

Inhalation Exgosure
Number Age Wt Initial Lung Burden

Tattoo Radiobiol. Sex Series Date (Days) (kg) Rank ~Ci/kga uCi ~JCi/kga uCi

Initial
Body Burden

533A 03-995 M II 72097 394 8.3 C 0 0 0 0
542S 04-995 F II 72097 388 8.2 C 0 0 0 0
540T 05-995 F II 72097 389 5.7 C 0 0 0 0
542A 06-995 M ii 72097 388 9.1 C 0 0 0 0
522V 01-996 F II 72098 420 7.8 C 0 0 0 0
547B 02-996 M II 72098 378 10.4 C 0 0 0 0
522A 03-996 M II 72098 420 8.7 C 0 0 0 0
540B 04-996 M I! 72098 390 8.0 C 0 0 0 0
530S 05-996 F II 72098 400 8.6 C 0 0 0 0
521S 06-996 F II 72098 422 8.6 C 0 0 0 0
538A 03-1016 M Iil 72137 428 9.1 1 69 630 95 860
540U 01-1013 F III 72132 424 6.6 2 59 390 150 990
535T 01-1015 F Ill 72136 431 6.3 3 50 320 250 1600
535B 03-1019 M III 72144 438 7.8 4 50 390 140 1100
540S 04-1019 F III 72144 435 6.5 5 50 320 220 1400
539B 02-1014 M III 72133 426 8.6 6 48 410 95 820
542C 03-1014 M III 72133 424 7.8 7 48 380 130 I000
547C 02-]0]5 M III 72136 416 9.9 8 25 340 77 760
535A 01-1019 M III 72144 438 7.9 9 34 270 i00 810
547T 04-1014 F III 72133 413 7.1 I0 32 230 85 600
544T 02-1019 F III 72144 432 7.4 11 32 230 I00 760
530T 04-1016 F III 72137 439 10.2 12 29 300 73 740
547D 01-1017 M III 72140 420 7.3 C 0 0 0 0
541W 04-1017 F III 72140 432 8.7 C 0 0 0 0
544U 05-1017 F III 72140 429 7.0 C 0 0 0 0
527C 06-1017 M III 72140 443 10.2 C 0 0 0 0
539C 01-1018 M III 72143 436 8.5 C 0 0 0 0
541T 02-1018 F III 72]43 435 8.4 C 0 0 0 0
539T 03-1013 F IV 72132 425 8.6 1 41 350 120 990
543A 04-1013 M IV 72132 422 10.8 2 33 250 85 920
541V 02-1016 F IV 72137 429 7.8 3 33 260 69 540
542B 01-1016 M IV 72137 428 9.7 4 32 320 II0 II00
543B 01-1014 M IV 72133 423 9.2 5 31 290 44 410
543S 02-1013 F IV 72132 422 9.2 6 29 270 I00 950
539S 02-1017 F IV 72140 433 7.6 C 0 0 0 0
530U 03-1017 F IV 72140 442 8.5 C 0 0 0 0
538C 07-1017 M IV 72140 434 7.5 C 0 0 0 0

a kg refers to total body weight.
b Days post-:nhalation exposure.

Radiation Dose To Lung
Rate (rads/day)

60b 120b 365b On At ~- 120b
Initial Days Days Days 9-30-74 Death Days Days

Cumulative (rads)
365b To Pot~nti~l

c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.

Days 9-30-74 Infinite

380 290 220 140 20000 35000 82CD0+
340 260 190 130 18000 31000 72(30+
260 180 130 65 13000 22000 62C30+
290 220 170 160 15000 27000 67C30+
270 210 160 140 14000 25000 60C30+
270 200 150 51 14000 25000 59C10+
220 150 II0 39 6.4 11000 18000 35000 44000 450]0
200 140 110 42 6.5 9900 17000 34000 43000 45000
I90 140 I00 92 9700 17000 380D0+
180 120 93 37 5.9 9000 15000 30000 39000 400pO
180 130 95 84 9200 16000 340p0+
160 120 92 38 17 8400 15000 29000

41010

12000 21000 44000
9800 17000 33000 42000
9400 16000 32000 42000

8800 15000 28000 35000
9100 16000 30000 37000
8000 14000 28000 36000

220 180 140 57
190 140 110 39 7.1
]90 130 100 41 6.7
190 120 83 32 4.9

180 130 94 33 5.9
150 ii0 87 34 5.7

56

Days Since
Date 144Ce Clay

At of Inhalation
Death Death 9-30-74 Death CommentC

590 )0+

450 )0
440 )0

360 )0
390 )0

37O )0

72224 127 S-Normal
907
907

74108 742 S-Pul. Injury

906
906
906

74108 741 S-PuI. Injury

52000 72350

43000 72329

4]000 73089

31000 72286

29000 72286

46000 73124

19000 72287

]8000 72287
36000 74018

73127
72350

72292
72290

44000 73133

906

906

871
868

871

864
864

872

867

867
871
872

864
864

864

213 S-Pul. Injury
197 S-PuI. Injury

319 S-PuI. Injury
142 S-Pul. Injury
142 S-PuI. Injury

357 S-PuI. Injury

143 S-PuI. Injury

143 S-PuI. Injury

612 S-PuI. Injury

353 S-Normal
210 S-Normal

149 S-Normal

147 S-Normal
365 D-Pul. Injury

359



Inhalation Exposure
Number Age Wt

Tattoo Radiobio]. Sex Block Date (Days) !~9~

675S 02-1136 F B 73033 92 2.50
671C 03-1132 M C 73030 95 3.80
673D 03-1136 M C 73033 95 2.20
673C 01-1136 M C 73033 95 2.05
672S 01-1133 F B 73031 94 3.60
672B 03-1133 M C 73031 94 3.35
672C 02-1133 M C 73031 94 3.20
629A 01-1055 M A 72221 92 2.75
675T 02-1137 F B 73036 95 3.35
627B 03-1054 M A 72220 94 3.50
673S 01-1135 F B 73032 94 2.05
673A 02-1132 M C 73030 92 2.85
672A 01-1132 M C 73030 93 3.50
671S 02-1131 F B 73029 94 2.80
630B 02-1054 M A 72220 88 2.80
630A 01-1054 M A 72220 88 3.75
675B 04-1131 M C 73029 88 2.65
673T 03-1131 F B 73029 91 1.70
624D 04-1048 M A 72209 90 2.65
671B 03-1130 M C 73026 91 3.00
674T 01-1131 F B ’73029 88 2.05
623A 03-1048 M A 72209 91 4.00
669U 03-1125 F B 73019 84 2.95
668A 02-1125 M C 73019 93 3.15
671A 02-1130 M C 73026 91 2.70
624C 02-1048 M A 72209 90 2.90
670S 01-1125 F B 73019 89 1.65
624A 01-1048 M A 72209 90 3.95
671D 01-1130 M C 73026 91 2.85
669V 03-1124 F B 73018 90 2.55
623B 01-1046 M A 72208 90 3.50
668B 01-1124 M C 730]8 92 3.10
669S 02-1124 F B 73018 90 3.38

Notes:
Dog 675S:
Dog 671C:
Dog 673D:

D-Pulmonary Injury and Congestive Heart Failure
D-Pulmonary Injury and Congestive Heart Failure
D-Pulmonary Injury and Congestive Heart Failure

12.

Initial
Initial Lung Burden Body Burden

Rank mCi/k~ ~JCi pCi/kga mCi Initial

i 120 310 310 770 460
2 84 320 190 720 460
3 73 160 270 580 340
4 70 140 190 390 310
5 64 230 200 710 270
6 52 180 260 880 250
7 48 150 150 490 220
8 38 100 280 770 150
9 28 92 160 550 120

10 24 85 53 190 110
11 21 42 50 100 98
12 16 44 170 460 78
13 12 41 51 180 58
14 11 30 36 100 44
15 9.3 26 71 200 38
16 6.0 23 15 57 27
17 5.0 13 18 48 22
18 3.2 5.4 19 33 12
19 3.1 8.1 8.4 22 12
20 1.6 5.9 3.9 14 9.0
21 0.87 1.8 4.7 9.5 3.7
22 0.28 1.1 1.7 6.6 1.1
23 0.17 0.50 1.5 4.4 0.74
24 0.14 0.43 1.4 4.4 0.59
25 0.089 0.24 0.96 2.6 0.39
26 0.061 0.18 1.3 3.7 0.27
27 0.024 0.040 1.3 2.2 0.11
28 0.013 0.050 0.83 3.3 0.055
29 0.006 0.016 0.65 1.8 0.024
30 0.004 0.01 0.87 2.2 0.17
C 0 0 0 0
C 0 0 0 0

144Ce Fused ClaI

Rate i(rads/day)
60b 120bI 365b On
D~ Daysi Days 9-30-74

220

160 130!
86
80

52i
21

96 72; 26 9.8
76 53i 21 8.2
69 45! 18 7.2
63 341 ii 2.5
43 32 13 5.2
50 29’ 9.5 2.2
28 18 7.2 2.9
19 14! 5.5 2.2
17 12i’ 4.7 1.9
14 9 i.71 3.8 1.5
16 8.81 2.5 0.54
12 7. i 31 2.4 0.48

6.0 3.91 1.5 0.58
3.3 2.31 0.87 0.32
5.1 2.8, 0.89 0.20
2.3

01"6’59
0.65 0.26

0.87 . 0.23 0.089
0.63 0.40’ 0.Ii 0.02
0.23 0.15i 0.058 0.023
0.19 0.12: 0.046 0.018
0.12 0.077! 0.030 0.012

0.084 0.054] 0.021 0.0043
0.033 0.021; 0.0082 0.0032
0.017 0.0111 0.0042 0.00087

0.0075 0.00481 0.0019 0.00075
0.0053 0.0034! 0.0013 0.00051

C 0 0 0 0

Immature Longevity Dogs

Radiation Dose To Lung

At
Death

140

130
78

13

Days Since
Cumulative (rads) Date 144Ce Clay

120b 365b To Potential To of Inhalation
Days . Days Days 9-30-74 Infinite Death Death 9-30-74 Death

19000 80000+ 25000 73128
14000 21000 49000+ 21000 7315]
10000 15000+ 11000 73099
9200 13000 21000 27000+ 24000 74179
8800 14000 25000 29000 31000 607
7800 12000 20000 23000 25000 607
7200 11000 18000 20000 22000 607
5900 8700 13000 16000 16000 783
4000 6100 ii000 13000 15000 602
4600 6700 1 i000 13000 13000 784
3000 4300 7200 8300 9100 606
2100 3100 5300 6100 6700 608
1700 2600 4500 5200 5700 608
1400 2100 3600 4200 4600 609
1500 2200 3300 3900 4000 784
1100 ]600 2700 3200 3300 784
660 940 1500 1800 1900 609
330 470 810 960 1100 609
470 690 1080 1300 1300 795
250 370 630 730 800 612
IO0 140 240 270 290 609
50 80 130 150 160 795
24 35 58 68 74 619
19 28 46 54 59 619
13 18 30 35 38 612

8.8 13 21 26 27 795
3.4 5.0 8.3 9.6 11 619
1.8 2.6 4.3 5.2 5.4 795

0.78 1.1 1.9 2.2 2.4 612
0.55 0.80 1.3 1.5 1.7 620

796
620
620

13. 144Ce Fused Clay Immature Sacrifice D~

CommentC

95 See Note Below
121 See Note Below

66 See Note Below
511 D-PuI. Injury

Inhalation Exposure
Number Age Wt Initial Lun9 Burden

Tattoo Radigb.iol± Sex Block Date (Days)_ (kg) Rank l~Ci/kga ~Ci

672T 04-1132 F 73030 93 2.95 46 140
629B 03-1055 M 72221 92 2.70 43 120
673U 01-1137 F 73036 98 1.70 37 62

a kg refers to total body weight.
b Days post-inhalation exposure.

Initial
Body Burden

~Ci/kga ~Ci Initial

140 400 220

270 740 170
140 240 120

Rate !(rads/day)
60b 1204 365b
Days Daysi_ ~s_

63 391 15

88 46i
42

c D. E or S -- Died. Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.

Radiation Dose To Lung

On At 60b 120b
9-30-74 Death Days Days

8.4 6900 9800

42 7500 II000

29 4400

-Cumulative (rad~
365b To Potential To
Days 9-30-74 Infinite Death

Date
of
Death

Days Since
144Ce Clay
Inhalation

9-30-74 Death

16000 20000+ 17000 74179
16000+ 12000 72350
13000+ 5100 73117

514
129

81

CommentC

D-Pul. Injury

S-
S-



Inhalation Exposure Initial Initial

14, 144Ce Fused Clay Aged Longevity Dogs

Radiation Dose To Lung
Rate-(rads/day) Cumulative_.(Tads) Date

144Ce FUSED CLAY AGED LONGEVITY DOGS (front)

90Sr FUSED CLAY LONGEVITY DOGS (back)

Days Since
144Ce

Fused Clay
Number Age Wt Lung Burden Body Burden 60b 120b 365b On At 60b 120b 365b To Potential To of Inhalation

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank uCi/kga ~Ci ~Ci/kga ~Ci Initial Days D~s Days 9-30-74 Death Days Days Days 9-30-74 Infinite Death Death 9-30-74 Death

FD-49 02-982 F B 72040 3748 9.5 i 75 710 150 1400 420 300 220
FD-40 02-991 F E 72055 3565 12.0 2 67 800 170 2000 390 320 250
FD-98 01-987 F C 72046 3686 10,9 3 56 610 100 1100 320 250 200
FD-I08 03-987 F D 72046 3537 11.7 4 51 600 160 1900 290 230 180
FD-I18 01-990 F F 72054 3318 6.7 5 50 330 190 1200 280 220 170
FD-145 03-982 F A 72040 3840 10.5 6 40 420 73 770 240 180 140
FD-12 02-987 F C 72046 3714 14.5 7 27 400 120 1800 150 110 83
FD-7 01-991 F E 72055 3511 10.2 8 25 250 120 1300 140 ii0 84
FD-IO0 01-983 F B 72041 3841 8.8 9 23 200 81 710 140 I00 78
FD-121 02-990 F F 72054 3119 16.0 10 23 360 89 1400 130 100 78
FD-94 03-990 F D 72054 3461 6.7 11 22 150 62 410 130 98 75
FD-31 04-982 F A 72040 3859 10.7 12 22 230 37 390 130 95 72
FD-I03 01-982 F B 72040 3705 9.4 13 20 190 27 250 120 88 70
FD-32 03-984 F D 72045 3542 7.8 14 14 ii0 38 290 83 64 50
FD-47 02-984 F C 72045 3585 8.4 15 14 120 28 240 80 58 44
FD-190 01-]376 M G 74036 3844 9.7 16 14 130 40 390 79 58 43
FD-15 01-989 F F 72053 3273 12.3 17 13 160 69 850 110 57 44
FD-30 02-983 F A 72041 3877 11.4 18 13 150 50 570 78 62 49
23A 03-1374 M G 74035 3502 14,1 19 12 170 50 710 69 55 44
FD-185 02-1374 M G 74035 3864 i].2 20 !2 140 150 1700 69 50 36
FD-153 02-989 F E 72053 3320 8.6 21 II 95 45 400 65 49 38
FD-154 04-989 F F 72053 3313 11.4 22 9.0 I00 27 300 52 38 29
FD-95 01-984 F C 72045 3563 7.4 23 8.5 62 13 130 49 37 28
FD-131 01-1374 M G 74035 3889 10.6 24 8.3 88 15 160 48 37 29
FD-48 04-984 F D 72045 3544 12.2 25 7.7 94 34 410 44 34 27
FD-38 03-983 F B 72041 3826 8.7 26 7.4 64 23 200 43 34 27
FD-104 04-983 F A 72041 3931 12.3 27 6.4 79 24 290 37 27 20
FD-150 03-989 F E 72053 3320 9.9 28 5.5 54 24 230 32 25 19
FD-IOI 05-981 F A 72039 3842 9.9 C

FD-6 06-981 F B 72039 3815 11.0 C
FD-II7 01-981 F C 72039 3679 6.2 C

FD-147 02-981 F D 72039 3525 8.9 C
FD-4 03-981 F E 72039 3499 15.0 C
FD-149 04-981 F F 72039 3261 8.2 C

2C 01-1379 M G 74038 3777 12.0 C

a kg refers to total body weight.
b Days post-inhalation exposure.
c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died, before potential infinite dose was received.

361

3.7

45
28 3.5

34
25

20 2.6

19
23

12

19 17
28
2O

15 1.8
11 3.8
ii 1.4

18
i0 1.2
1] 1.5

7.9 1.0
7.6 1.0

140 21000 37000

120 21000 38000

120 17000 31000
110 16000 28000

87 15000 26000

99 13000 22000
52 7900 14000

49 7400 13000
7100 12000
6800 12000

6800 12000 23000 30000
6600 12000

6000 II000
4400 7800 16000 21000

4100 7100
4100 7100 11000

4000 7000
4200 7500 15000
3700 6700 11000

3500 5100 9300
3400 5900 12000 16000

2700 4700 9200
2500 4500 8800 ii000
2500 4500 7300

2300 4200 8300
2300 4100 8500 Ii000
1900 3300 6400 8400

1700 3000 6100 8000

76000+ 50000 72237
110000 74000 73009

84000+ 53000 72307
71000+ 44000 72279

65000+ 45000 72327
56000+ 33000 72249
30000+ 20000 72260

83000+ 22000 72305
32000+ 31000 74253
31000+ 20000 72309
31000

27000+ 20000 72320
29000+ 22000 73064
22000

18000+ 13000 73009
15000

17000+ 14000 73106
20000+ 15000 73058
18000

13000
16000

12000+ II000 73356
12000
12000

11000+ 11000 74218
12000

8700
8300

73265

74151

197

320
261
233

273
209

214
250

943
255

95O

280
390

959
330

237

419

383
238

238

951
669

959

238
904

963

963
951

965
592

965

843
965
965

235

C o mm e n t c

D-Pulmonary Injury
D-Pulmonary Injury

D-Pulmonary Injury
E-Pulmonary Injury

E-Pulmonary Injury
D-Pulmonary Injury
D-Pulmonary Injury

D-PuI. Inj. & Cong. Ht. Fail.

D-Pulmonary Injury
D-Pulmonary Injury

D-PuI. Inj. & Cong. Ht. Fail.
D-Pulmonary Injury

D-Mam. Tum.-Meta, Liver

D-Cong. Heart Failure
D-Cong. Heart Failure

D-Pulmonary Injury

D-Mammary Tumor

D-Mammary Tumor

D-Pyometra



15. 90Sr Fused Clay Longevity Dogs

Inhalation Exposure
Age

Initial
Body Burden

Rate (rads/day)
60b 120 b 365b OnNumber Wt Initial Lung Burden

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~Ci/~a] ~Ci ~Ci/kga ~Ci Initial Days Days Days 9-30-741 Death Days Days Days 9-30-74 5000 Days

417A 04-828 M H 70288 379 10.6 1 94 1000 250 2700 500 460 430
415T 01-828 F I 70288 396 9.2 2 88 810 120 1100 460 390 330
403A 03-809 M E 70238 396 7.0 3 81 570 140 970 430 320 260 180
393A 01-792 M C 70218 427 10.3 4 81 830 100 1000 430 340 270
397T 04-792 F D 70218 409 8.6 5 78 670 150 1300 410 280 230
41BB 02-828 M H 70288 382 11.6 6 77 890 210 2400 400 360 330
435A 01-856 M J 71032 391 11.5 7 73 840 140 1700 380 350 310
417T 03-828 F I 70288 379 9.5 8 72 680 300 2800 380 300 270
500B 04-964 M L 71300 369 8,6 9 70 600 150 1300 370 290 250
398U 02-792 F D 70218 393 6.8 I0 68 460 94 640 360 270 250
432T 01-855 F K 71029 413 8.2 11 67 550 190 1600 350 270 240
403U 01-809 F F 70238 396 6.8 12 66 450 150 I000 350 300 270
355S 01-703 F B 70036 424 8.6 13 63 540 150 1300 330 270 240
405X 01-824 F G 70266 416 8.6 14 63 540 130 1100 330 280 250
355B 02-703 M A 70036 424 9.4 15 62 580 I00 940 330 270 240 180
433A 02-854 M J 71028 411 11.0 16 61 670 110 1300 320 290 260
408T 02-824 F G 70266 408 8.6 17 58 500 I00 890 310 260 230
398A 03-792 M C 70218 393 11.4 18 57 650 81 930 300 270 240
418S 03-827 F I 70286 365 I0.0 19 56 560 90 900 290 240 200
402D 02-809 M E 70238 397 6,7 20 55 370 190 1300 290 230 200
357A 01-702 M A 70035 421 9.8 21 54 530 150 1400 280 230 200
361T 03-701 F B 70034 415 8.4 22 54 450 90 750 280 250 230
494A 03-964 M L 71300 404 9.4 23 53 500 100 970 280 190 170
403S 04-809 F F 70238 396 7.0 24 53 370 140 970 280 250 220
431U 02-855 F K 71029 421 7.2 25 49 350 240 1800 260 220 200
437D 03-855 M J 71029 382 8.3 26 47 390 I00 860 250 200 180 110
411A 01-827 M H 70286 421 14.2 27 44 630 260 3600 230 210 190
400S 04-808 F ~ 70237 404 9.1 28 42 380 84 770 220 200 170

402A 01-808 M E 70237 396 9.5 29 42 400 56 530 220 160 140
411T 03-824 F G 70266 400 7.6 30 39 300 69 530 210 180 160
433S 04-854 F K 71028 411 9.0 31 39 350 62 560 200 190 170
398D 02-790 M C 70216 391 9.5 32 36 340 51 490 190 150 120 89
497B 02-964 M L 71300 375 8.8 33 35 310 49 430 190 140 120 81

396T 03-790 F D 70216 417 8.6 34 34 290 80 680 180 140 120 75

354W 02-702 F B 70035 425 7.5 35 29 220 61 460 150 130 120 86

Radiation Dose To Lun9 Days Since
Cumulative (fads) Date 90Sr Clay

At ~ 120b 365b To Potential To To of Inhalation
Death Death 9-30-74 Death Commentc

410000+ 86000 71118
170000+ 76000 71143

250000+ 96000 71259

ii0000+ 51000 71012
130000+ 56000 71071
240000+ 64000 71107

220000+ 73000 71263
200000+ 71000 71190

260000+ 66000 72190
270000+ 80000 71182
180000+ 65000 71297

170000+ 70000 71131
200000+ 78000 71013
130000+ 60000 71144

260000+ 85000 71044
190000+ 66000 71280

130000+ 55000 71139
170000+ 67000 71136
90000+ 43000 71121

360000+ 61000 71173
520000+ 69000 71011

150000+ 59000 70299
200000+ 54000 72245

150000+ 52000 71105
170000+ 46000 71255
120000+ 61000 72040

130000+ 40000 71122
110000+ 48000 71158

120000+ 45000 71212
89000+ 40000 71160

150000+ 47000 71307

130000+ 65000 72130
110000+ 68000 73357
93000+ 60000 72204

II0000+ 49000 71147

390 29000 55000

250 26000 47000

180 22000 39000 92000

230 23000 41000

180 20000 35000

300 23000 44000

260 22000 42000
210 20000 37000

210 19000 35000

200 18000 34000

190 18000 33000

200 20000 37000

170 18000 33000

180 18000 34000

180 18000 33000 84000

210 18000 35000

170 17000 32000
180 17000 32000

150 16000 29000

170 16000 29000

170 15000 28000

170 16000 30000
140 14000 24000

180 16000 30000

170 14000 26000

110 13000 25000 60000

160 13000 25000

120 12000 24000

99 11000 20000
110 12000 22000

140 12000 23000
66 9900 18000 43000
50 9600 17000 41000
45 9400 17000 40000
75 8400 16000 40000

195 D-Pul Injury

220 D-Pul
386 D-Pul

159 D-Pu]
218 D-Pul
184 D-Pul

231 E-Pul
267 E-Pul

255 D-Pul
329 D-Pul
268 D-Pul

258 D-PuI. Injury

342 D-PuI. Injury

243 D-Pul. Injury

373 D-PuI. Injury

252 E-PuI. Injury

238 D-Pul. Injury
283 D-Pul. Injury

200 D-Pul. Injury

300 D-Pul. Injury

341 D-Pul. Injury

265 D-PuI. Injury
310 D-PuI. Injury

232 D-Pul. Injury

226 D-PuI. Injury
376 E-Pul Injury

201 D-Pul Injury

286 D-Pu] Injury

340 D-Pul Injury
259 D-Pul Injury
279 D-Pul Injury

644 E-Hemanglosarcoma
788 D-Hemanglosarcoma

718 D-Hemanglosarcoma

477 D-PuI. Injury

Injury

Injury

Injury
Injury
Injury

Injury
Injury

Injury
Injury
Injury

362



90Sr Fused Clay Lon9evity Dogs !Cent’d.)

9OSr FUSED CLAY LONGEVITY DOGS, cont’d. (front)

90Sr FUSED CLAY LONGEVITY DOGS, cont’d. (back)

Inha.lation Exposure
Age

Initial
Wt Initial Lung Burden Body Burden

Rate (rads/day)
60b 120b 365bNumber On

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank uCi/kga uCi ~Ci/kga NCi Initial Days Days Days 9-30-74 Death Days Days Days 9-30-74 5000 Days

355A 04-701 M A 70034 422 10.6 36 25 270 98 1000 130 110 95 66
433C 01-854 M J 71028 411 9.8 37 24 240 29 280 130 120 110 77
414T 04-827 F I 70286 397 7.0 38 23 160 53 370 120 96 86 66
416C 02-827 M H 70286 380 10.7 39 22 240 42 450 120 88 78 54
430S 03-854 F K 71028 423 7,7 40 22 170 30 230 120 98 85 58
398B 01-790 M C 70216 391 11.2 41 20 220 28 320 i00 89 77 50
399U 03-808 F F 70237 407 7,2 42 19 140 53 380 100 85 74 53
401B 02-808 M E 70237 403 9.0 43 19 170 50 450 99 B4 77 59

404S 01-823 F G 70265 438 8.6 44 19 160 24 200 98 75 63 44 14
495C 01-964 M L 71300 385 8.0 45 18 140 24 190 92 62 56 36 10

397S 04-790 F D 70216 407 8.3 46 16 130 26 220 83 71 62 38 18
354A 01-701 M A 70034 424 10.4 47 15 160 49 510 81 70 61 40

362T 02-701 F B 70034 413 6.8 48 15 100 36 240 78 69 62 44
413B 02-826 M H 70285 409 10,9 49 15 160 23 250 77 61 51 30

415V 01-826 F 1 70285 393 7.5 50 15 110 23 180 77 58 52 35 6.0

405A 02-806 M E 70236 387 9.7 51 11 ii0 21 210 60 42 33 19 3.7

358T 01-704 F B 70037 422 9.0 52 10 90 24 210 52 48 44 33 13

438A 04-853 M J 71027 376 9,9 53 9.8 97 20 200 52 36 30 22 9.3

413C 03-826 M H 70285 409 12.1 54 9.0 110 12 140 47 41 36 24 4.9

411S 03-823 F G 70265 400 8.1 55 8.9 72 23 190 47 41 37 24 7.0

399T 01-806 F F 70236 406 8.0 56 8.9 71 13 110 47 38 33 24 7,8

393T 03-789 F D 70215 424 6.6 57 8.0 53 15 86 43 34 29 19 4.4

393C 02-789 M C 70215 424 8.2 58 8.0 66 11 92 42 33 29 21 5,1

367B 04-700 M A 70033 385 8.6 59 7.9 68 27 230 42 37 33 24 6.4

494D 01-963 M L 712~(~ 403 8.0 60 7.5 60 12 97 39 32 30 25 14

430V 02-853 F K 71~27 422 7.2 61 7.2 52 22 160 38 31 29 21 6.7

405S 02-823 F G 70265 416 9.9 62 6.7 66 14 140 35 27 21 12 4.5

413S 04-826 F I 7~285 409 10.4 63 6.0 62 16 170 31 29 26 18 3.7

352B 02-704 M A 70037 433 7.9 64 4.9 39 8.5 67 26 24 22 18 8.4

398S 04-789 F D 70215 390 9.6 65 4.9 47 9.6 92 26 18 16 12 2.4

494B 02-963 M L 71299 403 9.4 66 4.9 46 11.0 100 26 21 17 11 6.8

431T 01-853 F K 71027 419 6.6 67 4.7 31 9.9 65 25 23 22 18 7.5

399S 04-806 F F ’ 70236 406 9.7 68 4.3 42 8.3 83 23 21 19 14 7.3

403B 03-806 M E 70236 394 7.3 69 4.2 31 7.0 51 22 20 18 12 1.7

393D 01-789 M C 70215 424 10.5 70 4.2 44 /.4 78 22 17 16 12 3.5

Radiation Dose To Lun9
Cumulative (rads] ....... Date!

At 60b 120b 365b To Potential To To of

18 43000 7315;

17 44000 7312:

13 34000 7403:

Notes;
Dog 446C: E-Epidermoid Carcinoma; hemangiosarcoma
Dog 398B: E-Hemangiosarcoma; Bronchiolo Alveolar Carcinoma
Dog 354A: E-Hemangiosarcoma; Squamous Cell Carcinoma - Nasal Cavity

Days Since
90Sr Clay
Inhalation

Death Deat~ 9-30-74 Death

39 7000 13000 33000 77000+ 51000 7201~
i

58 7300 14000 36000 210000+ 58000 7235~
i

40 6300 12000 30000 97000+ 57000 73064

18 6000 11000 27000 65000+ 52000 73311

44 6400 12000 29000 160000+ 51000 73101

32 5800 11000 26000 140000+ 51000 73151

26 5600 10000 25000 84000+ 56000 73311

30 5500 I0000 27000 84000+ 55000 73161

5100 9200 22000 50000 63000

4200 7700 19000 33000 39000

4600 8600 20000 48000 88000

4500 8400 20000 64000+

4400 8300 21000 58000+
4100 7500 17000 48000+

3800 7100 18000 35000 39000

3000 5200 llOOO 22000 24000

3000 5800 15000 42000 65000

2600 4500 11000 25000 35000

2600 4900 12000 25000 28000

2600 5000 12000 27000 34000
2500 4700 12000 28000 36000

2300 4200 9900 21000 25000

2200 4000 10000 23000 27000

2400 4500 11000 29000 35000

2100 4000 11000 24000 41000
2000 3800 9900 22000 28000

1800 3200 7000 15000 20000

1800 3400 8900 19000 21000

1500 2900 7700 24000 38000

1300 2300 5700 13000 14000

1400 2500 5900 12000 24000

1400 2800 7700 19000 27000

1300 2500 6400 17000 34000

1300 2400 6100 12000 13000

1100 2100 5600 14000 17000

1469

1069

1518

1449

1498
1697
1342

1449
1469

1498
1519

1519
1701
1070

1342
1469
1449

1697
1519

1070
1342
1498
1498

i 1519

COlllmentC

715 D-Hemangiosarcoma

693 E-Hemangiosarcoma

874 D-Hemangiosarcoma

1128 See Note Below

809 E-Hemangiosarcoma

1032 See Note Below
1170 E-Hemangiosarcoma

1025 D-Hemangiosarcoma

1214 See Note Below
1185 D-Hemangiosarcoma

1213 D-Hemangiosarcoma
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I i90Sr Fused Clay Log~gyit~ Dg_~s~(Cont d.)

Inhalation Exposure Initial
Number Age Wt Initial Lung Burden Bod__y Burden

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank uCi/k~ ~Ci pCi/kga ~Ci

360T 02-700 F B 70033 414 7.9 71 4.1 32 25 200
435C 03-853 M J 71027 386 9.0 72 3.7 33 6.8 61
361B 01-699 M A 70027 408 12.0 C 0 0 0 0
354S 02-699 F B 70027 417 7.8 C 0 0 0 0
397U 01-788 F D 70212 403 7.5 C 0 0 0 0
399B 02-788 M C 70212 382 10.9 C 0 0 0 0
401S 01-811 F F 70240 406 8.5 C 0 0 0 0

402B 02-811 M E 70240 399 11.1 C 0 0 0 0
405W 01-816 F G 70247 398 6.8 C 0 0 0 0

413U 01-830 F I 70289 413 9.4 C 0 0 0 0
418C 02-830 M II 70289 368 11.4 C 0 0 0 0
437A 01-851 M J 71025 378 10.9 C 0 0 0 0

431S 02-851 F K 71025 417 7.4 C 0 0 0 0
497A 01-962 M L 71299 374 Ii.1 C 0 0 0 0

a kg refers to total body weight.
b Days post-inhalation exposure.

Initial

21

19

Radiation Dose To Lunq ..
Rate (rads/day)

60b 120b 365b On i At 60b
Days Days Days 9-~74 Death Days

18 15 9.8 4.~ 1200 2200

18 17 13 4.3 Ii00 2200

c D, E or S -- Died, Euthanized or Sacrificed and the most prominent features associated with death.
+ Died before potential infinite dose was received.

Cumulative (rads) Date
120b 365b To Potential To To of
Days Days 9-30-74 5000 Days Death Death

Days Since
90Sr Clay
Inhalation

9-30-74 Death

5100 13000 21000
5800 11000 17000

1701
1342

1707
1707

1522
1522

1494
1494
1487

1445

1445
1344
1344

1070

CommentC
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16. 238pu02 (A.D. = 3.0 um) Longevity Dogs

Inhalation Exposure Initial Initial
Number Age Wt Lung Burden Body Burden

Tattoo Radiobiol. Sex Block Date (Days) (kg) Rank ~Ci/kga uCi uCi/kga ~Ci

667T 01-1305 F B 73347 430 7.1 I 2.2 16
710C 02-1461 M E 74143 427 8.7 2 2.0 17 3.2 28
736A 02-1539 M G 74249 414 10.1 3 1.4 14 2.6 26
667S 03-1305 F B 73347 430 10.3 4 1.4 14
674B 03-1301 M A 73345 403 9.4 5 1.20 11
696A 03-1429 M C 74113 433 10.8 6 I.i 12 2.4 26
731S 01-1539 F H 74249 437 6.5 7 0.90 5.9 1,1 7.3
711S 01-1457 F F 74141 423 7.2 8 0.87 6.3 1.8 13.3
703S 01-1437 F D 74115 415 7.5 9 0.79 5.9 i~1 8.2
736S 03-1537 F H 74247 412 7.9 I0 0.78 6.2 2.0 15.7
696S 03-1437 F D 74115 435 5.4 11 0.66 3.6 1.2 6,5
682V 02-1301 F B 73345 372 8.3 12 0.62 5.1
716T 02-1457 F F 74141 393 8.8 13 0.61 5.4 0.95 8,4
674A 01-1301 M A 73345 403 10.6 14 0.59 6.3
680B 02-1305 M A 73347 391 I0.0 15 0.58 5.8
695A 01-1429 M C 74113 442 12.4 16 0.57 7.1 0.89 11,0
697B 02-1437 M C 74115 430 12.7 17 0.51 6.5 0.63 8.0
708A 03-1457 M E 74141 427 ii.0 18 0.48 5.3 0.64 7.0
715B 03-1461 M E 74143 396 9.8 19 0.34 3.3 0.87 8.5
730S 01-1541 F H 74252 442 10.6 20 0.32 3.4 0.42 4.4
733A 04-1537 M G 74247 431 9.9 21 0.27 2.7 0.43 4.3
736E 02-1537 M G 74247 412 11.0 22 0.26 2.9
715A 02-1463 M E 74144 397 8.8 23 0.26 2.3 0.39 3.4
678T 01-1303 F B 73346 397 8.1 24 0.26 2.1
696D 01-1439 M C 74116 436 6.7 25 0.20 1.4 0.22 1.5
714U 01-1461 F F 74143 402 6.6 26 0.16 1.0 0.36 2.4
674C 02-1307 M A 73348 406 10.1 27 0.14 1.5
680A 03-1307 M A 73348 392 11.5 28 0.14 1.6
702S 03-1435 F D 74114 415 8.1 29 0.II 0.90 0.16 1.3
711T 01-1459 F F 74142 424 6.5 30 0.ii 0.74 0.28 1.8
733S 01-1541 F H 74252 436 8.8 31 0.11 1.00 0.15 1.3
735C 04-1539 M G 74249 424 10.5 32 0.083 0.87 0.12 1.3
732A 01-1537 M G 74247 434 ii.0 33 0.083 0.91
697A 03-1439 M C 74116 431 10.4 34 0.078 0.82 0.082 0,85
680T 03-1303 F B 73346 390 6.7 35 0.070 0.47

Number
Initial Dose Rate of Fraction

(rads/day) Particles of Lung
Averageb Localc (x 105) Irradiatedd

Days Since
238pu02

Inhalation
9-30-74 Death

57 3100 2,7 .018 291
51 3100 3.0 .017 130
36 3100 2,4 .012 24
36 3100 2.4 .012 291
31 3100 1.9 ,010 293
27 3100 2.0 .0089 160
23 3100 1.0 .0075 24
22 3100 i.I ,0073 132
20 3100 1.0 .0065 158

20 3100 I.I ,0065 26
17 3100 .61 .0055 158

16 3100 .87 .0050 293
16 3100 .92 .0050 132
15 3100 i.i .0049 293
15 3100 .99 .0048 291

15 3100 1.2 .0048 160
13 3100 1.1 .0042 158
12 3100 .90 .0040 132

8.7 3100 .56 .0028 130
8.2 3100 .58 .0027 21

6,9 3100 .46 .0023 26
6.7 3100 .49 .OOZ2 26
6.7 3100 .39 .0022 129

6.7 3100 3.6 .0022 292
5.1 3100 .24 .0017 157
4.1 3100 .17 .0013 130

3.6 3100 .26 .0012 290
3.6 3100 .27 .0011 290

2.8 3100 .15 .00094 159
2.8 3100 .13 ,00094 131

2.8 3100 .17 .00094 21

2.1 3100 .15 ,00069 24
2,1 3100 .15 .00069 26
2.0 3100 .14 .00065 157
1.8 3100 ,079 .00058 292

238puO2 (3.0 #m AD) LONGEVITY DOGS
(front and back)
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238pu02 (A.D. = 3.0 ~,m) Longevity Dogs (Cont’d.)

Inhalation Exposure Initial Initial Initial Dose Rate
Number Age Wt Lung Burden Body Burden (rads/d#y)

Tattoo Radiobiol. Sex Block Date (Days) (k9) Rank l,Ci/kga iJCi uCi/kga NCi Average-- -[~#c

705C 03-1459 M E 74142 436 9.3 36 0.065 0.60 0.11 1.0 1.7 3100
697S 02-1435 F D 74114 429 8.0 37 0.058 0.46 0.090 0.72 1.5 3100
715S 01-1463 F F 74144 397 7.2 38 0.054 0.39 0.079 0.57 1.4 3100
704S 02-1429 F D 74113 408 9.5 39 0.053 0.51 0.29 2.8 1.4 3100
714S 03-1463 F F 74144 403 8.4 40 0.044 0.37 0.080 0.67 1.1 3100
734S 03-1541 F H 74252 435 9.8 41 0.040 0.39 0.21 2.1 1.0 3100
679B 01-1307 M A 73348 395 9.2 42 0.029 0.27 .74 3100

732B 04-1541 M G 74252 439 11.2 43 0.025 0.28 .64 3100
680S 02-1301 F B 73346 390 7.9 44 0.024 0.19 .61 3100

699S 02-1439 F D 74116 430 9.1 45 0.023 0.21 0.037 0.34 .59 3100
734T 03-1539 F H 74249 432 9.4 46 0.021 0.20 0.027 0.25 .54 3100

697D 01-1435 M C 74114 429 10.2 47 0.012 0.12 0.028 0.20 .31 3100
708C 02-1459 M E 74142 428 7.8 48 0.008 0.06 0.040 0.31 .20 3100
681E 01-1309 M A 73348 381 9.5 C 0 0 0 0 0 0
679S 02-1309 F B 73348 396 7.4 C 0 0 0 0 0 0
696C 01-1430 M C 74113 433 8.3 C 0 0 0 0 0 0
702U 02-1440 F D 74113 414 8.9 C 0 0 0 0 0 0
710A 02-1472 M E 74150 434 11.4 C 0 0 0 0 0 0
718T 01-1472 F F 74150 387 7.4 C 0 0 0 O 0 0
736B 01-1536 M G 74242 407 10.5 C 0 0 0 0 0 0
733T 02-1536 F H 74242 426 7.5 C 0 0 0 0 0 0

Kg refers to total body weight.
Average Initial Dose Rate = mean

a
b organ dose rate
c Local Dose Rate = Based on homogeneous distribution of

2.4 x 107 um3 and density = 0.22 gm/cm3.
d Uniform dispersion of particles assumed.

Number
of

Particles
(x I05)

Fraction
of Lung

Irradiatedd

Days Since
238Pu02

Inhalation
9-30-74 Death

.10

.078

.066

.087

.063

.066

.046

.048

.032

.036

.034

.020

.010
0

0

0
0
0
0

0
0

.00053

.00048

.00045

.00045

.00037

.00033

.00024

.00021

.00021

.00020

.00018

.OOOlO

.000050
0

0

0
0
0
0

O
O

131
159
129

160
129

21
290

21
292

157
24

159
131
290

290

160
160
123
123

31
31

energy from each particle in tissue sphere of volume =
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Number
Tattoo Radiobiol. Sex

701A 02-]445 M

746B 02-1547 M

718U 01-1483 F
726A 02-1489 M

690S 02-1359 F
684A 01-1363 M

747S 03-1551 F
726T 03-1483 F

746T 01-1551 F

708T 02-1441 F

745A 03-1547 M

707T 03-1445 F

723C 01-1489 M
737A 02-1551 M

705B 01-1445 M
693B 03-1363 M

725B 02-1491 M
699A 01-1441 M

685A 03-1359 M
692S 0]-1359 F

691S 03-1361 F
715C 02-1483 M

725T 02-1485 F

704U 03-1441 F

745T 01-1553 F

746A 01-1549 M

692U 02-1363 F

718V 03-1489 F

685B 03-1365 M
738A 03-1549 M

708U 02-1447 F

744U 01-1547 F

704T 01-1447 F

705A 01-1443 M

694A 02-1361 M

Inhalation Exposure
Age Wt

Block Date (Days) (k~)

C 74122 430 9.3
G 74253 366 10.3

F 74169 395 7,4
E 74171 378 11.5

B 74029 400 8,0
A 74031 417 10.5

H 74255 366 7.7
F 74169 376 9.9

H 74255 366 9.6
D 74120 406 7.2

G 74253 368 7.9
D 74122 412 8.5

E 74171 383 8.6
G 74255 418 10.3

C 74122 416 8.0
A 74031 383 9.7

E 74172 379 11.2

C 74120 434 8.3

A 74029 415 10.0
B 74029 384 8.2

B 74031 400 9.7

E 74169 412 9.6
F 74170 377 11.2

D 74120 415 8.8
H 74256 371 9.0

G 74254 365 8.6

B 74031 386 6.2

F 74171 398 7.9

A 74032 418 9.3

G 74254 410 10.4

D 74123 409 7.4

H 74253 376 7.8

D 74123 418 9.5

C 74121 415 10.4

A 74030 370 11.7

17. 238pu02 (A.D. = 1.5 um) Longevity Dogs

Initial Initial
Lunq Burden Body Burden

Rank uCi/kga ~Ci uCi/kga uCi

I 1.5 14 1.8 16.7
2 1.3 14 2.0 21.1

3 1.2 9.1 2.0 15
4 1.2 14 1.4 16.3

5 1.2 9.2 1.3 10.7
6 0.83 8.7 1.2 12.2

7 0.74 5.7 1.2 8.9
8 0.66 6.5 0.87 8.6

9 0.61 5,8 0.74 7,1
10 0.58 4.2 0.89 6.4

ii 0.56 4.4 0.81 6.4
12 0.49 4.2 0.58 4.9

13 0.48 4.2 0.58 5.0
14 0.44 4.5 0,48 4.9

15 0.39 3.1 0.44 3.5

16 0.35 3.4 0.54 5.2
17 0.30 3.3 0.36 4.0

18 0.28 2.3 0.33 2.7

19 0.28 2.8 0.42 4.2

20 0.27 2.2 1.3 10.6

21 0.26 2.5 0,53 5.2

22 0.22 2.1 0.31 3.0

23 0.22 2.5 0.26 2.9
24 0.18 1.6 0.25 2,2

25 0.15 1.3 0.17 1.5

26 0.14 1.2 0.15 1.3

27 0.13 0.79 0.21 1.3

28 O. 12 0.95 O. 14 I. i

29 0. ii 1.0 0.13 1.2

30 0. i0 1.1 0.12 1.2

31 0.085 0.63 0.Ii 0.83

32 0.085 0.66 0.12 0.91

33 0.071 0.67 0.080 0.76

34 0.070 0.73 0.083 0.86

35 0,068 0.80 0.091 1.07

Number
Initial Dose Rate of

(rads/day) Particles
Averageb LocalC (x 105)

39 280 27
34 280 25

31 280 17
30 280 25

29 280 17
21 280 i6

19 280 11
17 280 12

16 280 II
15 280 8.0

14 280 8.4

13 380 8.0
12 280 8.0

11 280 8.6
10 280 5,9

9.0 280 6.5

7,7 280 6.3
7.2 280 4.4

7.2 280 5.3

6.9 280 4,2
4.9 280 4.6

5,6 280 4,0
5.6 280 4.6

4.6 280 3.0

3.8 280 2.5

3.6 280 2.3

3.3 280 1.5

3.1 280 1.8

2,8 280 1.9
2.6 280 2.1

2.2 280 1.2

2.2 280 1.3

1.8 280 1.3

1.8 280 1.4

1.7 280 1.5

Fraction
of Lung

Irradiatedd

Days Since
238Pu02

Inhalation
9-30-74 Death

.14

.12

.11

.11

.11

.077

.065

.061

.056
,054

.052

.046

.045
.041

,036
.033
.027

.026

.026

.025

.023

.020

.020

.017

,013
.013
.012

.011

.010

.0098
,0079

.0079

.0066

.0065

.0064

151

20

104
102
244

242
18

104
18

153

20
151

102
18

151
242
101

153
244

244
242
104

103
153

17
19

242
10.2

241

19
150

2O

150
152
243

238puO2(1.5 ~m AD) LONGEVITY DOGS
(front and back)
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238pu0~ (A.D. = 1.5 ~m) Longevity Dogs (Cont’d.)

Inhalation Exposure Initial Initial
Number Age Wt Lung Burden Body Burden

Tattoo Radiobiol. Sex Block Date (~s) (k9) Rank ~Ci/kga ~Ci l~Ci/kga i]Ci

746S 02-1553 F H 74256 367 10.9 36 0.058 0.63 0.074 0.81
723A 01-1485 M E 74170 382 11.2 37 0.052 0.58 0,063 0.73
694S 02-1365 F B 74032 372 9.7 38 0.052 0.50 0.065 0.64
726S 03-1491 F F 74172 379 8.5 39 0.031 0.26 0.04] 0.35
703B 02-1443 M C 74121 421 9.6 40 0.029 0.28 0.029 0.28
684S 0~-1361 F B 74030 406 i0.0 41 0.026 0.26 0,036 0.36
724S 01-1491 F F 74172 380 9.1 42 0.025 0.23 0.045 0.41
725A 03-1485 M E 74170 377 10.6 43 0.020 0.21 0,028 0.30
685C 01-1365 M A 74032 408 9,6 44 0.020 0.19 0.028 0.27
747A 02-1549 M G 74254 365 8.2 45 0.013 0.11 0.013 0.11

701C 03-1447 M C 74123 431 8.8 36 0.013 0.11 0.010 0.092
708V 03-1443 F D 74]2] 407 8.1 47 0.010 0.08
744T 03-1553 F H 74256 379 7.3 48 0,008 0.06 0.010 0.071
694C 01-1378 M A 74150 378 7.9 C 0 0 0 0

689U 02-1378 F B 74150 415 9.0 C 0 0 O 0
704A 02-1432 M C 74170 408 10.1 C 0 0 0 0

705S 01-1432 F D 74170 407 5.5 C 0 0 0 0
721A 01-1488 M E 74242 384 12.9 C 0 0 0 0

725S 02-1488 F F 74242 377 i0.i C 0 0 0 0
738C 0]-1556 M G 74263 419 9.5 C 0 0 0 0
745S 02-1556 F H 74263 378 9.6 C 0 0 0 0

Number
Initial Dose Rate ; of

(rads/day) i Particles
Averageb LocalC I (x 105)

1.5 280 I 1.2

1.3 280 1.1

1.3 280 .95
0.79 280 .49

.74 280 .53

.67 280 .49

.64 280 .44

.51 280 .40

.5l 280 .36

.33 280 .21

.33 280 .21

.26 280 .15

.20 280 .11
0 0 0

0 0 0
0 0 0

0 0 0

0 0 0

0 0 0

0 0 0
0 0 0

a kg refers to total body weight.
b Average Initial Dose Rate = mean organ dose.
c Local Dose Rate - Base on homogeneous distribution of energy from each particle in tissue sphere of volume =

2.4 x 107 um3 and density of 0.22 gm/cm3.
d Uniform dispersion of particles assumed.

Fraction
of Lung

Irradiatedd

Days Since
238Pu02

Inhalation
9-30-74 Death

.0054 17

.0048 103

.0048 241

.0028 101

.0027 152

.0024 243

.0023 101

.0018 103

.0018 241

.0012 19

.0012 150

.00092 152

,00076 17
0 235

0 235
0 160
0 160

0 103
0 ]03
0 lO

0 lO
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APPENDIX B

1.

Publication of Technical Reports

McClellan, R. O. and F. C. Rupprecht (editors), "Inhalation Toxicology Research Institute
Annual Report -- 1972-1973," AEC Research and Development Report, LF-46, AEC Technical Infor-
mation Service Extension, Oak Ridge, Tenn., December 1973.

Phalen, R. F., "Summary of a Respiratory Tract Morphology Conference," AEC Research and De-
velopment Report, LF-47, AEC Technical Information Service Extension, Oak Ridge, Tenn.,
June 1974.
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I. Benjamin, S. A., A. L. Brooks, R. O. McClellan and R. K. Jones, "Effect of 144Ce-144pr and
Partial Hepatectomy on Production of Liver Tumors in Chinese Hamsters," Radiat. Res. 59: 21,
July 1974 (abstract).

2. Benjamin, S. A. and Ann C. Ferris, "Dextran Potentiation of the Canine Lymphocyte Response to
Plant Mitogens," Proc. Soc. Exptl. Biol. Med. 148: 247-250, 1975.

3. Benjamin, S. A., A. L. Brooks and R. K. Jones, "Effect of Pulmonary Irradiation from Internal
Emitters on the Transformation and Kinetics of Canine Lymphocytes in vitro," to be published
in the Proceedings of the 13th Annual Hanford Symposium on ’The Cell Cycle in Malignancy and
Immunity’, held in Richland, Wash., October I-3, 1973 (in press).

4. Benjamin, S. A., R. K. Jones, M. B. Snipes and Catherine S. Lustgarten, "Comparative Effects
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Function," to be published in the Proceedings of the 14th Annual Hartford Biology Symposium on
’Radiation and the Lymphatic System’ held in Richland, Wash., September 30-October 1, 1974 (in
press).
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Lavage," Health Phys. 26: 505-517, June 1974.
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Beagle Dog," Radiat. Res. 59: 256, 1974 (Abstract).

7. Boecker, B. B. and R. G. Cuddihy, "Toxicity of 144Ce Inhaled as 144CECI by the Beagle Dog:
Metabolism and Dosimetry," Radiat. Res. 60: 133-154, 1974. 3

8. Bovd, H. A., O. G. Raabe and Phyllis K. Peterson, "The Production of Monodisperse Particles of
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December 1974 (Abstract).

9. Brooks, A. L., S. A. Benjamin and R. O. McClellan, "Toxicity of 90Sr-90y in Chinese Hamsters,"
Radiat. Res. 57: 471-481, 1974.

10. Brooks, A. L., Jan C. Retherford I and R. O. McClellan, "Effect of 239pu02 Particle Number and
Size on the Frequency and Distribution of Chromosome Aberrations in the Liver of the Chinese
Hamster," Radiat. Res. 59: 693-709, 1974.

11. Brooks, A. L., A. L. Carsten, 2 Diane K. Mead and Jan C. Retherford, I "The Effect of Acute 60Co
Exposure or Continuous Intake of Tritiated Water on the Liver Chromosomes of Hale-Stoner Brook-
haven Mice," (submitted for publication).

12. Brooks, A. L., A. L. Carsten, 2 A. Germillion, 2 Diane K. Mead and Jan. C. Retherford, 1 "The
Effect of Acute 60Co or Continuous Intake of HTO on the Liver Chromosomes of Hale-Stoner
Brookhaven Mice," Radiat. Res. 59: 207, July 1974 (Abstract).

13. Brooks, A. L., R. J. LaBauveI and R. O. McClellan, "Chromosome Aberration Frequency in Blood
Lymphocytes of Animals with 239pu Lung Burdens," to be published in the Proceedings of the 14th
Annual Hanford Symposium on ’Radiation and the Lymphatic System’, held in Richland, Wash.,
September 30-October 2, 1974 (in press}.

14. Clapper, W. E., R. O. McClellan, Grace H. Meade, H. C. Redman, B. B. Boecker and D. L. Lundgren,
"Effect of Injected Radiocesium on the Immunologic Response of Dogs to Infectious Hepatitis
Virus and Salmonella typhi Vaccines," submitted for publication).

15. Cuddihy, R. G., W. C. Griffith and B. B. Boecker, "Biological Modeling for Predicting Retention
Patterns of Inhaled Contaminants," in the Proceedings of the Third International Congress of
the International Radiation Protection Association held in Washington, D. C., September 9-14,
1973, CONF-730907, pp 1243-1248, February 1974.

16. Cuddihy, R. G., R. P. Hall I and W. C. Griffith, "Inhalation Exposures of Barium Aerosols:

Physical, Chemical and Mathematical Analysis," Health Phys. 26: 405-416, 1974.

370



Cuddihy, R. G., S. R. Gomez and R. C. Pfleger, "Analyses of Inhalation Exposures to Aerosols
of Cerium," Health Phys. 27(6): December 1974 (Abstract).

17.

18. Cuddihy, R. G., S. R. Gomez and R. C. Pfleger, "Inhalation Exposures of Beagle Dogs to Cerium
Aerosols: Physical, Chemical and Mathematical Analysis," Health Phys. (in press).

19. Felicetti, Sharon A., R. G. Thomas and R. O. McClellan, "Metabolism of Two Valence States of
Inhaled Antimony in Hamsters," Amer. Ind. Hyg. Assoc. J. 355: 292-300, May 1974.

20. Felicetti, Sharon A., R. G. Thomas and R. O. McClellan, "Retention of Inhaled 124Sb in the
Beagle Dog as a Function of Temperature of Aerosol Formation," Health Phys. 26: 525-531, June
1974.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Felicetti, Sharon A., S. A. Silbaugh and B. A. Muggenburg, "Effect of Flow Rate of Lavage
Fluid on the Removal of Radioactive Particles from the Lung by Bronchpulmonary Lavage," Health
Phys. (in press).

Felicetti, Sharon A., S. A. Silbaugh, B. A. Muggenburg and F. F. Hahn, "Effect of Time Post-
144Exposure on the Effectiveness of Bronchopulmonary Lavage in Removing Inhaled Ce in Fused

Clay from Beagle Dogs," Health Phys. (in press).

Hahn, F. F., B. B. Boecker, C. H. Hobbs, R. K. Jones, R. O. McClellan and M. B. Snipes, "Pul-
monary Neoplasia Associated with Inhalation of Insoluble Forms of Beta-Emitting Radionuclides
by Beagle Dogs," Radiat. Res. 59: 222, July 1974 (Abstract).

Hahn, F. F., B. A. Muggenburg and J. L. Mauderly, "The Oral Toxicity in Dogs of Several Com-
mercial Detergent Products," Toxicol. Appl. Pharmacol. 29: 84-85, 1974 (Abstract).
Hahn, F. F., B. B. Boecker, C. H. Hobbs and B. A. Muggenburg, "The Effect of 144Ce Inhaled in
Fused Clay Particles on the Tracheobronchial Lymph Nodes," to be published in the Proceedings
of the 14th Annual Hanford Symposium on ’Radiation and the Lymphatic System’, held in Richland,
Wash., September 30-October 2, 1974 (in press).

Hahn, F. F., J. E. Barnes,3 C. H. Hobbs and J. L. Mauderly, "Effect of 90y in Fused Clay Par-
ticles on the Gastrointestinal Tract of Beagle Dogs," Radiat. Res. (in press).

Hahn, F. F., B. A. Muggenburg, Kathleen M. Garcia, Sharon A. Felicetti and S. A. Silbaugh,
"Pathogenesis of Injury after Ingestion of Detergents - An Experimental Study," (submitted for
publication).

Henderson, Rogene F., J. J. Waide and R. C. Pfleger, "Methods for Determining the Fraction of
Pulmonary Surfactant Lipid Removed from the Lung of Beagle Dogs by Lavage," Arch. Int. Physiol.
Biochim. 82: 259-272, 1974.

Henderson, Rogene F., J. J. Waide and R. C. Pfleger, "Replacement Time for Lipids Removed by
Pulmonary Lavage: Stimulation of Surfactant Lipid Synthesis by Lavage," (submitted for publi-
cation).

Henderson, T. R., Rogene F. Henderson and J. L. York, 6 "Effects of Dimethylsulfoxide on Sub-
Unit Proteins," Ann. N.Y. Acad. Sci. (in press).

Hobbs, C. H., J. A. Mewhinney, D. O. Slauson, R. O. McClellan and J. J. Miglio, "The Early
Toxicity of Inhaled 239pu02 in Syrian Hamsters," Radiat. Res. 59: 257, July 1974 (Abstract).

Hobbs, C. H., R. O. McClellan, S. A. Benjamin, B. B. Boecker, F. F. Hahn, D. L. Lundgren and
Randi L. Thomas, "Comparative Deposition, Retention and Early Toxicity of Inhaled Insoluble
144Ce Aerosols in Mice, Syrian Hamsters and Beagle Dogs," Toxicol. Appl. Pharmacol. 29: 79-80,
1974 (Abstract).

Jones, R. K., F. F. Hahn, C. H. Hobbs, S. A. Benjamin, B. B. Boecker, R. O. McClellan and D.
O. Slauson, "Pulmonary Carcinogenesis and Chronic Beta Irradiation of Lung," to be published
in the Proceedings of a Symposium on ’Experimental Respiratory Carcinogenesis and Bioassays’
held in Seattle, Wash., June 23-26, 1974 (in press).

Kanapilly, G. M., O. G. Raabe and H. A. Boyd, "A Method for Determining the Dissolution Char-
acteristics of Accidentally Released Radioactive Aerosols," in the Proceedings of the Third
International Conqress of the International Radiation Protection Association held in Washington,

35.

D. C., September 9-14, 1973, CONF-730907, pp 1237-1242, February 1974.

LaBauve, R. J., A. L. Brooks, J. A. Mewhinney, R. O. McClellan and R. K. Jones, "Cytogenetic
Changes in Blood Lymphocytes of Rhesus Monkey Following Acute Inhalation Exposure to Polydis-
perse 239pu02," Radiat. Res. 59: 207, July 1974 (Abstract).

371



36. Lundgren, D. L., A. Sanchez, Randi L. Thomas, T. L. Chiffelle and R. O. McClellan, "Effects of
Inhaled 144Ce02 on Influenza Virus Infection in Mice," Proc. Soc. Exptl. Biol. Med. 144: 238-
244, 1973.

37. Lundgren, D. L., A. Sanchez, F. F. Hahn and R. O. McClellan, "The Effect of Influenza Virus
Infection on the Retention and Distribution of 144Ce and Mortality in Mice and Syrian Hamsters
after Inhalation Exposure to 144Ce02," Radiat. Res. 59: 258, July 1974 (Abstract).

38. Lundgren, D. L., R. O. McClellan, Randi L. Thomas, F. F. Hahn and A. Sanchez, "Toxicity of
Inhaled 144Ce02 in Mice," Radiat. Res. 58: 448-461, 1974.

39. Lundgren, D. L., F. F. Hahn, A. Sanchez and R. O. McClellan, "Effect of Inhaled Yttrium-90 in
Fused Clay Particles on the Pulmonary Clearance of Inhaled Staphylococcus aureus in Mice,"
Radiat. Res. (in press).

40. McClellan, R. 0., B. B. Boecker, F. F. Hahn, C. H. Hobbs, R. K. Jones and M. B. Snipes, "Com-
parative Toxicity of Inhaled Beta-Emitting Radionuclides in Beagle Dogs," in the Proceedings
of the Third International Congress of the International Radiation Protection Association
held in Washington, D. C., September 9-14, 1973, C0NF-730907, pp 208-213, February 1974.

41. McClellan, R. 0., D. L. Lundgren, A. Sanchez, G. J. Newton and F. F. Hahn, "The Effects of
Repeated Inhalation Exposure of Mice to 144Ce02," Radiat. Res. 59: 257, July 1974 (Abstract).

42. McKay, L. R., S. M. Shaw and A. L. Brooks, "Metaphase Chromosome Aberrations in the Chinese
Hamster Liver In V~vo Following Either Acute or Fractionated 60Co Irradiation," Radiat. Res.
57: 187-194, 197-4.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mauderly, J. L., "Evaluation of the Grade Pony as a Pulmonary Function Model," Amer. J. Vet.
Res. 35: 1025-1029, August 1974.

Mauderly, J. L., "Influence of Sex and Age on the Pulmonary Function of the Unanesthetized
Beagle Dog," J. Gerontol. 29(3): 282-289, 1974.

Mauderly, J L., B. A. Muggenburg and F. F. Hahn, "Alterations in Cardiopulmonary Function and
Morphology of the Beagle Dog Following Inhalation of 144Ce Fused Clay Aerosol," Fed. Proc.
33(3): 461, 1974 (Abstract).

Mauderly, J. L., W. C. Nenno and Goldie A. Morrison, "Nitrogen Dilution Constant: A Method of
Compensating for FRC and VT Alterations when Comparing Baseline and Subsequent N2 Clearance
Curves," The Physiologist 17_(3): 281, 1974 (Abstract).

Mauderly, J. L. and J. A. Pickrell, "Pulmonary Function Testing of Unanesthetized Beagle Dogs,"
to be published in the Proceedinqs of the National Conference on Research Animals in Medicine,
Washington, D. C., January 28-30, 1972 (in press).

Mauderly, J. L. and Joyce E. Tesarek, I "Nonrebreathing Valve for Respiratory Measurements in
Unsedated Small Mammals," J. Appl. Physiol. (in press).

Mauderly, J. L., "An Anesthetic Circuit for Small Laboratory Animals," Lab. Anim. Sci. (in
press).

Mewhinney, J. A., J. J. Miglio, C. H. Hobbs and R. O. McClellan, "Initial Lung Deposition,
Retention and Distribution of Three Sizes of Monodisperse 238pu02 Aerosols Following Inhalation
in the Beagle Dog," Health Phys. 27(6): December 1974.

Muggenburg, B. A. and J. L. Mauderly, "Cardiopulmonary Function of Awake, Sedated and Anesthe-
tized Beagle Dogs," J. Appl. Physiol. 37: 152-157, August 1974.

Muggenburg, B. A., J. L. Mauderly, F. F. Hahn, S. A. Silbaugh and Sharon A. Felicetti, "Effects
of the Ingestion of Various Commercial Detergent Products by Beagle Dogs and Pigs," Toxicol.
Appl. Pharmacol. 30: 134-148, 1974.

Muggenburg, B. A., J. A. Mewhinney, J. J. Miglio, D. O. Slauson and R. O. M~ellan, "Broncho-
pulmonary Lavage and Intravenous DTPA Treatment for the Removal of Inhaled ~o~Pu of Varied
Solubility," Health Phys. 27(6): December 1974 (Abstract).

Muggenburg, B. A., J. L. Mauderly, Sharon A. Felicetti, S. A. Silbaugh and F. F. Hahn, "Treat-
ment of Beagle Dogs after the Ingestion of a Commercial Detergent Product," Clin. Toxicol. (in
press).

Muggenburg, B. A. and J. L. Mauderly, "Lung Lavage Using a Single Lumen Endotracheal Tube,"
J. Appl. Physiol. (in press).

372



56.

51.

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Muggenburg, B. A., J. L. Mauder]y, B. B. Boecker, F. F. Hahn and R. O. McClellan, "Prevention
of Radiation Pneumonitis from Inhded i44Ce by Lung Lavage in Beagle Dogs," (submitted for
publication).

Newton, G. J., C. H. Hobbs, R. O. McClellan and G. M. Kanapilly, "Intraorgan Distribution in
the Beagle Dog of 91y Inhaled as the Oxide, Phosphate and in Fused Clay," (submitted for publi-
cation).

Pfleger, R. C., B. B. Boecker, H. C. Redman, J. A. Pickrell, J. L. MaJderly, R. K. Jones, S.
A. Benjamin and R. O. McClellan, "Biological Alterations Resulting from Chronic Lung Irradia-
tion: I. Lipid Alterations Following Inhalation of 144Ce Fused Clay Aerosols in Beagle Dogs,"
Radiat. Res. (in press).

Phalen, R. F., H. C. Yeh, O. G. Raabe, A. J. Hulbert and C. R. Crain, "Comparative Airway
Anatomy in the Human, Beagle Dog, Rat and Hamster and Implications in Inhaled Particles,"
Health Phys. 27(6): December 1974 (Abstract).

Phalen, R. F. and O. G. Raabe, "Aerosol Particle Size as a Factor in Pulmonary Toxicity," to
be published in the Proceedinqs of the Fifth Annual Conference on Environmental Toxicology
held at the Aerospace Medical Research Laboratory, Wright Patterson Air Force Base, Ohio,
September 24-26, 1974 (in press).

Phalen, R. F., H. C. Yeh, O. G. Raabe and T. D. Harris, "A Conceptual Model for Lung Morphometry,"
(Submitted for publication).

Pickreil, J. A., Sherry J. Schluter, J. J. Belasich, E. V. Stewart, J. Meyer, C. H. Hobbs and
R. K. Jones, "Relationship of Age to Normal Blood Serum Constituents and the Reliability of
Measured Single-Dog Serum Values," Amer. J. Vet. Res. 35: 897-903, July 1974.

Pickrell, J. A. Dorothy V. Harris, R. C. Pfleger, J. L. Mauderly, S. A. Benjamin and R. K.
~nes, "Pulmonary Collagen Metabolism in Syrian Hamsters Exposed by Inhalation to Particles ofuy Fused Clay," Fed. Proc. 33: 633, 1974 (Abstract).

Pickrell, J. A., Dorothy V. Harris, R. C. Pfleger, S. A. Benjamin, J. J. Belasich, R. K. Jones
and R. O. McClellan, "Biological Alterations Resultinq from Chronic Lung Irradiation. 11. Con-
nective Tissue Alterations Following Inhalation of 144Ce Fused Clay Aerosol in Beagle Dogs,"
Radiat. Res. (in press).

Pickrell, J. A., Dorothy V. Harris, F. F. Hahn, J. J. Belasich and R. K. Jones, "Biological
Alterations Resulting from Chronic Lung Irradiation. III. Effect of Partial 60Co Thoracic Ir-
radiation Upon Pulmonary Collagen Metabolism and Fractionation in Syrian Hamsters," (submitted
for publication).

Raabe, O. G., H. A. Boyd, G. M. Kanapilly, C. J. Wilkinson and G. J. Newton, "Development and
Use of a System for Routine Production of Monodisperse Particles of 238pu02 and Evaluation of
Gamma Emitting Labels," Health Phys. 27(6): December 1974.

Redman, H. C., F. F. Hahn and B. A. Muggenburg, "Electroencephalographic Correlates of a
Metastatic Brain Tumor in a Beagle Dog," Amer. J. Vet. Res. 34: 805-808, June 1973.

Sanchez, A., "Effect of Beta Radiation from Inhaled Yttrium-90 in Fused Clay Particles on Im-
munity to Listeria monocytogenes in Mice," Master of Science Thesis, May 1974.

Sanchez, A., D. L. Lundgren and R. O. McClellan, "Effect of Beta Radiation from Inhaled
Yttrium-90 in Fused Clay Particles on Immunity to Listeria monocytogenes in Mice," 75th Annual
Meeting of the American Society for Microbiology 1974: 81, 1974 (Abstract).

~nchez, A., D. L. Lundgren and R. O. McClellan, "Effect of Pulmonary Irradiation from Inhaleduy on Immunity to Listeria monocytogenes in Mice," (submitted for publication).

Silbaugh, S. A., Sharon A. Felicetti, B. A. Muggenburg and B. B. Boecker, "Multiple Broncho-
pulmonary Lavages for the Removal of 144Ce in Fused Clay Particles from Beagle Dog Lung,’
Health Phys. (in press).

Slauson, D. O. and Waneta C. Tuttle, "Functional and Immunologic Characterization of Canine
Serum Alpha-l-Antitrypsin," Fed. Proc. 33: 633, 1974 (Abstract).

Slauson, D. 0., B. I. Osburn, M. Shifrine and D. L. Dungworth, "Studies of Regression of FeSV-
Induced Sarcomas in Dogs. I. Morphologic Investigations," J. Natl. Cancer Inst. (in press).5

373



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Slauson, D. 0., B. I. Osburn, M. Shifrine and D. L. Dungworth, "Studies of Regression of FeSV-
Induced Sarcomas in Dogs. II. Immunologic Investigations," J. Natl. Cancer Inst. (in press).5

Slauson, D. O. and Martha A. Dahlstrom, "The Pulmonary Inflammatory Response: Cellular Events
in Experimental Pulmonary Arterial Hypersensitivity Disease," (submitted for publication).

Snipes, M. B. and A. L. Brooks, "Dosimetry and Cellular Risk for Plutonium Particles in the
Lung," (submitted for publication).

Snipes, M. B., A. J. Hulbert and G. E. Runkle, "Intrapulmonary Distribution Patterns of Inhaled
147pm Fused Clay Particles in the Beagle Dog," Health Phys. 27(6): December 1974.

Thomas, Randi L. and Lynda J. Roe, "Coprophagy in Laboratory Animals: A Preliminary Study to
Assess Potential Influences of Excreta Ingestion on Radionuclide Retention Patterns," Amer.
Ind. Hyg. Assoc. J. (in press).

Thomas, R. G., "Inhalation Hazards: They Could Be Worsen" in Proceedings of the Third Inter-
national Congress of the International Radiation Protection Association held in Washington,
D. C., September 9-14, 1973, CONF-730907, pp 1255-1260, February 1974.

Thomas, R. G. and T. L. Chiffelle, "Experimental Alteration of Rat Lung Clearance Patterns by
Zymosan Injection," J. Reticuloendothel. Soc. 15: 48-60, January 1974.

Tuttle, Waneta C. and S. C. Westerberg, "Alpha-1 Globulin Trypsin Inhibitor in Canine Surfac-
rant Protein," Proc. Soc. Exptl. Biol. Med. 146: 232-235, 1974.

Tuttle, Waneta C. and R. K. Jones, "Fluorescent Antibody Studies of Alpha-1-Antitrypsin in
Adult Human Lung," (submitted for publication).

Yeh, H. C., "Use of a Heat Transfer Analogy for a Mathematical Model of Respiratory Tract Depo-
sition," Bull. Math. Biology 36: 105-116, April 1974.

Yeh, H. C. and B. Y. H. Liu, "Aerosol Filtration by Fibrous Filters. I. Theoretical," Aerosol
Sci. 5: 191-204, 1974.7

Yeh, H. C. and B. Y. H. Liu, "~erosol Filtration by Fibrous Filters. II. Experimental,"
Aerosol Sci. 5: 205-217, 1974.~

Yeb, H. C., A. J. Hulbert, R. F. Phalen, D. J. Velasquez and T. D. Harris, "A Stereo X-Ray
Method for Evaluating Changes in Airway Dimensions During Lung Casting," (submitted for publi-
cation).

1Associated Western Universities, Inc. Student Participant.

2Brookhaven National Laboratory.

3School of Medicine, University of New Mexico.

4Work performed at Purdue University.

5Work performed at the University of California-Davis.

6University of Arkansas.

7Work performed at the University of Minnesota.

374



APPENDIX D

1.

Presentations BeforeI

Regional or National Scientific Meetings

and

Educational and Scientific Seminars

Benjamin, S. A., "Effect of Pulmonary Irradiation from Internal Emitters on the Transformation
and Kinetics of Canine Lymphocytes in vitro," 13th Hanford Biology Symposium on ’The Cell Cycle
in Malignancy and Immunity’, Richland, Wash., October 1-3, 1973.

2. Benjamin, S. A., "The Occurrence of Hemangiosarcomas in Irradiated Beagle Dogs," American Col-
lege of Veterinary Pathologists Meeting, San Antonio, Texas, November 28-30, 1973.

3. Benjamin, S. A., A. L. Brooks, R. O. McClellan and R. K. Jones, "Effect of 144Ce-144pr and
Partial Hepatectomy on Production of Liver Tumors in Chinese Hamsters," 5th International Con-
gress of Radiation Research, Seattle, Wash., July 14-20, 1974.

4.

5.

Benjamin, S. A., R. K. Jones, M. B. Snipes and Catherine S. Lustgarten, "Comparative Effects
of Inhaled Relatively Insoluble Forms of 90y, 144Ce and 90Sr on Canine Peripheral Lymphocyte
Function," 14th Annual Hanford Biology Symposium on the ’Radiation and the Lymphatic System’,
Richland, Wash., September 30-October 2, 1974.

Boecker, B. B., R. G. Cuddihy, F. F. Hahn and R. O. McClellan, "A Seven-Year Study of the Pul-
monary Retention and Clearance of 137Cs Inhaled in Fused Aluminosilicate Particles by the
Beagle Dog," 5th International Congress of Radiation Research, Seattle, Wash., July 14-20, 1974.

6. B~yd, H. A., O. G. Raabe and Phyllis K. Peterson, "The Production of Monodisperse Particles of
AmO2 and an Evaluation of Their Solubility in an In Vitro System," Health Physics Society

Meeting, Houston, Tex., July 7-11, 1974.

7. Brooks, A. L., A. L. Carsten 2, A. Germillion 2, Diane K. Mead and Jan C. Retherford 3, "The Effect
of Acute 60Co or Continuous Intake of HTO on the Liver Chromosomes of Hale-Stoner Brookhaven
Mice," 5th International Congress of Radiation Research, Seattle, Wash., July 14-20, 1974.

8. Brooks, A. L., R. J. LaBauve3 and R. O. McClellan, "Chromosome Aberration Frequency in Blood
Lymphocytes of Animals with 239pu Lung Burdens," 14th Annual Hanford Biology Symposium on the
’Radiation and the Lymphatic System’, Richland, Wash., September 30-October 2, 1974.

9. Cordes, Jean L. 3 and F. F. Hahn, "In Vitro Killing of Staphylococcus aureus by Canine Alveolar
Macrophages," New Mexico Branch of the American Society for Microbiology Meeting, Las Cruces,
N. Mex., October 19-20, 1973.

I0.

11.

12.

13.

14.

15.

Crain, C. R., Jr., "Independence, Essential Independence and Zero Correlation of Two Random
Variables Conditioned on a Third," Biometric Society Western North American Region Meeting,
Irvine, Calif., June 17-18, 1974.

Cuddihy, R. G., S. R. Gomez and R. C. Pfleger, "Analyses of Inhalation Exposures to Aerosols of
Cerium," Health Physics Society Meeting, Houston, Tex., July 7-11, 1974.

Hahn, F. F., "Ora] Toxicity of Various Detergent Compounds," American College of Veterinary
Pathologists Meeting, San Antonio, Tex., November 28-30, 1973.

Hahn, F. F., "The Oral Toxicity in Dogs of Several Commercial Detergent Products," Society of
Toxicology Meeting, Washington, D. C., March 10-13, 1974.

Hahn, F. F., B. B. Boecker, C. H. Hobbs, R. K. Jores, R. O. McClellan and M. B. Snipes, "Pulmo-
nary Neoplasia Associated with Inhalation of Insoluble Forms of Beta-Emitting Radionuclides by
Beagle Dogs," 5th International Congress of Radiation Research, Seattle, Wash., July 14-20, 1974.

Hahn, F. F., B. B. Boecker, C. H. Hobbs and B. A. Muggenburg, "The Effect of 144Ce Inhaled in
Fused Clay Particles on the Tracheobronchial Lymph Nodes," 14th Annual Hanford Biology Sympos-
ium on the ’Radiation and the Lymphatic System’, Richland, Wash., September 30-October 2, 1974.

375



16.

17.

18.

Henderson, Rogene F. and R. C. Pfleger, "Lung Lipids," Centennial Celebration, Texas Christian
University, Ft. Worth, Tex., November 8-9, 1973.

Henderson, Rogene F., J. J. Waide and R. C. Pfleger, "Loss of Pulmonary Surfactant Phospholipid
During Lavage: Quantity and Item for Replacement," Combined Meeting of the American Society of
Biological Chemists and the Biophysics Society, Minneapolis, Minn., June 2-7, 1974.

Henderson, T. R., Rogene F. Henderson and J. L. York4, "The Effects of DMSO on Subunit Proteins,"
New York Academy of Sciences Conference on the Biological Actions of DMSO, New York, N.Y.,
January 9-11, 1974.

19. Henderson, T. R. and Rogene F. Henderson, "Toxicity of Environmental Chemicals," Society of
Sigma Xi, New Mexico Institute of Mining and Technology, Socorro, N. Mex., May 22, 1974.

20. Henderson, T. R., R. C. Pfleger, D. L. Lundgren and D. O. Slauson, "Dissociation and Partial
Fractionation of Lung Cells Obtained by Collagenase II - Elastase Digestion," American Society
of Biological Chemists Meeting, Minneapolis, Minn., June 2-7, 1974.

21. Henderson, T. R. and Rogene F. Henderson, "DMSO - A Good Solvent, But Is It a Useful Drug?"
Rocky Mountain Regional Meeting, American Chemical Society, Albuquerque, N. Mex., July 8-9, 1974.

22. Hobbs, C.H., "Comparative Deposition, Retention and Early Toxicity of Inhaled 144Ce Aerosols in
Mice, Syrian Hamsters and Beagle Dogs," Society of Toxicology Meeting, Washington, D. C., March
10-14, 1974.

23.

24.

Hobbs, C. H., J. A. Mewhinney, D. O. Slauson, R. O. McClellan and J. J. Miglio, "The Early
Toxicity of Inhaled 239PuOp and 238PuOp in Syrian Hamsters," 5th International Congress of
Radiation Research, Seattl~, Wash., Ju?y 14-20, 1974.

Jones, R. K., F. F. Hahn, C. H. Hobbs, B. B. Boecker, R. O. McClellan and D. O. Slauson, "Pul-
monary Carcinogenesis and Chronic Beta Irradiation of Lung," Experimental Respiratory Carcino-
genesis and Bioassays Symposium, Seattle, Wash., June 23-26, 1974.

25. Jones, R. K., B. B. Boecker, J. A. Pickrell, C. H. Hobbs and R. O. McClellan, "The Influence
of Radiation Dose Pattern from Inhaled Beta-Gamma Emitting Radionuclides on Canine Peripheral
Lymphocytes," 14th Annual Hanford Biology Symposium on the ’Radiation and Lymphatic System’,
Richland, Wash., September 30-October 2, 1974.

26. LaBauve, R. j.3, A. L. Brooks, J. A. Mewhinney, R. O. McClellan and R. K. Jones, "Cytogenetic
Changes in Blond Lymphocytes of the Rhesus Monkey Following Acute Inhaled Exposure to Polydis-
perse 239Pu02, 5th International Congress of Radiation Research, Seattle, Wash., July 14-20
1974.

27. Lundgren, D. L., "Preliminary Attempts to Separate Some of the Various Types of Cells from the
Canine Lung," New Mexico Branch of the American Society for Microbiology Meeting, Las Cruces,
N. Mex., October 19-20, ]973.

144 23928. Lundgren, D. L., "Combined Effects of Radiation from Inhaled CeOp or PuOp and Influenza
Virus Infection in Mice and Syrian Hamsters," Joint Meeting of the New Mexico End Rocky Mountain
Branches of the American Society for Microbiology, Pueblo, Colo., April 19-20, 1974.

29.

30.

31.

32.

33.

34.

Lundgren, D. L., A. Sanchez, F. F. Hahn and R. O. McClellan, "The Effect of Influenza Virus In-
fection on the Retention and Distribution of 144Ce and Mortality in Mice and Syrian Hamsters
after Inhalation Exposure to 144Ce02," 5th International Congress of Radiation Research, Seattle,
Wash., July 14-20, 1974.

McClellan, R. 0., "The Effects of Repeated Inhalation Exposure of Mice to 144Ce0~," 5th Inter-
national Congress of the Radiation Research Society, Seattle, Wash., July 14-20,L1974.

Mauderly, J. L., "Comparative Pulmonary Function of Unsedated Laboratory Animals," Baylor College
of Medicine, Houston, Tex., March 12, 1974.

Mauderly, J. L., "Pulmonary Function Measurements in Laboratory Animals," New York University
Medical Center, New York, N.Y., March 27-28, 1974.

Mauderly, J. L., B. A. Muggenburg and F. F. Hahn, "Alterations in Cardiopulmonary Function and
Morphology of the Beagle Dog Following Inhalation of 144Ce Fused Clay Aerosol," Federation of
American Societies for Experimental Biology Meeting, Atlantic City, N. J., April 7-12, 1974.

Mauderly, J. L., "Pulmonary Function Measurements in Unsedated Laboratory Animals," Ohio State
University, Columbus, ohio, May 17, 1974.

376



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mauderly, J. L., W. C. Nenno and Goldie A. Morrison, "Nitrogen Dilution Constant: A Method of
Compensating for FRC and Vt Alterations When Comparing Baseline and Subsequent Np Clearance
Curves," American Physiological Society Meeting, Albany, N.Y., August 11-16, 197~.

Mewhinney, J. A., J. J. Miglio, C. H. Hobbs and R. O. McClellan, "Initial Lung Deposition,
Retention and Distribution of Three Sizes of Monodisperse 238PuOp Aerosols Following Inhalation
in the Beagle Dog," Health Physics Society Meeting, Houston, TexT, July 7-11, 1974.

Mokler, B. V., "Inhalation Biology of Propelled Substances," Inter-lndustry Aerosol Safety Con-
ference on Cosmetic Toiletries and Fragrance Association, Washington, D. C., September 5, 1974.

Muggenburg, B. A., J. A. Mewhinney, J. J. Miglio, D. O. Slauson and R. O. McClellan, "Broncho-
pulmonary Lavage and Intravenous DTPA Treatment for the Removal of Inhaled 239pu of Varied
Solubility," Health Physics Society Meeting, Houston, Tex., July 7-11, 1974.

Muggenburg, B. A. and J. L. Mauderly, "Lung Lavage Using a Single Lumen Endotracheal Tube in
Dogs," American Physio]ogical Society Meeting, Albany, N. Y., August 11-16, 1974.

Newton, G. J., "Production of Polydisperse and Monodisperse Gold Aerosols for Use in Inhalation
Studies," American lndustrial Hygiene Association Conference, Miami, Fla., May 12-17, 1974.

Phalen, R. F., H. C. Yeh and O. G. Raabe, "Animal Models for Inhalation Studies," American ln-
dustrial Hygiene Association Conference, Miami, Fla., May 12-17, 1974.

Phalen, R. F., H. C. Yeh, O. G. Raabe, A. J. Hulbert and C. R. Crain, "Comparative Airway
Anatomy in the Human, Beagle Dog, Rat and Hamster and Implications in Inhaled Particles,
Health Physics Society Meeting, Houston, Tex., July 7-11, 1974.

Phalen, R. F., "Particle Size of Aerosols and Pulmonary Toxicity," 5th Conference on Environ-
mental Toxicology, Fairborn, Ohio, September 24-26, 1974.

Pickrell, J. A., F. F. Hahn, J. L. Mauderly, B. A. Muggenburg, J. J. Belasich, C. H. Hobbs,
and R. K. Jones, "Clinical-Pathologic Change Observed in the Development of Radiation-lnduced
Chronic Pulmonary Injury," American College of Veterinary Pathologists, San Antonio, Tex.,
November 26-27, 1973.

Pickrell, J. A., "Connective Tissue Response to Ionizing Irradiation and Drug Induced Pulmonary
Injury," Clinical Pathology Resident-Staff Group, Bernalillo County Medical Center - Veterans
Hospital, Albuquerque, N. Mex., February 26, 1974.

Pickrell, J. A., Dorothy V. Harris, S. A. Benjamin, F. F. Hahn and R. K. Jones, "The Effect of
Pulmonary Radiation Damage on Collagen Metabolism," West Coast Connective Tissue Workers
Meeting, Banff Centre, Alta, Canada, March 14-18, 1974.

Pickrell, J. A., "Patholobiology of Lung Injury," Roche Insitute of Molecular Biology, Nutley,
N. J., April 11, 1974.

Pickrell, J. A., Dorothy V. Harris, S. A. Benjamin, R. K. Jones and F. G. Hir~Rh, "Pulmonary
Collagen Metabolism in Syrian Hamsters Exposed by Inhalation to Particles of =uy Fused Clay,"
Federation of American Societies for Experimental Biology Meeting, Atlantic City, N. J., April
7-12, 1974.

Pickrell, J. A., Carol T. Schnizlein, Dorothy V. Harris, R. C. Pfleger, F. F. Hahn and R. K.
Jones, "The Effects of Inhaled Radioactivity Upon Collagen Metabolism in Different Canine Pul-
monary Areas and as a Function of Age," 2nd Rocky Mountain Regional ACS Meeting, Albuquerque,
N. Mex., July 9, 1974.

Pickrell, J. A., "The Biological Role of Collagen in Pulmonary Injury," Pulmonary Collagen
Group, National Heart and Lung Institute, National Institute of Health, Washington, D. C.,
September 5, 1974.

Pickrell, J. A., "Pulmonary Injuries Influence on Collagen Metabolism," American Society
Veterinary Clinical Pathologists, Washington, D. C., September 3-6, 1974.

Pickrell, J. A., "Pathobiology of Chronic Pulmonary Injuries," Department of Biochemistry,
School of Medicine, University of New Mexico, Albuquerque, N. Mex., September 19, 1974.

Raabe, O. G., "Characterization of Aerosol Samples with Respect to Aerodynamic Sizes Using the
LAPS," and "Some Measurements of Air Flow in the Respiratory Airways of Dogs Using Heated Film
Anemometers," American Industrial Hygiene Conference, Miami, Fla., May 12-17, 1974.

377



54. Raabe, O. G., H. A. Boyd, G. M. Kanapilly, C. J. Wilkinson and G. J. N#wton, "Development and
Use of a System for Routine Production of Monodisperse Particles of Z3~PuO2 and Evaluation of
Gamma Emitting Labels," Health Physics Society Meeting, Houston, Tex., July 7-11, 1974.

55. Sanchez, A., D. L. Lundgren and R. O. McClellan, "The Effect of Inhaled 90y in Fused Clay Par-
ticles on Immunity in Mice that Inhaled Listeria monocytogenes," New Mexico Branch of the
American Society for Microbiology Meeting, Las Cruces, N. Mex., October 19-20, 1973.

56. Sanchez, A., D. L. Lundgren and R. O. McClellan, "Effect of Beta Radiation from Inhaled Yttrium-
90 in Fused Clay Particles on Immunity to Listeria monocytogenes in Mice," Diamond Jubilee
Meeting of the American Society for Microbiology, Chicago, Ill., May 12-17, ]974.

57. Snipes, M. B., "Absorbed Dose Patterns in the Lung After Inhalation of Radioactive Aerosols,"
Rio Grande Chapter, Health Physics Society, Albuquerque, N. Mex., January 31, 1974.

58. Snipes, M. B., "Radioactive Aerosol Deposition Patterns and Dose Distribution Patterns in the
Beagle Dog," Naval Research Company 9-30, Albuquerque, N. Mex., April 23, 1974.

59. Snipes, M. B., "Absorbed Dose Patterns in the Beagle Thorax After Inhalation of 90Sr-90y Fused
Clay Particles," American Nuclear Society Meeting, Philadelphia, Pa., June 23-28, 1974.

60. Snipes, M. B., A. J. Hulbert and G. E. Runkle, "Intrapulmonary Distribution Patterns of Inhaled
147pm Fused Clay Particles in the Beagle Dog," Health Physics Society Meeting, Houston, Tex.,
July 7-11, 1974.

61. Slauson, D. 0., "Patterns of Pulmonary Epithelial Cytopathology Following Plutonium Inhalation,"
University of California, Radiobiology Laboratory, Davis, Calif., July 5, 1974.

62. Slauson, D. O. and Waneta C. Tuttle, "Functional and Immunological Characterization of Canine
Serum Alpha-l-Antitrypsin," Federation of American Societies for Experimental Biology Meeting,
Atlantic City, N. J., April 7-12, 1974.

63. Thomas, R. G., B. B. Beecker and R. O. McClellan, "Retention Patterns in Beagle Dogs Repeatedly
Exposed by Inhalation to Aerosols of Radioactive Particles," American Indsutrial Hygiene As-
sociation Meeting, Miami, Fla., May 12-17, 1974.

llf multiple-authored papers are presented by other than the senior author, the name of the indivi-
dual who presented the paper is underlined.

2Brookhaven National Laboratory.

3Associated Western Universities, Inc. Participant.

4University of Arkansas.

378



APPENDIX E

Seminars Presented by Visiting Scientists

Dickinson, Dr. Earl, Associate Dean for Students and Curriculum, College of Veterinary Medicine,
Washington State University, Pullman, Wash., "3-Methylindole Induced Pneumonopathy in Cattle,"
December 4, 1973.

Stenhouse, Dr. lan, Loughborough University, Great Britain, "Fibrous Filtration," December 5, 1973.

Smith, Dr. Hylton, National Radiological Protection Board, Harwell, Berkshire, U.K., "Some Aspects
of the Toxicity of DTPA," February 18, 1974.

Norris, Dr. William P., Argonne National Laboratory, "Radiation Dose Rate Effects in Dog," March 21,
1974.

Witherspoon, Dr. John P., Environmental Sciences, Division, Oak Ridge National Laboratory, "Radio-
logical Aspects of the ’As Low as Practicable’ Study of the Nuclear Fuel Cycle," April 4, 1974.

Wilson, Dr. Floyd, Radiobiology Laboratory, University of California, Davis, Calif., "Bone Marrow
Stem Cell Populations," April 5, 1974.

Martel, Dr. Edward A., National Center for Atmospheric Research, Boulder, Colo., "Tobacco Radio-
activity and Bronchial Cancer Among Smokers," April 15, 1974.

Morrow, Dr. Paul E., Department of Radiation Biology and Biophysics, School of Medicine and Dentistry,
University of Rochester, "Intramuscular Retention Studies of Uranium Oxides," May 17, 1974.

Vos, Dr. Kenneth D., Johnson Wax, Research and Development Division, "Particle Size Measurement
of Pressure Packaged Products," June 21, 1974.

Lafuma, Dr. Jacques C., French AEC Laboratories, "Toxicity of Inhaled Transplutonium Radionuclides,"
July 3, 1974.

Schofield, Dr. Geoff, British Nuclear Fuels at Windscale, "Ruthenium Incident at Windscale," July
11, 1974.

Dolphin, Dr. Geoff, National Radiological Protection Board, Harwell, "Cytogenetic Studies Being
Conducted at NRPB," July 11, 1974.

Cambridge, Dr. Geoffrey, Unilever Research, Bedford, England, "Inhalation Toxicity Studies," August
16, 1974.

Little, Dr. John B., Harvard School of Public Health, "Induction of Lung Tumors in Hamsters by
Polonium 210 Alpha Radiation and Benzo(a)pyrene," August 21, 1974.

Patrick, Dr. Graham, Medical Research Council, MRC Radiobiology Unit, Harwell, Oxon, England, "Muco-
Ciliary Clearance in the Conscious Rat: Velocity, Retention and the Effects of Irradiation,"
September 27, 1974.

Kapoloski, Mr. Eugene, Institute of Scientific Information, Los Angeles, Calif., "Structure and Use
of Science Citation Index," October 31, 1974.

379



APPENDIX F

R. O. McClellan, D.V.M.
R. K. Jones, M.D.
Mildred B. Morgan

O. G. Raabe, Ph.D.
H. A. Boyd, Ph.D.
G. M. Kanapilly, Ph.D.
J. J. Miglio, Ph.D.
R. F. Phalen, Ph.D.
H. C. Yeh, Ph.D.
W. K. Johnson, M.S.
G. J. Newton, B.S.
G. M. Schum, M.S.
L. E. Bowen

E. B. Barr, B.S.1
Phyllis K. Peterson, B.S.
D. J. Velasquez, B.S.1
C. T. Dziurzynski
J. E. Bennick
A. D. Talley, B.S.
Virginia A. Napper, B.A.
S. V. Teague, B.S.
Donna J. Duncanl
Dolores C. Esparza, B.S.
D. P. Ganoung
Mary L. Graham, B.S.
Ruth L. Metcalf
Ruth H. Lucero
K. L. Reidl
J. L. Guttmann2
R. L. Yarwood2
D. R. Boor2
J. L. Kenoyer2

J. J. Thompson, Ph.D.
W. M. Somers, B.A.
R. A. Taylor
E. T. Hill

A. J. Hulbert, B.S.
C. R. Crain, Jr., Ph.D.
Sandra A. Babb, B.S.
Patricia L. Bayless, B.S.

IR. K. Jones, M.D.
S. A. Benjamin, D.V.M., Ph.D.
A. L. Brooks, Ph.D.
T. L. Chiffelle, M.D.I
F. F. Hahn, D.V.M., Ph.D.
Rogene F. Henderson, Ph.D.
T. R. Henderson, Ph.D.
D. L. Lundgren, Ph.D.
J. L. Mauderly, D.V.M.

PERSONNEL ASSOCIATED WITH THE

INHALATION TOXICOLOGY RESEARCH INSTITUTE

Program Director
Associate Director
Administrative Assistant

AEROSOL PHYSICS DEPARTMENT

Department Head
Radiochemist
Radiochemist
Radiochemist
Aerosol Physicist
Aerosol Physicist
Electronics Engineer
Aerosol Physicist Associate
Research Associate
Research Associate
Research Assistant I
Research Assistant I
Research Assistant I
Senior Research Technologist II
Senior Research Technologist I
Senior Research Technologist I
Research Technologist I
Research Technologist I
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Assistant I
Laboratory Assistant I
Laboratory Assistant II
Laboratory Assistant II
AWU Student Participant
AWU Student Participant

HEALTH PHYSICS SECTION

Health Physicist
Research Technologist I
Research Technologist I
Laboratory Technician II

SCIENTIFIC COMPUTER APPLICATIONS

Computer Systems Analyst
Research Associate I
Research Assistant II
Research Assistant II

PATHOBIOLOGY DEPARTMENT

Department Head
Experimental Pathologist
Cytogeneticist
Experimental Pathologist
Experimental Pathologist
Biochemist
Biochemist
Virologist
Physiologist

380



Bo V. Mokler, Sc.Do
R. C. Pfleger, Ph.D.
J. A. Pickrell, D.V.M., Ph.D.
D. O. Slauson, D.V.M., Ph.D.
Waneta K. Tuttle, Ph.D.
A. Sanchez, M.S.

Elsie M. Spencerl
Linda O. MoldeI
Martha A. Dahlstrom, B.So
Ann C. Ferris, B.A.
R. F. Peters, M.S.
J. J. Waide, M.S.
Diane K. Mead, B.S.
J. B. Nash
R. A. Smith1
Christine D. Campbell, B.S.
Phyllis B. Beckley, B.S.
M. H. Clayton, B.S.I

Goldie A. Morrison
W. C. Nenno, B.S.
Sara A. Shipman1
Melida A. Hedberg, B.S.I

Danae L. Hutchison, B.A.
Virginia V. Sanchez
Carol T. Schnizlein, B.S.
Karen L. Springstead
Anne E. Tarleton, B.S.I
B. A. Wong, B.S.
C. H. Brockhoff
Mildred L. DeLand
R. J. LaBauve, B.S.
M. E. Goldman, Ph.D.2
Jean L. Cordes2
Jan C. Retherford, M.S.2
W. C. Roddy2 2
Susan L. Strome
R. G. Tully2

2D.M. Wesselman
M. J. Brown2
L. G. Escobedo2
S. B. Frame2
U. C. Garcia2
Cornelia M. Gorman2
Linda J. Sifford2

B. B. Boecker, Ph.D.
R. G. Cuddihy, Ph.D.
J. A. Mewhinney, Ph.D.
M. B. Snipes, Ph.D.

Judith S. Miller
G. E. Runkle, B.A.
Sally A. Bowen
Ingeborg V. Graham
A. J. Abeyta
G. S. Brunson
E. J. Salas
R. W. Norgon
J. H. Davis2
S. R. Gomez2
A. J. Howard2

PATHOBIOLOGY DEPARTMENT Cont’d.

Aerosol Scientist
Biochemist
Biochemist
Experimental Pathologist
Physiologist
Associate Microbiologist
Executive Secretary I
Technical Secretary I
Research Assistant I
Research Assistant I
Research Assistant I
Research Assistant I
Senior Research Technologist I
Senior Research Technologist I
Senior Research Technologist I
Research Technologist II
Research Technologist I
Research Technologist I
Research Technologist I
Research Technologist I
Research Technologist I
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician II
Laboratory Technician I
Laboratory Assistant I
AWU Graduate Student
AWU Faculty Participant
Laboratory Assistant II
Laboratory Assistant II
Laboratory Assistant II
Laboratory Assistant II
Laboratory Assistant II
Laboratory Assistant II
AWU Student Participant
AWU Student Participant
AWU Student Participant
AWU Student Participant
AWU Student Participant
AWU Student Participant

RADIOBIOLOGY DEPARTMENT

Department Head
Radiobiologist
Radiobiologist
Radiobiologist
Technical Secretary I
Research Assistant I
Senior Research Technologist I
Senior Research Technologist I
Research Technologist I
Research Technologist I
Research Technologist I
Laboratory Technician II
Laboratory Assistant II
Laboratory Assistant II
Laboratory Assistant II

381



VETERINARY MEDICINE DEPARTMENT

C. H. Hobbs, D.V.M.
Catherine S. Lustgarten, D.V.M.
B. A. Muggenburg, D.V.M., Ph.D.

Jean Osborne
Annette D. Scaramella
J. A. Davis, B.S.
Sharon A. Felicetti, M.S.
June Hogan, B.A.
S. A. Silbaugh, B.S.
M. Hogan
L. G. Rey
Loretta J. Kolody, B.S.
G. C. Donaldson
E. Schultz
L. R. R. Taplin
K. E. Donigan
J. M. Duran
E. Garcia
W. E. HarrisI
T. W. Kelley
R. Lindsay .
J. M. MullinsI
M. A. Tafoya
S. Walker
Linda C. Bergh, B.A.
Susan J. Bicego
Barbara J. Binder
Merry C. Campbell
W. L. Carson
A. B. Carter
F. L. Dollahite
Patricia L. Flores
P. Padilla
Mary Peschka
C. Roque
J. S. Salazar
Katherine S. Sass
Connie L. Elmquist
Adrienne Harrison
Jane A. Jarrett
Suzanne A. Likens
Nancy R. Tod
D. W. Casas2
J. B. Baker2
Nancy L. Huber2
Sarah Begay2
B. A. Gonzales2
Nettie Pino2
R. L. Trujillo2

Department Head
Clinical Veterinarian
Physiologist
Technical Secretary I
Clerical Specialist II
Research Assistant I
Research Assistant I
Research Assistant I
Research Assistant I
Senior Research Technologist I
Senior Research Technologist I
Research Technologist I
Chief Animal Technologist I
Chief Animal Technologist I
Senior Animal Technician I
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician II
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Technician I
Animal Caretaker I
Animal Caretaker I
Animal Caretaker I
Animal Caretaker I
Animal Caretaker I
Laboratory Assistant I
AWU Student Participant
AWU Student Participant
Animal Caretaker I
Animal Caretaker I
Animal Caretaker I
Animal Caretaker I

ADMINISTRATION, TECHNICAL AND PLANT SERVICES

H. E. Snider, M.A.
J. D. Percifield, B.S.I
S. Bumbar
W. E. Maguire

O. R. Pratt, Jr., B.A.
Barbara A. Solari, B.A.
H. F. Dolde
E. E. Goff
F. C. Rupprecht
J. E. Burns1
Joan M. Schaefer, MSLS

Lynette Merritt, B.S.
Hazel A. Sweazea
J. W. Werblow
Carol J. Hayward
Annita L. Farmer

Research Business Manager
Administrator - Field Operations
Business Office Manager
Asst. Manager for Research Security

and Property
Business Computer Analyst
Personnel Manager
Physical Plant Supervisor
lllustrator-Photographer
Technical Editor
Buyer
Librarian
Assistant Librarian
Administrative Specialist II
Administrative Specialist I
Technical Secretary I
Clerical Specialist IV

382



L. J. Bertholf1
A. J. Garcial
Ann E. PetersenI
Ida M. Tomada, B.A.
Millie R. Jaramillo
J. E. Smith
L. F. Schneider
M. A. Tammaro
L. R. Metoyer
D. Aragon
J. T. Pendegrist
H. Kellywood

ADMINISTRATION, TECHNICAL AND PLANT SERVICES

Clerical Specialist III
Clerical Specialist III
Clerical Specialist III
Clerical Specialist III
Clerical Specialist I
Maintenance Technologist I
Maintenance Technologist I
Maintenance Technologist I
Maintenance Technician I!
Janitor II
Janitor II
Janitor I

I Part-time personnel associated with the program at least 20% and less than 90% of the time; they
are generally full-time employees of the Foundation spending a portion of their time on other re-
search programs.

2 Summer of 1974.

383





TECHNICAL CONSULTANTS

REVIEW PANEL

Bustad, Leo K., D.V.M., Ph.D.
Dean, School of Veterinary Medicine
Washington State University
Pullman, Washington

Dungworth, Donald L., D.V.M., Ph.D.
Associate Dean of Research and

Professor and Chairman
Department of Veterinary Pathology
School of Veterinary Medicine
Davis, California

Kuschner, Marvin, M.D.
Dean, School of Medicine
Chairman, Department of Pathology
State University of New York at Stony Brook
New York

Kylstra, Johannes A., M.D.
Professor of Medicine
Department of Medicine
Duke University Medical Center
Durham, North Carolina

Lippmann, Morton, Ph.D.
Associate Professor of Environmental Medicine

and Director of Aerosol Technology Laboratory
New York University Medical Center
New York, N. Y.

Rundo, John, Ph.D.
Group Leader, Radioactivity Measurements Group
Center for Human Radiobiology
Argonne National Laboratory
Argonne, lllinois

BIOMETRICS AND GENETICS CONSULTATION

Rosenblatt, Leon S., Ph.D.

Geneticon
Piedmont, California

384




