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ABSTRACT

6 0Beagle dogs exposed to protracted Co gamma irradiation 

were observed for late effects, particularly life shortening
® and fatal tumor incidence. A total of 86 controls and 136

irradiated beagles entered the study, with 60% of these dead

as of October 1, 1983. A nearly equal number of beagles of

both sexes began If-ray exposure at 400 days of age. The 
6 0Co ¥-rays were given to predetermined total exposures of 

600, 1400, 2000, and 4000 R at rates of 5, 10, 17, and 35 R/ 

day (22 hours/day, 7 days/week), with a few exceptions.

Although 40% of the beagles are still alive, interim data for 

the median (50%) times to death for the various groups suggest

that both dose rate and total dose affect survival times.

Compared to the median survival of the control population 

[4341 ± 139 (SEM) days], all irradiated groups showed appreciable 

life shortening. The mean time to death for the irradiated 

dogs [2604 ± 89 (SEM) days], irrespective of the dose rate 

or total dose , is considerably shorter than that for the 

control group [3504 ± 199 (SEM) days]. In contrast to dogs 

given continuous whole-body irradiation, those given protracted 

irradiation to predetermined total doses died largely of

• causes unrelated to the hematopoietic system. The dogs re

ceiving terminated exposures exhibited an obvious recovery from 

hematopoietic damage after irradiation was terminated, then 

died at later times of soft tissue malignancies. Although there
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have been far fewer myeloproliferative disorders (MPD) in the 

terminated exposure groups than in continuously irradiated 

dogs, they are a significant number compared to the controls as 

no cases have been seen in the control dogs. Death rate analy

sis of fatal tumors indicates a significant positive trend 

of tumor deaths in the irradiated dogs and a significant 

shortening in the time of death for individual tumor types 

as compared to controls. The mammary gland was the origin of 

more malignancies than any other site, with the mean time of 

death due to the tumor significantly shorter for the irradiated 

dogs [3011 ± 125 (SEM) days] than for the controls [3981 +

237 (SEM) days]. The incidence of sarcomas and carcinomas 

was also significantly greater in the irradiated dogs as 

compared to controls. Reports from this study agree quite well 

with those obtained from rodents and illustrate important 

differences as compared to continuous irradiation.
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INTRODUCTION

The primary objective of toxicological studies in labora

tory mammals is to better understand the risk and implications

• to human health. It is important to be able to predict or

estimate as accurately as possible the harmful effects of 

radiation exposure to man from increased environmental, medical, 

or industrial exposure. Because the available controlled 

data from exposed human populations are inadequate to predict 

effects from long term exposure at low dose rates (as might be 

sustained from occupationally or environmentally exposed 

groups) data from laboratory animals must be extrapolated to 

man. To address the human situation, data are most relevant 

when protracted irradiation is given at dose rates low enough 

to allow near normal life-spans. For this purpose, the beagle 

dog is a reasonable choice.

Longitudinal studies of tumorigenesis, hematopoietic 

changes and life shortening in individual irradiated dogs pro

vide opportunities for studies paralleling and supplementing 

human clinical studies; such studies are not possible in 

laboratory rodents nor has a comparable experiment been per

formed in any other longer lived animal. Interspecies compari

sons between the laboratory mouse and dog can also help to 

justify extrapolation to the human situation. The laboratory 

mouse has a mean life expectancy that is ~1/6 that of the beagle 

dog, which the life expectancy of the beagle is ^1/6 that of
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man. Therefore, these two experimental species provide 

approximately equal factors in mean life expectancy in con

sidering the relationship among mouse, dog, and man.

At Argonne National Laboratory, under the direction of 
® Dr. Thomas E. Fritz, the late effects of predetermined total

exposure of beagles to whole body ^^Co gamma irradiation given 

at 5, 10, 17, and 35 R/day were studied. The total doses for 

the four dose rates are 600, 1400, 2000, and 4000 R, with the 

exception of 35 R/day which was used only to the total dose of

600 R and 1400 R.

The principle late effects measured were (1) incidence of 

solid tumors and myeloproliferative diseases and (2) life 

shortening. In addition, these studies will permit comparisons 

to others in which dogs are being irradiated continuously 

until death at similar and lower exposure rates. This ter

minated exposure study is of particular interest because in 

contrast to dogs given continuous whole-body irradiation, those 

given protracted irradiation to predetermined total doses 

die largely of causes unrelated to the hematopoietic system.

This comparison provides data regarding the shift in induction 

of different malignancies and other life shortening responses 

of separate tissues and organ systems since they are permitted

• to recover from injury at termination of irradiation; continuing

irradiation could suppress recovery as well as provide additional 

injury. The bone marrow is spared or recovers in most of the 

terminated dogs and the sites of critical damage can shift to
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other tissues and organs. In addition, this task provides 

data reflecting the influence of the exposure rate on disease 

processes, target tissues, and numbers and types of tumors 

produced by a given total exposure to protracted radiation.



LITERATURE REVIEW

The objective or radiation toxicologic studies in animals, 

the usefulness of interspecies comparisons, and the problems

• of extrapolation to the health effects in human situations

have been discussed by Sacher (1960, 1976); National Academy 

of Sciences (1972, 1974); Norris et al., (1976).

Studies of protracted irradiation have focused on exposures 

given to adults until death, although many have used inter

mittent, fractionated, or discontinuous irradiation exposures 

(Thomson et al., 1953; Lorenz et al., 1954; Sacher and Grahn,

1964; Lesher et al., 1965; Rust et al., 1966; Grahn, 1970;

Storer et al., 1974; Sacher, 1976; Ainsworth et al., 1977;

Grahn and Sacher, 1968). The first life span study with 

mice initiated at the Metallurgical Lab in July, 1944 and 

reported in document CH-3900 (Sacher, 1950). This report plus 

later papers by Sacher (1955, 1956), Sacher and Grahn (1964), 

and Sacher (1966) essentially defined the experimental philosophy, 

methods, and analysis used extensively in the past at Argonne.

A previous study employed the guinae-pig (Rust et al., 1966) 

and one present study involves the white-footed deer mouse, 

Peromyscus leucopus. Though X-rays and fission neutrons were

used for a few early life span studies, most took advantage 
60of the available Co gamma radiation facilities.

The dog, particularly the beagle, has been used in a number 

of chronic studies on late effects of radiation, especially for 

studies of metabolism of radionuclides, and the pathological
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effects of brief doses of external irradiation to adults, 

neonates, and fetuses (Anderson and Rosenblatt, 1969; Sasarett, 

1970; University of California, 1977; University of Utah,

1978; Colorado State University, 1977; Lovelace Institute,

1978), in a number of laboratories. Longitudinal studies of 

hematopoietic changes and tumorigenesis that parallel and 

supplement human clinical studies are not possible in laboratory 

rodents nor has a comparable experiment been performed in any 

other longer lived animal.

Early studies at Argonne have measured the sensitivity 
of the beagle to single brief exposure to ^°Co and calculated 

the dose (Norris et al. , 1968). They have also described

the clinical signs, hematologic changes, and pathology following 
protracted irradiation from both ^^^Ce and whole-body ^^Co 

exposures that produced myeloproliferative disorders including 

leukemia (Fritz et al., 1970; Fritz et al., 1973).

Most irradiation studies to date have dealt with continuous

or duration of life exposures, as well as single-dose exposures. 

Continuous exposures, unlike single-dose or fractionated ex

posures, result in life shortening that is highly reproducible

and has been found to take the mathematical form of an increase 

in the Gompertz slope relation (Sacher, 1966). The interactions 

of dose rate and total dose in determining tissue reactions to 

continuous exposure of the dog to whole body irradiation have 

been studied at Argonne (Norris and Fritz, 1972). This work 

plus another report (Norris et al., 1976) demonstrated that 

over the range of exposure rates of 5 R/day to more than
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100 R/day the target organ is the hematopoietic system and the

causes of death are related to dose rate. These data from

dogs were compared to those of mice on the basis of the radia

tion specific mortality rate (Sacher, 1976). It was clear
• that, as in mice, the mortality rate increased with the square

of the dose rate at high dose rates. Present studies at lower 

exposure rates are now in process.

Mammals given long-term continuous or intermittent whole- 

body irradiation from high energy gamma-ray sources develop 

symptoms and lesions, and have associated survival times that 

are highly dependent upon both total dose and dose rate.

Effects with exposure rates in excess of 5 R/minute are deter

mined primarily by total dose (Norris et al., 1968). At these 

high exposure rates, a few hundred rads is a midlethal or

LDr_ dose, and death results within a few days to a few weeks □ u
in all species (Bond et al., 1965). Changes in total dose of 

a few rads, more or less, determine the death or recovery of

the animal.

However, when irradiation is terminated at predetermined 

levels of total exposure at lower exposure rates, the results 

are quite different. The animals can recover from or escape 

the acute hematological effects, and the relative importance of

• dose and dose rate is less well known (Sacher, 1965; Grahn and

Sacher, 1968; Brown and Cragle, 1968). Further, although the 

life shortening aspects of continuous irradiation have been

evaluated at Argonne and other laboratories, the physiological,
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clinical, organ, and tissue responses have received less 

critical evaluation, particularly in long-lived animals 

(Casarett, 1970).

The obvious need for a study of the effects of protracted 

irradiation given at various exposure rates in comparison to 

continuous exposures prompted the development of the terminated 

exposure study which is currently in process at Argonne. Ex

posures were terminated at 600, 1400, 2000, and 4000 R because 

(1) completed studies showed an excessively high mortality 

above 2000 R at 17 R/day and above 1400 R at 35 R/day (these 

exposures were the LD^^ values), (Fritz et al., 1978) (2) 1000-

1400 rads is the integrated total dose delivered by 50% lethal 
137doses of Cs in dogs of similar age (Norris, 1970) (3) 2000 R

is the total exposure at which peripheral blood values reach 

a nadir and then recover, prerequisites of leukemia development 

at exposure rates of 5, 10, and 17 R/day (Seed et al., 1977,

1978; Toile et al., 1977) (4) a total dose of 600 R produces

significant hematopoietic depression but it is clearly out 

of the range of that at which recovery and subsequent leukemia

induction were observed.

Anderson and Rosenblatt (1969), at the University of Cali

fornia, Davis, have studied the effects of single and fraction-

• ated X-ray exposures totaling either 100 R or 300 R. In the

final analysis, all irradiated beagles exhibited life-span 

shortening relative to controls: 9.5% and 20.7% for the 100 R 

and 300 R groups respectively. On a linear scale, this represen

ted a loss of 6.7% per 100 R. Differences between subgroups
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receiving fractionated exposures were apparent only at 300 R. 

Neoplasms and chronic disease were the major causes of death, 

and these entities were similar in controls and irradiated 

beagles. Anderson (1970) has also established a median survival 

age of 12.5 years for beagles kept in outdoor pens and 7.5 

years for beagles kept under natural or field conditions, and 

a mean life-span of 4000 days for laboratory dogs.



MATERIALS AND METHODS

Animals

Dogs used in this study are from the purebred colony at 

0 Argonne National Laboratory. The colony was derived from a

nucleus selected in 1959-60 and has been an outbred closed 

breeding colony since then. A total of 342 dogs were included 

in the observed groups with ~71% of these dogs dead. However, 

100 of these dogs died before 100 days following termination 

of irradiation due to acute radiation sickness and, therefore, 

are not included in the life shortening and tumor studies.

Thus, 242 beagles were actually observed for late effects with 

~ 60% of these dead. A summary of the groups and the number of 

deaths within each group is shown in Table 1. Nearly equal 

numbers of both sexes of young adults (average of 463 days) 

were assigned to the experimental groups. Controls for the 

terminated exposure studies are kept in the kennels under con

ditions identical to those for the irradiated group. The con

trols are a portion of the colony that are retained as un

treated dogs and include only those born during the same time 

period as those used in these studies. Thus, the management 

and environmental factors are similar for both irradiated and

control groups. Dogs were selected within a body weight range 

of 8-15 kg to achieve a degree of uniformity in radiation 

exposure. The colony and its management have been described 

in detail by Norris et al.(1968).

9
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Health Care

The health status of experimental and control dogs is 

monitored by daily observations, regularly scheduled complete 

physical examinations, twice-monthly records of body weight 

and hematological examinations of blood drawn from the jugular 

begin at regular intervals. Other clinical procedures such 

as biopsies, including bone marrows, and radiographic examina

tions are available when necessary. Diagnostic and therapeutic 

procedures were utilized only if they would not prejudice 

the experiment. That is, exotic drugs or surgery were not 

employed unless deemed necessary for humane reasons. For 

example, ulcerated mammary tumors were removed by surgery, but 

no attempts were made to alter a possible malignancy. In 

terminal cases, efforts were made to prevent secondary com

plications, such as infection, which could mask or influence 

the primary cause of death.

At the time of death all dogs are given a complete necropsy, 

organ weights are recorded, and a comprehensive set of tissues 

are collected for light and electron microscopic examinations.

A primary cause of death is assigned at necropsy but the final 

cause depends ultimately on the histopathology examination.

All information from the various examinations is collected, 

• secured, analyzed, and retrieved by a dedicated data retrival

system consisting of a Datapoint 5500 processor with 10 mega

bytes of cartridge disk storage and 6 remote time-sharing 

terminals. A line printer is provided for local report gener

ation. Telephone MODEM communications are used to transfer
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local data to and receive archival data from the larger remote 

IBM mainframe located in another building at the Laboratory.

Irradiation Procedures

This experiment utilized protracted whole-body irradiation
• 60(22 hours/day, 7 days/week) from Co tf-ray sources. The

6 0dosimetry of such Co exposure is relatively uncomplicated 

compared to that from deposited radionuclides and provides 

nearly uniform exposure to the whole body. Sinclair (1963) 

has shown that the average absorbed dose in the beagle is about 

0.77 rad/R or~77% of the exposure dose in Roentgens. The 

exposure rate and total dose, therefore, can be precisely 

controlled and varied. Irradiation is achieved using Gammabeam 

Model 150A units (Atomic Energy of Canada, Limited) fitted with

Co sources of appropriate strength (Norris and Fritz, 1972).

In its exposed position, the source was surrounded by cylindrical 

attenuators that were changed at intervals to compensate for the 
radioactive decay of 60Co.

The beagle dogs are caged singly in two tiered fiberglass

cages (28" x 28" x 24" high, inside dimensions) at various 
6 0distances from the Co t-ray source. Special attention was 

x given to dosimetry in the 60Co ^f-ray exposure room used in this

study because lifespan, body size, and the related dosimetry 

• are important issues in extrapolating between species. Dosi

metry measurements and source calibrations have been previously 

described (Norris et al., 1965; Hubbard and Williamson, 1968; 

Williamson et al., 1968; Kretz and Norris 1973; Holmblad et al., 

1976). Consideration was given to a variety of factors that
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contribute to exposure rates such as room and cage construction 

and the beagles’ preferred location in the back of the cage.

These considerations lead to operating procedures in the brooms 

that include rotating the cages 90 degrees each day and 

moving the dogs from the top tier to the bottom and vice versa 

once weekly. This has provided the best approach to assuring 

a uniform irradiation of each dog and an equal level of 

irradiation within each dose group.

Data Analysis

To analyze the tumor induction by irradiation the "Guidelines 

for Simple, Sensitive Significance Tests for Carcinogenic 

Effects in Long-Term Animal Experiments" derived by R. Peto et. 

al., (1980) were employed. This method requires each tumor to 

be given a "context of observation" which include:

Context 0 - scheduled sacrifice

Context 1 - incidental

Context 2 - probably incidental 

Context 3 - probably fatal

Context 4 - fatal

Context 5 - mortality independent 

Since this thesis is an interim report on a long-term study, 

only fatal tumors in dogs that have died can be statistically 

analyzed at this point. Therefore, mortality independent and 

incidental tumors are beyond the scope of this report.

Tumors which do either directly or indirectly kill their

hosts are said to have been observed in a fatal context. For

tumors observed in the fatal context, "death rate" methods best
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allow for the effects of differences in longevity between 

treatment groups which must be corrected for when presenting 

experimental results. This "death rate" method is based on the 

fundamental principle that if treatment does not affect cancer
• death rates, then the survivors on any particular day of the

experiment all are equally likely to die of the relative cancer 

type during that day. One separate contingency table is drawn 

up for each day of the experiment, tabulating for the various 

treatment groups the numbers of survivors at the start of that 

day and the numbers of them that died of the relevant cancer 

type during that day. An example of a contingency table is 

shown in Appendix A. Taken on its own, a single such table 

gives no useful information, however, meaningful patterns may 

well emerge when the observed and expected numbers in each of 

these many tables are combined by addition to give the total 

observed numbers in each group and their corresponding composite 

contingency table. In each separate table the expected numbers 

are derived by assuming that the risk of death from tumors on 

that particular day was unrelated to treatment. If this assump

tion is correct, therefore, the observed and expected numbers 

on that day differ only randomly from each other. It follows 

that the grand totals of observed and expected numbers (from

• each separate table combined) will likewise differ from each

other only randomly unless the age-specific tumor death rates 

are systematically different in different treatment groups.

The Trend Test Statistic, T*, for positive trend is then calcula

ted from the grand total observed and expected numbers. If the

CARROLL COLLEGE LIBRARY 
HELENA, MONTANA 59601
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value of T is greater than zero, this is evidence for a 

positive trend; and the larger the value of T is, the more 

significant is the evidence for a real carcinogenic effect of

the test treatment.

Comparisons of the times to death from all causes and 

from specific tumor types were made by comparing the data 

from the irradiated dogs to that of the control group. Sig

nificant differences were established by comparing the mean 

values for the groups using Student’s "t" test.

To analyze the life shortening data which contained 

censored observations, the acturial life table method of Cutler 

and Ederer was used. This method was part of a Biomedical 

Computer Program (BMDP), P-series from the School of Medicine 

of the University of California, Los Angeles (Engleman et al., 

1979). The output of this program included estimates of the 

survival function along with graphs. In order to run this 

program, the data was assembled within the Datapoint computer 

systems. A program was written in the Data bus language 

that updated all the dogs’ ages to be current through October 

1, 1983, and these ages were then submitted to the Cutler and 

Ederer statistical analysis. All of the dogs' ages used in 

this study are actually post-irradiation ages up to October 1,

• 1983. Since the controls never were submitted to irradiation,

the average initiation of irradiation age of 463 days was 

subtracted from their age from birth to allow comparisons with 

the irradiated dogs.



RESULTS

As of October 1, 1983, 60% of the observed dogs had died. 

Since 40% of the observed dogs are still alive, the data for 

this study is interim and incomplete so that the effects of 

exposure rate and total exposure cannot yet be fully evaluated. 

Therefore, many of the life shortening and tumorigenic effects 

of irradiation are best summarized largely by comparing the 

combined data from all irradiated groups to the controls.

Life Shortening

The dose rates, total doses, times to death, and current 

survival times of dogs still alive are shown in Table 2. Each 

exposure group is listed individually, as well as composite 

exposure rate groups, composite total exposure groups, and a 

composite irradiated group. The mean time to death for the 

irradiated dogs [2604 + 89 (SEM) days] irrespective of the dose 

rate or total dose is shorter than that for the control group 

[3405 ± 199 (SEM) days] as calculated by students' "t" test 

[t(DFl65) = 4.23; P = .001). For comparison, the mean times 

to death for continuously irradiated beagles at similar dose

rates are shown in Table 3.

Table 4 shows the interim data for the median (50%) times 

to death for the various exposure rate groups derived from the 

Cutler and Ederer analysis. Compared to the median survival 

of the control population [4341 + 139 (SEM) days], all groups 

show appreciable life shortening. The 10 R/day group exhibits 

the most significant life shortening with a median survival of

15
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2750 ± 95 days, 1600 days less than the controls. Table 5 

shows the complete Cutler and Ederer output including the 75% 

and 25% quantiles as well as the median (50%) for all groups.
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Table 1. Groups observed and the number surviving in each 
group through October 1, 1983.

Exp.
Rate

Total
Exp.

Number Dead - After Irradiation

Total
Dead

Total
Alive

Total
Observed

Total
Dogs

100a
(Not Observed)

100
(Observed)

Controls - 86 0 39 39 47 86

5 R 1400 R 24 0 15 15 9 24
2000 R 20 0 7 7 13 20

10 R 1400 R 28 4 10 14 14 24
2000 R 28 9 16 25 3 19
4000 R 32 12 20 32 0 20

17 R 2000 R 53 34 8 42 11 19
4000 R 24 14 10 24 0 10

35 % 1400 R 47 27 19 46 1 20..... — —
TOTALS 342 100 144 224 98 242

Groups used (total) 71.3% Dead
Dogs observed 59.5% Dead

aDogs dying before 100 days post-irradiation were not included in this study.
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Table 2. Summary of decedents and their age of death

Group Dead Living
Mean Age 
at Death

Range of Age 
at Death

Mean Age 
of Living

Controls 39 47 3207 483-4967 3263

5R/1400R 15 9 3295 1333-4324 4368
5R/2000R 7 13 2850 1140-3653 3617

10R/1400R 10 14 2773 1269-3679 3769
10R/2000R 16 3 2953 969-4317 4508
10R/4000R 20 0 2681 1216-4539 —

17R/2000R 8 11 2881 643-3914 3142
17R/4000R 10 0 3620 2682-4903 —

35R/1400R 19 1 3566 1823-5619 5408

Exposure Rate
(Total Exposures Grouped)

5R 22 22 3153 1333-4324 3924
10R 46 17 2874 969-4539 3899
17R 18 11 3292 643-4903 3142

(35R above)

Total Exposure
(Exposure Rates Grouped)

1400 44 24 2844 1269-5619 4062
2000 31 27 2911 643-4317 3522
4000 30 0 2944 1216-4903 —

Irradiated 105 51 2892 643-5619 3776
(Composite All Groups)
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Table 4. Median survival times following terminated 
to protracted 6®Co gamma irradiation

Median Survival
Exposure Rate (R/day) Total Exposure (R) (Days SE)

5 R 1400 3496 101

10 R 2000 2750 95

17 R 4000 3700 304

35 R 1400 3300 158

Control — 4341 139

6
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Table 5. Survival of beagles given terminated exposures to 
protracted 60Co gamma irradiation

Exp.
Rate

Total
Exp.

Total
Dogs

Total
Dead

Total
Censored

Percent3
Censored 75th

Quantileb
50 th 25 th

Control - 86 39 47 0.5465 3553.58 4341.05 4928.96

5 R 1400 R 24 13 9 0.3750 3000.00 3496.67 -
2000 R 20 7 13 0.6500 3000.00 - —

10 R 1400 R 24 10 14 0.5833 2700.00 - -
2000 R 19 16 3 0.1579 1887.00 2750 3812.50
4000 R 20 20 0 0.0000 2200.00 2460 2900.00

17 R 2000 R 19 8 11 0.5789 2807.00 3406.39 3553.19
4000 R 10 10 0 0.0000 2475.00 3700.00 4050.00

35 R 1400 R 20 19 1 0.0500 2500.00 3300.00 3700.00

aThe percent censored refers to the percentage of dogs in each group that are 
still alive and thus did not participate in the statistical analysis beyond 
their age.

^The quantile refers to the age at which a particular percentage of the dogs in 
the group will still be alive. For instance, the 75th quantile refers to the 
age when 75% of the dogs in the group are still alive.



22

Tumorigenicity

As previously mentioned regarding tumor incidence, fatal 

tumors were the main focus of this study. Table 6 shows the 

incidence of fatal tumors and mean age at death for fatal tumor 

dogs of each group. Of the irradiated decedents, 62.9% died 

of a fatal tumor. Of the control decedents, 48.7% died of a 

fatal tumor. The mean age at death for the irradiated de

cedents was 2723 days as compared to 3792 days for the controls 

for a difference of nearly three years.

Table 7 shows the "Death Rate" method of analysis for 

fatal tumors which produces a trend test statistic (T). Each 

group is listed individually as well as composite groups of 

exposure rate and total exposure. In all three cases, T proved 

to be significantly positive, demonstrating the positive effect 

of irradiation on fatal tumor incidence. A definite positive 

trend was seen in the composite total exposure groups. As the 

total exposure increased, the magnitude of T likewise increased 

Thus, as total exposure is increased the irradiation has a 

greater effect on fatal tumor incidence. Table 8 shows a simi

lar "Death Rate" analysis of fatal tumors detected before 3000 

days, illustrating the much earlier occurrence of fatal tumors 

in the irradiated dogs. Again, the trend test statistic proved 

to be positive.
The mammary gland was the origin of more tumors than any 

other site. (The only exception would be the skin, if tumors

of the skin and its related appendages were lumped into one
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category.) Table 9 shows the incidence of mammary tumors in 

female decedents for each group. Similar to fatal tumor 

incidence, the irradiated dogs showed an increase in mammary 

tumors. Of the irradiated female decedents, 70% died with a 

mammary tumor and 37% died of a mammary tumor. Of the control 

female decedents, 56% died with a mammary tumor and 22% died 

of a mammary tumor. For mammary carcinomas, the mean times to 

death were 3011 days ± 125 (SEM) for the irradiated dogs compared 

to 3981 ± 237 (SEM) days for the controls. Table 10 summarizes 

the incidence of malignant mammary tumors and Table 11 summarizes 

the incidence of benign mammary tumors. In both cases, the 

average age of first diagnosis of the mammary tumor was consider

ably earlier for the irradiated dogs as compared to the controls. 

First diagnosis of malignant mammary tumors was over two years 

earlier for the irradiated dogs as compared to the controls.

The incidence of sarcomas and carcinomas is summarized in

Table 12 and Table 13, respectively. Of the irradiated dogs,

39% had a sarcoma, 34.3% died of a sarcoma, and the average 

age of first diagnosis was 2121 days. Of the control dogs,

25.6% had and died of a sarcoma with an average age of first 

diagnosis of 3484 days, nearly four years later than the irradi

ated dogs. For carcinomas, of the irradiated dogs 37.1% had a 

carcinoma, 29.5% died of a carcinoma, and the average age of 

first diagnosis was 2485 days. Of the controls, 46.2% had a 

carcinoma, 23.1% died of a carcinoma and the average age of 

first diagnosis was 3409 days, nearly 2.5 years later than 

the irradiated dogs.
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Dose

Control

5R/1400R

5R/2000R

10R/1400R

10R/2000R

10R/4000R

17R/2000R

17R/4000R

35R/1400R

Irradiated
(Composite)

Table 6. Incidence of Fatal Tumors

No. of 
Decedents

No. of Dogs that 
Died of a Fatal Tumor %

Mean Age of Death (Post 
Irr.) for Fatal Tumor Doqs

39 19 48.7 3792

15 8 53.3 3059

7 4 57.1 2399

10 6 60.0 2438

16 12 75.0 2518

20 15 75.0 2232

8 5 62.5 2741

10 5 50.0 3184

19 11 57.9 3429

105 66 62.9 2723
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Table 7. Summary of incidence of fatal tumors
"Death Rate” method of analysis composite 
totals

Exposure Rate/ 
Total Exposure Nb 0c Ed O/Ee O-E Dfx(O-E)

Control 86 19 38.499 .494 -19.499 0
5/1400 24 7 9.295 .753 -2.295
5/2000 20 4 4.948 .808 -.948
10/1400 24 6 6.293 .953 -.293
10/2000 19 12 4.861 2.469 7.139
10/4000 20 15 3.201 4.686 11.799
17/2000 19 5 3.465 1.443 1.535
17/4000 10 5 4.710 1.062 .290
35/1400 20 11 8.710 1.263 2.290
Total Irr. (D 1) 156 65 45.601 1.425 19.399 19.399

Ta = 19.399

Exposure Rate Composite Totals

Exposure Rate 0 E 0/E O-E D x (O-E)

Control (0) 19 38.499 .494 -19.499 0
5R 11 14.243 .772 -3.243 -16.215
10R 33 14.355 2.299 18.645 186.45
17R 10 8.175 1.223 1.825 31.025
35R 11 8.710 1.263 2.290 80.150

T9 = 281.41

Total Exposure Composite Totals

Total Exposure 0 E O/E O-E D x (O-E)

Control (0) 19 38.499 .494 -19.499 0
1400 24 24.298 .988 -.298 -417.20
2000 21 13.274 1.582 7.726 15452.00
4000 20 7.911 2.528 12.089 48356.00

Ta = 63390.8

aTrend test statistic
“Number of animals initially in the group
0
Observed number of animals dying of fatal tumors _j u

“Expected numbers of animals dying of fatal tumors (E = yy-— x N) 
sum

“Relative onset rate.
refers to dose rate. The composite group of all irradiated dogs is 

arbitrarily assigned a dose rate of 1.
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Table 8. Summary of incidence of fatal tumors
detected by 3000 days post-irradiation

Exposure Rate L 
Total Exposure Nb OC Ed O/Ee O-E Dfx(0-E)

Control 68 3 7.49 .40 -4.49 0

5R 24 1 2.64 .37 -1.64 -

5R 20 1 2.20 .45 -1.20 -

10R 24 3 2.64 1.13 .36 -

10R 19 5 2.09 2.39 2.91 -

10R 20 7 2.20 3.18 4.80 -

17R 21 3 2.31 1.30 .69 -

17R 19 1 2.09 .48 -1.09 -

17R 10 2 1.10 1.82 .90 -

35R 20 1 2.20 .45 -1.20 -

TOTAL IRRADIATED 177 24 19.50 1.23 4.49 4.49————

TOTAL 245 27 27 4.49

Ta = 4.49

aTrend test statistic

^Number of animals that survived at least 3000 days

c0bserved number of animals dying of fatal tumors

^Expected number of animals dying of fatal tumors by 3000 days,

(E = x N)
sum

eRelative onset rate

fArbitrary dose rate, D=0 for controls and D=1 for irradiated
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Table 9. Incidence of mammary tumors and incidence of 

fatal mammary tumors in deceased beagles

Dose
No. of

Female Decedents
No. Dying with 
Mammary Tumors

No. Dying of 
Mammary Tumors

Control 18 10 56 4

5 R/1400 R 7 5 71 2

5 R/2000 R 3 2 67 1

10 R/1400 R 0 0 0 0

10 R/2000 R 10 6 60 5

10 R/4000 R 10 9 90 3

17 R/2000 R 5 2 40 1

17 R/4000 R 4 4 100 2

35 R/1400 R 7 4 57 3

Irradiated
(composite)

46 32 70 17

%
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50

30

20
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Table 10. Incidence of malignant mammary tumors

Dose
No. of No.

Female Decedents
with Malignant 

Mammary Tumors %

Average Age 
(from Irr. Onset) 
at First Diagnosi:

Control 18 8 44 3123

5 R/1400 R 7 3 43 2269

5 R/2000 R 3 2 67 2916

10 R/1400 R 0 0 0 0

10 R/2000 R 10 6 60 2165

10 R/4000 R 10 6 60 2235

17 R/2000 R 5 2 40 2284

17 R/4000 R 4 2 50 2592

35 R/1400 R 7 4 57 2172

Irradiated
(composite)

46 25 54 2367
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Table 11. Incidence of benign mammary tumors

Average Age
n

Dose
No. of

Female Decedents
No. with Benign 
Mammary Tumors %

(from Irr. Onset) 
at First Diagnosis

Control 18 7 39 2906

5 R/1400 :R 7 5 71 1908

5 R/2000 :R 3 2 67 2270

10 R/1400 R 0 0 0 0

10 R/2000 R 10 5 50 2312

10 R/4000 R 10 9 90 2060

17 R/2000 R 5 1 20 2604

17 R/4000 R 4 4 100 2634

35 R/1400 R 7 4 57 2303

Irradiated
(composite)

46 30 65 2292
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Table 12. Incidence of sarcomas

Ave. Age Ave. Agea
Exposure Rate/ 
Total Exposure

No. of 
Decedents

No. that died 
of a Sarcoma %

(Post Irr.) 
of Death

No. that had (Post Irr.) 
of first Diagnosisa Sarccma %

Control (0/0) 39 10 25.6 3199 10 25.6 3484
5R/1400R 15 5 33.3 2306 5 33.3 2503
5R/2000R 7 3 42.9 1920 3 42.9 1987
10R/1400R 10 4 40.0 1582 4 40.0 1983
10R/2000R 16 6 37.5 1636 6 37.5 1607
10R/4000R 20 8 40.0 1328 10 50.0 1631
17R/2000R 8 2 25.0 1546 2 25.0 1828
17R/4000R 10 2 20.0 2197 5 50.0 3119
35R/1400R 19 6 26.3 2469 6 31.6 2548
Irradiated 105 36 34.3 1825 41 39.0 2121

Exposure rate

5R 22 8 36.4 2161 8 36.4 2310
10R 46 18 39.1 1487 20 43.5 1698
17R 18 4 22.2 1872 7 38.9 2750

Total Exposure

1400 44 15 34.1 1753 15 34.1 2371
2000 31 11 35.5 1697 11 35.5 1751
4000 30 10 33.3 1502 15 50.0 2162

aSane tumors were not detected until necropsy.
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Incidence of carcinomasTable 13.

Exposure Rate/ 
Total Exposure

No. of 
Dededents

No. that died 
of a Carcinort

Ave. Age
(Post Irr.) No. that had

Ave. Age 
(Post Irr.) 
of first Diagnosisi % of Death a Carcinoma %

Control 39 9 23.1 3476 18 46.2 3409
5R/1400R 15 3 20.0 3088 5 33.3 2151
5R/2000R 7 1 14.3 2836 2 28.6 2385
10R/1400R 10 2 20.0 2760 2 20.0 2273
10R/2000R 16 6 37.5 2475 7 43.8 2215
10R/4000R 20 7 35.0 2273 9 45.0 2437
17R/2000R 8 3 37.5 2766 3 37.5 2231
17R/4000R 10 4 40.0 3117 6 60.0 3129
35R/1400R 19 5 26.3 3381 5 26.3 2738
Irradiated
(composite)

105 31 29.5 2795 39 37.1 2485

Exposure Rate

5R 22 4 18.2 3025 7 31.8 2218
10R 46 15 32.6 2419 18 39.1 2332
17R 18 7 38.9 2967 9 50.0 2830

Total Exposure

1400 44 10 22.7 3188 12 27.3 2441
2000 31 10 32.3 2598 12 38.7 2247
4000 30 11 36.7 2580 15 50.0 2714
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Myeloproliferative Disorders

The incidence of myeloproliferative disorders (MPD) in

terminated exposures as compared to continuous exposures is 

summarized in Table 14. The various types of MPD’s are shown 

in Table 15. These data show significant results since 27.8% 

of continuous exposure deaths are due to MPD's as compared to 

7.4% in terminated exposures and 0% in controls.
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DISCUSSION AND CONCLUSIONS

Preliminary results of the terminated irradiation study 

were shown to be quite different than those from continuous
• irradiation until death. A significant proportion of the

terminated dogs escape death from the acute hematological 

effects (anemia, septicemia) common in continuous irradiation 

and go on to manifest typical chronic radiation injury including 

life shortening and an increase in tumor deaths. The major 

general results of this study to date include (1) the terminated 

irradiation dogs show a significantly shorter time to death 

in comparison to controls, and an extended time to death in 

comparison to continuous irradiation, (2) the terminated dogs 

display the occurrence of most tumor types at significantly 

earlier times as compared to the controls, (3) the terminated 

dogs display the occurrence of at least two types of malignancies 

(fibrosarcomas of the spleen and MPD) that have not occurred 

in the control population, (4) most of the terminated dogs 

recover from hematopoietic damage after irradiation was termin

ated then died at later times of soft tissue malignancies.

Although the terminated irradiation obviously has a 

significant life shortening effect, there is still no unifying

• theory on the kinetics of chronic injury that can clarify the

interrelationships of dose rate, duration of exposure, and 

total dose. However, the interim data for the median (50%) 

times to death as shown in Table 4 and Table 5 somewhat suggest 

that both dose rate and total dose are affecting the survival

35
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times. Two groups given 1400 R at either 5 R/day or 35 R/day 

show similar median survival times. Two other groups given 

4000 R at either 10 R/day or 17 R/day show an appreciable 

difference, 2750 ± 95 days and 3700 + 204 days, respectively,e
or a difference of nearly 1000 days. Still another two groups, 

irradiated at the same exposure rate of 10 R/day to either 

2000 or 4000 R, show little difference in survival times on 

the basis of the data available. Although the relative 

differences may change as the data continue to accumulate,

these results are consistent with the results of Anderson et

al. obtained with brief acute X-ray exposures given as either 

single or fractionated doses and total doses of either 100 

or 300 R, and with the results obtained with rodents (Fritz, 

personal communication).

All the tumor types emphasized in this study (fatal tumors, 

mammary tumors, sarcomas, and carcinomas) exhibited higher 

incidence than the control population, although it is important 

to point out that the difference in incidences between irradiated 

and control dogs will approach greater significance as more 

dogs die and the statistical analysis includes larger numbers.

In addition, there will undoubtedly be differences among the 

data from the various dose rate and total dose groups when they
• are individually compared to each other and with the control

data. At this point, the greatest significance lies in the 

fact that the tumors are occurring much earlier and causing 

deaths at a much earlier age.
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Specific tumor sites of particular interest include the 

mammary glands, lymphatic system, spleen, thyroid gland and 

bone marrow. The mammary glands are of interest since they 

are the origin of more tumors than any other site. It was 

previously thought that the proportion of malignant mammary 

tumors was much higher in irradiated dogs in comparison to 

the controls, but the more recent results of this study 

suggest that the previous observation is not significant. The 

mean time to death of dogs with mammary malignancies, however, 

is significantly shorter for the irradiated dogs than for

controls.

Malignancies of the lymphatic system including lymphomas, 

lymphosarcomas, and lymphocytic leukemias are occurring more 

frequently in control dogs than in the experimental groups. 

There were 6 in the control group decedents (16%) and 10 in the 

irradiated group (9%). This deficit of lymphoid tumors in the 

experimental group can be explained by the shorter life span 

of these dogs and the relatively late occurrence of lymphoid 

tumors in nonirradiated dogs. Thus, death at a much earlier 

mean age of 2604 + 89 days for irradiated dogs does not allow 

for development of maximum numbers of lymphoid tumors which 

result in death in controls at a mean age of 4101 ± 386 days

• (Fritz, personal communication).

The spleen has been the apparent site of origin of at 

least 14 nonepithelial malignancies in the irradiated group 

compared with only one such tumor in the control group. Of
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these 14 tumors, 10 have been classified as fibrosarcomas, 

probably of nerve sheath origin, and 4 as angiosarcomas. The 

classification and cell of origin of some of these fibrosarcomas 

was questioned by reviewers (Fritz, personal communication). 

However, additional studies provided convincing ultrastructural 

details concerning the relationship of the splenic fibrosarcomas 

to the Schwann cells of the nerve sheath. It is particularly 

intriguing that only the spleen should develop these nerve 

sheath malignancies, in as much as connective tissue, nerve 

sheaths, and vasculature are widely distributed throughout 

the body. The high frequency of connective tissue malignancies 

(sarcomas) and early time to death in affected dogs [3094 ±

155 (SEM) days] is one of the competing risks that contribute 

to the decreased yield of lymphoid tumors which occur at older 

ages, as discussed earlier.

Carcinomas of the thyroid gland are of interest because 

they were found to occur significantly less frequently in 

the irradiated groups than in the controls. They account for 

4 of 105 tumors in 72 dogs with malignant tumors among 105 

decedent experimental dogs and 7 of 36 tumors in 25 dogs with 

malignancies among 39 decedent controls. As with lymphoid 

tumors, the major factor contributing to the deficit of thyroid 

tumors is the late time of occurrence of these malignancies 

in nonirradiated dogs [mean time to death with thyroid tumor, 

4153 ± 223 (SEM) days] relative to the shorter life span of 

irradiated dogs.
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A very significant finding of this study was that ter

minated exposures produce far fewer cases of myeloproliferative 

diseases (MPD) than do exposures given continuously until 

death. MPD's include diseases affecting the proliferation of 

the bone marrow cells, namely myeloid, myelomonocytic and mono

cytic leukemias, erythroleukemia, erythremic myelosis, and 

myelofibrosis. Although there have been fewer MPD in the 

terminated exposure groups than in dogs irradiated continuously, 

they are a significant number as no cases have been seen in 

controls. The terminated exposures show that there is an 

apparent minimal response in terms of stress on or suppression 

of hematopoietic function that contributes to the induction of 

the disease. MPD has occurred between 400 days and 2000 days 

of irradiation, irrespective of dose rate, but not at later 

times for either continuous or terminated exposure. These 

interim results also suggest that total dose limitations 

exist for the induction of MPD because no cases were seen in 

dogs given total doses below 1700 R. Analysis of the information 

from Argonne and the University of California, Davis, suggests 

the following working hypothesis: the induction of MPD 

depends upon the ability of bone marrow function to accomodate 

to protracted irradiation through error-prone repair of radia

tion damage to the granulocyte/monocyte stem cell (GM-CFUc)

(Fritz, 1983). Fritz has concluded that MPD either does not 

occur or the incidence remains low when irradiation is terminated 

because (1) accomodation and the pattern of increased radio

resistance of stem cells (GM-CFUc) is not fully established, or
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(2) the accomodation and related changes in GM-CFUc radio

resistance are lost (Fritz, 1983). Thus, the MPD' s appear

related to repair, recovery, or accomodation to the hemato

poietic damage; they either occur early or not at all as a 

sequel to protracted irradiation. This pattern is similar 

to that of leukemias in human populations exposed to ionizing

radiation.

With 40% of the dogs initially entering this study still 

alive, much of the data is yet to come in and it could conceivably 

have a profound effect on the final results. However, these 

interim results on beagles are providing important insights 

into the late effects of terminated whole-body irradiation of 

mammals. This study will provide a better perspective of the 

influence of life span on the late effects of low doses of 

radiation. Such information should provide a better basis for 

extrapolations to man from existing data derived from smaller 

short-lived laboratory species.
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Appendix A. Simple contingency table for fatal tumors 
on day 2381

Exposure Rate/ Initial
Total Exposure Group Size Na ob EC

Control 86 68 1 .723
5R/1400R 24 20 0 .213
5R/2000R 20 18 0 .191
10R/1400R 24 21 0 .223
10R/2000R 19 12 0 .128
10R/4000R 20 13 0 .138
17R/2000R 19 11 0 .117
17R/4000R 10 9 0 .096
35R/1400R 20 16 1 .170

Total Irradiated 156 120 1 1.277

Total 244 188 2 2.000

g
Number of beagles still alive at the start of day 2381. 
■^Observed number of beagles dying of a fatal tumor on day 2381.

cExpected number of beagles dying of fatal tumors on day 2381,

(E = x N) .
sum

NOTE: A simple contingency table was tabulated for each day any
dog in the study died of a fatal tumor. A total of 84 such 
tables were tabulated and then added to form the Composite 
Table shown in Table 7.
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