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ABSTRACT

Survival curves were constructed and analyzed relative to contributing
hematopathological responses for groups of beagles exposed continuously
for duration of life to low daily doses of whole body 60Co gamma irradia-
tion (27.3 rads/day to 4 rads/day). The survival curves versus time were
progressively displaced toward longer survival as rates of exposure were
reduced from the relatively high dose rate of 27.3 rads/day to the low
dose rate of 4.0 rads/day. Average survival times increased from 57 days
at 27.3 rads/day to 1830 days at 4.0 rads/day, representing fractional
increased life-spans from 1.5% to 50.8%, respectively. Survival curves
versus total dose were markedly displaced along the cumulative radiation
dose axis at the extreme dose rates (i.e., 27.3 and 4.0 rads/day), but
not at the intermediate dose rates (i.e., 13.4 and 7.9 rads/day) in which
the upper linear portions of the survival curves are superimposed. From
these dose-dependent survival curves, LD5Q v a l u e s fos whole body gamma
irradiation, delivered chronically at 27.3, 13.4, 7.9, and 4.0 rads per
day were estimated to be 1442, 2124, 2039, and 7161 rads, respectively.
Both time- and dose-dependent survival curves for the intermediate dose
rates, in contrast to the extreme dose rates, exhibited pronounced tran-
sitions in the lethality rate below the: 50% survival level. These
lethality rate transitions occurred at ~ 2500 rads of accumulated dose
and were attributed to a shift in the spsctrum of developing hematopa-
thologies: namely, from a predominance of the acutely ablative radiation-
induced lymphohematopoietic syndromes (i.e., septicemias and aplastic
anemias) to a predominance of the late airising .hematopoietic neoplasias
(myelogenous leukemia and related myeloproliferative disorders). Based
on the concept that these lethality rate transitions and shifts in the
spectrum of developing pathologies reflect distinct subgroups of dogs of
varying radiosensitivities and pathological tendencies, estimates of LD
values for subgroups with specific pathologies are given (e.g., 1850 rads
for the subgroup with aplasia; 5500 rads for the subgroup with myelopro-
liferative diseases). Sequential analyses of blood and marrow responses
indicated that this shift in hematopathologic spectrum (and in turn the
lethality rate transition) is due to an early reparative hematological
event that is prerequisite to prolonged survival and, in turn, to the
expression of late arising neoplasias. The cellular basis of this repair
appears to be mediated, in part, by an acquisition of radioresistance by
early hematopoietic progenitors.
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INTRODUCTION

The hemopathological responses under continuous whole body gamma irradia-
tion and their effect on lethality rates have been extensively studied in
small short lived rodents (Lamerton et al., 1960; Twentyman and Blackett,
1970; Pontifex and Lamerton, 1960; Bustad ^t al., 1965; Lord, 1964, 1965;
Blackett, 1967; Kalina and Praslicka, 1977; and Sacher, 1955). The clas-
sic studies carried out more than two decades ago by Lamerton and his
colleagues demonstrated the relationships among decrementing dose rates,
hematopoietic sparing, and incrementing survival times (Lamerton et al.,
1960). Sacher and colleagues (1978) analyzed dose rate effects on life
short .ng for some fifteen different species of mammals from three dif-
ferent, rders (i.e., Carnivora, Artiodactyla, and Rodentia). This analy-
sis resulted in the development of a generic lethality/dose rate rela-
tion: at very low dose rates, the lethality rate is dependent solely on
total cumulative dose and independent of dose rate; at intermediate dose
rates, and extending into the higher rates of exposure, the rate of
lethality becomes dose-rate dependent. Interestingly, the point of tran-
sition (i.e., from dose rate independent to dependent) is apparently a
stable characteristic of the species.

In contrast to the rather extensive studies itade using small mammals,
there is a sparcity of information concerning lethality ar.d hematological
response in larger, relatively long-livec*. species (e.g., dogs) under
chronic gamma irradiation, especially at very low rates cf exposure.
Page et ai. (1968) reported that for male western sheep the lethality
rate decremented linearly as the rate of gamma ray exposure was reduced
from 660 to 30 R/hr, representing an effective increase in the LD- "s
from 237 R at 660 R/hr to 338 R at 30 R/hr. At exposure rates below
30 R/hr, lower lethality rates and much higher LD values (e.g., LD,-Q of
495 R at 3.6 R/hr and 637 R at 2.0 R/hr) were observed. Similar
lethality/dose rate relationships have been reported for swine (Brown and
Cragle, 1968).

Previously, we had reported LD_ 's for chronic, low daily dose gamma
radiation using beagles exposed for preset total exposure levels (600-
4000 R) rather than for duration of life, as is the case for dogs de-
scribed in this report (Fritz et al,, 1978). Despite this difference in
radiation protocol, our estimates from the two approaches are reasonably
close, differing by 2-32% at the various dose rates tested.

All of the above large animal studies have suffered from the fact that
dose rate effects have been assessed in terms of daily or cumulatively
delivered air dose lin roentgens) rather than as an individualized ab-
sorbed dose (in rads).

Accordingly, this paper has three objectives: (i) to give our current
estimates, based on refined data, of the LD 's for whole body 60-cobalt
gamma radiation delivered chronically to beagles at average daily ratep
of 35 R (27.3 rads) to 5 R (4.0 rads) per day; (ii) to illustrate the
time course for development of the major pathologies responsible for the
noted lethality patterns; and finally (iii) to examine a prominent repa-
rative hematopoietic event that appears responsible tor marked transi-
tions in rates of lethality and in the spectrum of developing patholo-
gies .



MATERIALS and METHODS

Animals

Outbred beagles included in this study were derived from the closed
Argonne National Laboratory colony whose status, origin, and general
management have been described in detail elsewhere (Norris et al.,
1968). The two hundred and sixteen purebred beagles included in this
study are part of a long range project whose overall aim is to evaluate
morbidity and mortality rates as a consequence of chronically delivered,
whole body gamma irradiation in a relatively large and long lived species
of mammal (Norris and Fritz, 1972; Fritz et al., 1978, 1982). All dogs
were approximately 400 days old at the start of the experiment, anatomi-
cally normal, and in good health. Both male and female animals, at ap-
proximately 1/1 ratios, were used in tne various groups. The size (chest
dimensions) and weight of experimental animals at the start of the exper-
iment were 14.1 cm (± 1.8 cm, S.D.) and 10.4 kg (± 3.1 kg, S.D.), respec-
tively. Prior to and during the experiment, the test and control dogs
were regularly monitored clinically and hematologically.

Irradiation of Animals

Experimental dogs were maintained in two-tiered standard size fiberglass
cages (71 x 71 x 61 cm) within a specially designed irradiation facility
equipped with an attenuated 9 Ci ^Co source having an effective energy
of approximately 1.0 MeV (Gammabeam--1 50, atomic Energy of Canada, Ltd.,
Ottawa). The dog cages were rotated 90° each day and the dogs were moved
from the top tier to the bottom and vice versa once each week in an ef-
fort to maximize the uniformity of the air dose delivered to the caged
animals. Dogs were continuously irradiated for duration of life, at
daily exposure rates (measured at *_he midpoint of the cage) of ei :.er 5,
10, 17, or 35 R per 22-hour day (Williamson et al., 1968). During the 2
hours when the dogs were not exposed, they were fed, watered, and clini-
cally manipulated for blood and marrow sample collection. Control ani-
mals were similarly treated and handled, except they weie maintained
either in cages iu a shielded, adjoining anteroom (experimental controls)
or in standard pens (colony controls). The responses of the chronically
irradiated dogs are compared with the responses of dogs qiven acute bi-
lateral irradiation at 15 R/mia, to total doses of ^"Co gamma rays
ranging from 275-365 R (Norris et al., 1968).

Dosimetric methods and calculations are outlined in detail elsewhere
(Sinclair, 1963; Williamson et al., 1968; Norris et al., 1968). In
brief, midline daily exposure rates in air were measured with a calibrat-
ed ionization chamber coupled with a charge measuring device. Midline
exposures in R, multiplied by individualized fractional absorbed dose
(FAD) values, yielded average absorbed dose estimates in rads for each
irradiated dog. Individualized FAD values were determined mathematically
from a highly correlative linear relationship between the animal's later-
al chest dimension (LCD) and the FAD. Approximately 41% of lateral chest
dimensions were estimated (with a maximum 8% error) from chest circumfer-
ence measurements. The standard LC0/FAD relationship is based on the
experimental dosimetric data reported by Norris et al. (1968), which
accounted for animal size, attenuation and decay factors, as well as
exposure orientation. Linear regression anaysis of the LCD/FAD



relationship yielded an R value of 0.75 and a slope estimate of
-0.007679 (±0.000579, S.E.).

Hematology and Pathology

Heraograms were performed by standard methods on each irradiated animal
every 14 days and on each experimental control animal every 28 days
(Tolle et al.. 1979a) .

When the irradiated animals became acutely ill and moribund, they were
sacrificed by exsanguination while under sodium pentobarbital
anesthesia. Complete necropsies were performed and gross pathological
changes were recorded. Tissue samples were systematically collected and
processed for histological evaluation in order to establish the primary
cause of death.

For the purpose of morphologic and functional analyses of bone marrow
with time and cumulative radiation dose, marrow biopsies and aspirates
were performed at approximately 100-day intervals in selected groups of
animals (10 R/day group; 0 R/day controls). The collected tissue speci-
mens were processed and examined by standard methods (Seed et al., 1977,
1981; Tolle et al., 1979a, 1979b, 1982). The concentrations of hemato-
poietic progenitors (GM-CFUa) in the biopsied/aspirated marrow samples
were assayed, following a two stage enrichment (glass wool filtration and
ficoll density gradient centrifugation), using modified single-layer
(Marsh et al., 1972) and double-layer (Pike and Robinson, 1970) agar
cloning methods as previously described (Seed et al., 1982). The radio-
sensitivities of progenitors isolated from both nonirradiated and chron-
ically irradiated animals were analyzed by standard dose response meas-
urements in which marrow cell suspensions (10^-10 ), enriched in progeni-
tors, were acutely gamma irradiated (25 rads/min) with 0-300 rads.
Degrees of progenitor cell lethality at each dose level were assessed in
terms of the surviving fraction of clonogenically active cells measured
by soft agar cloning (Seed et al., 1982).

RESULTS

Survival Relative to Time and Cumulative Radiation Dose

The survival curves for groups of beagles exposed daily for duration of
l i fe to either 35, 17, 10, or 5 R of whole body 60Co gamma radiation
differ markedly with time (Fig. 1). The estimated median survival times
of irradiated dogs at these daily dose rates are 53, 156, 256, and 1834
days, respectively (Table 1 A-D). These survival times represent frac-
tional life-spans of 1.5, 4.3, 7 .1, and 50.8% compared with the extended
median survival time of 3613 days for the nonirradiated colony controls
( i . e . , 0 R/day group).

The survival curves based on cumulative dose (Fig. 2), similar to the
curves based on time, are also generally displaced to the right, i . e . , to
higher average levels of accumulated radiation dose, as the daily dose
rate of exposure is reduced from very high rates (15 R/min) to very low
rates (5 R/day). From these curves, the LD 's for continuously del iv-
ered whole body gamma irradiat ion are estimated to be: 1442 rads at a
35 R (27.3 rads) per day exposure rate; 2124 rads at 17 R (13.4 rads) per



day; 2039 rads ac 10 R (7.9 rads) pei.' day; and 7161 rads at 5 R
(4.0 rads) per day (Table 1 A-D).

In contrast to the clearly separate, time-dependent survival responses
(Fig. 1), the survival responses based on cumulative dose (individualized
rad dose) at 17 and 10 R/day are nearly identical in the initial, linear
portion of the curves below the 90% survival level. Below 50% survival
there are obvious transitions to lower lathality rates. Similar, but
less abrupt transitions also occur in the time-dependent survival curves
at these intermediate dose rates (Fig. 1). These lethality rate transi-
tions occur following cumulative doses of ~ 2500 rads at the 25% and 40%
survival levels at 17 R/day and 10 R/day, respectively (Figs. 1 and 2).

Survival Times, Pathologies, and Estimated LDLD 's of Subgroups

Transitions in rates of lethality at the intermediate dose rates reflect
and highlight the inherent heterogeneity of the population relative to
the radiosensitivity and the pathological tendencies of its individu-
als. As indicated in Table 1 A-E, the overall spectrum of developing
primary pathologies (as major contributors to the lethality response

•" patterns) shifts from a predominance of the early arising acute lympho-
hematopoietic syndromes (i.e., septicemias and aplastic anemias) at the
higher, functionally ablative, radiation dose rates to a predominance of
the late arising hematopoietic and nonhematopoietic neoplasias and degen-
erative disorders at the lower, less, lymphohematopoietically ablative
dose rates.

The pathological responses of the nonirradiated control animals
(Table 1 E) illustrate the spectrum and incidences of pathologies at
background levels of exposure. The very late developing nonhematopoietic
syndromes, principally solid tumors, are largely responsible for the
overall lethality. The early arising acute lymphohematopoietic syn-
dromes, characteristic responses under high dose rate exposure, do not
contribute to the lethality. Infectious iiseases contribute minimally,
and are mainly in the form of late occurring pneumonias rather than the

\ , early occurring radiation-associated septicemias. Late arising myelopro-
\. liferative disorders do not occur. The lymphoproliferative syndromes

(i.e., lymphomas and lymphocytic leukemias) occur in the controls at
slightly elevated incidences (7.3%) when compared with the 4.0% and 1.4%
incidences at the 5 and 10 R/day dose rate levels.

The pathological spectrum at the intermediate dose rate of 10 R/day, in
contrast to either the high or low dose rate extremes, encompasses in
sizable numbers both early and late arising hematopoietic syndromes, as
well as the nonhematopoietic syndromes (Table 1 C ) . This broad patholog-
ical spectrum is largely responsible for the previously noted time and
cumulative dose-dependent transitions in the lethal.ity rate (Figs. 1
and 2 ) . The initially steep sloped lethality curve is mairly due to the
early development of lethal aplasias, whereas the late developing myelo-
proliferative disorders (mainly granulocytic leukemia) appear to be the
principal reason for the noted transition to the lower time and cumula-
tive dose-dependent rate of lethality.

These markedly different pathological and survival responses to different
exposure rates of continuous irradiation, within a relatively homogeneous
group of purebred beagles maintained under standard conditions, indicate



that there may be several subgroups within the population with varying
radiation sensitivities and pathological predispositions. Based on this
subgroup concept, we have estimated LD 's for each of the major patho-
logical categories. For the most part, these pathology-specific LD,-.
values appear reasonably close among the various dose rates of
exposure. The differences are less than would be expected if the
development of the hematopoietic syndromes was totally dose-rate
dependent. The ranges of the estimated LD,. 's for the following sub-
groups are (a) infectious diseases, 1426-1753 rads at 35-10 R/day;
(b) aplastic anemia, 1856-2211 rads at 17 and 10 R/day; (c) myeloproli-
ferative diseases (MPD), 5302-5605 rads at 10 and 5 R/day (13808 rads for
the two dogs at 17 R/day); (d) nonhematopoietic tumors, 10876 rads at
5 R/day; and (e) degenerative diseases, 9091 rads at 5 R/day.

Hematologi:: Responses of the Major Subgroups

Examination of the peripheral blood responses of the aplasia subgroup
(Fig. 3 A-F) and the myeloproliferative subgroup (Fig. 4 A-F), relative
to the nonirradiated controls (Fig. 5 A-F) revealed a major developmental
difference in the pathological progression of these two end points. Both
subgroups initially responded to the hemotoxic effects of continuous
whole body gamma irradiation by rapid and progressive decline in circu-
lating levels of platelets and granulocytes (Figs. 3 B,E and 4 B,E).
However, once the nadir of the platelet or granulocyte response was
reached, at approximately 150-200 days, the MPD subgroup initiated a
reparative hematopoietic process, as evidenced by a gradual, partial
restoration of circulating blood levels of platelets, leukocytes (total
granulocyte and immature neutrophils), and, to a limited extent, erythro-
cytes (Fig. 3 A-F). The aplasia subgroup, in contrast, failed to initi-
ate this reparative phase, as evidenced by the maintenance of extremely
low blood cell levels, resulting in the development of acute, terminal
pancytopenic conditions (Fig. 4 A-F).

The bone marrow responses to the continuous irradiation (i.e., changing
pool sizes of granulocyte/monocyte progenitors) compared with peripheral
blood changes had similar patterns in the two subgroups (Fig. 6). In
both subgroups, GM-progenitor marrow compartments were progressively
depleted to less than 10% of their preirradiation sizes over the first
100 days of exposure (representing cumulative doses of 790-800 rads). In
contrast to the continued depletion and eventual sterilization of this
vital progenitor compartment within the aplasia subgroup, the long sur-
viving MPD subgroup reversed the potentially lethal, acutely progressive
myelosuppressive response with the initiation of a reparative process,
evidenced by the slow, gradual increased size of the GM-progenitor marrow
compartment.

The expansion of the GM-progenitor marrow compartment in the face of
continued daily irradiation suggests that the initially radiosensitive
marrow progenitors acquired increased radioresistance at or about the
time the repair process was initiated. This suggestion of acquired
radioresistance at the progenitor cell level is supported by direct in
vitro testing of tne radiosensiti"ity of isolated GM-progenitors from the
aplasia and MPD subgroups (Seed et al., 1982). The radioresistance of
postrecovery GM-progenitors isolated from MPD subgroups was markedly
increased in contrast to the relatively low radioresistance of



GM-progenitors from either the aplasia subgroup or from nonirradiated
control dogs (Fig. 7).

DISCUSSION

Nearly three decades ago, Sacher (1955) and Mole (1957) recognized the
relationships among the daily rate of ionizing radiation exposure, the
extent of life shortening, and the change in the effective per unit dose
with protraction, of exposure. Subsequent analyses by Grahn and Sacher
(Grahn and Sacher, 1968; Sacher et al., 1978) characterized a specific
radiation parameter that defined the degree of life shortening for a
given species under various exposure regimens. This parameter (K),
defined by the regression coefficient of the mean aftersurvival/dose rate
relationship, was suggested to be "virtually a species constant," and not

••* altered by minor strain differences within a given species (Grahn and
Sacher, 1968). From this work, Sacher et al. (1978) developed a generic,
radiation-specific lethality rate/dose rate relationship: i.e., lethal-
ity rates shift from dose rate independence at very low daily exposure
rates, to dose rate dependence at intermediate exposure rates, and back
to dose rate independence at very high exposure rates. The specific dose
rates (break points) at which these transitions occur appear to be char-
acteristic of the irradiated species.

In agreement with Grahn and Sacher's analyses, we have observed marked
changes in the lethality rates of continuously irradiated beagles over a
35-5 R/day range of exposure rates. As predicted, the calculated radia-
tion-specific lethality rates (based on mean aftersurvival times (Sacher
et al., 1978) increased linearly (log/log plot) in a dose rate dependent
fashion. However, our lethality rate calculations based on cumulative
absorbed dose are not nearly as linear, due to the similar lethality
rates at the intermediate exposure rates of 17 R and 10 R/day.

The major transitions in lethality rates, from dose rate dependency,
clearly involve the lymphohematopoietic system and its response to accu-
mulated radiation-induced injury. Transitions at high dose rates occur
as the result of the reaching and exceeding of maximum sterilizing rates

A-.: of vital proliferative lymphohematopoietic tissue. Transitions at very
\ low dose rates are thought to be the consequence of the sparing of lym-

phohematopoietic function, which enables a time-dependent expression of
late arising, nonhematopoietic syndromes. The latter concept is sup-
ported in this study by the noted increased contrioution of the nonhema-
topoietic syndromes, relative to the lymphohematopoietic disorders, to
the overall lethality response at very low (5 R/day) or background levels
(zero R/day) of exposure.

The lethality rate transitions occur over a "range" of exposure rates
(i.e., inter-dose rate transitions). We have observed similar lethality
rate transitions within groups of animals exposed at the "same" daily
rate (i.e., intra-dose rate transitions). ^uch intra-dose rate transi-
tions in lethality rate, in contrast to the inter-dose rate transitions,
appear to arise as a result of the shift in incidence of specific hemato-
pathologies; the initially .iigh rate of lethality observed at the 17 and
10 R/day levels is due to early developing aplastic anemias, whereas the
secondary, lower rate of lethality is largely the result of the late
developing myeloproliferative disorders. The latter association suggests
the presence of distinct subgroups within the population, characterized



by differences in radiosensitivity and pathological tendencies.

In terms of hematopoietic function, the radiosensitive, aplasia-prone
subgroup and the radioresistant, MPD-prone subgroup are distinguished by
the repair capacity of hematopoietic tissue under continuous irradiation
(Seed et al., 1977, 1978, 1981, 1982). It is this single capacity that
appears to mediate the previously noted lethality rate transitions {i.e.,
intra-dose rate transitions) and, ultimately, the shift from the nonneo-
plastic to neoplastic hematopathologies.

The cellular basis of this repair capacity appears to involve, in part,
an acquisition of radioresistance by vital hematopoietic progenitors
(Seed et al., 1982, 1983). In vitro correlates of such acquired radio-
resistance by hematopoietic cells under chronic irradiation are well
documented (Lamerton and Courtenay, 1968; Courtenay, 1969; Gregg et al.,
1979) and support the concept of acquired radioresistance by early hema-
topoietic progenitors as a mediator of hematopoietic repair, and in turn
accommodation under chronic irradiation in vivo. This concept does not
discount the possibility that other mechanisms are operative: namely,
enhanced progenitor cell cycling (Gidali et al., 1979; Wu and Lajtha,
1975), reduced cell cycle times of proliferative elements (Lord, 1964),
broadening of the proliferative zones (Lamerton, 1966), and increased
transit marrow times of maturing cells (Lamerton et al., 1968).

Regardless of the cellular mechanism, the repair process occurs and is
largely, if not totally, responsible for the transition from the nonneo-
plastic to neoplastic hematoyathologies seen under continuous gamma
irradiation at intermediate dose rate levels (17 and 10 R/day).

From a biological viewpoint, it is ironic that the very process that
spares the chronically irradiated animal from one type of hematopoiatic
disease (e.g., aplastic anemia) serves to foster a second type (e.g.,
granulocytic leukemia). Indeed, the "price paid" by the animal for being
"rescued" from ablative hematopoietic syndromes, via the acquisition of
repair functions, is not inexpensive.
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TABLE 1. Survival and Pathological Responses of Dogs under Chronic Whole Body
Part A. 35 R/day

Gamma Irradiation:

Parameters
Groupa

Values
Infect.b-d

Disease Aplasia

PRIMARY PATHOLOGIES
Hematopoietic Syndromes

MPD LPD

Monhematopoietic Syndromes
H. Diath. S. Tumor Degen. 0. Other

ANIMALS:

No.
t

Relative sizec

RADIATION:

Dally a i r dose

Cum. a i r dose

Dally absorbed dose

Fract. absorbed dose

Cum. absorbed dose

SURVIVAL:

Days to death (mean)

Days to death (median)

LETHALITY:

Est. LD50 (R)

Est. LD5Q (rad)

8

100

15.7+.1.3

35

1991+.290

27.3

0.78+0.01

1552±224

57±3

53

1855

1442

7

87.5

15.5H.3

35

1935+263

27.3

0.78+.0.01

1519+209

55t8

53

1837

1426

1
12.5

17.0

35

2380

27.0

0.77

1831

68

6B

--

--

0

0

--

--

--

- -

--

- -

--

- -

--

^Values l i s ted for animal s ize, the radiat ion var iables, and survival time are the means ± standard er ror .
Abbreviations: In fec t , disease = Infectious diseases (septicemia, pneumonias); MPD = myeloprol i ferat ive disorders; LPD =
lymphoprol i f t rat ive disorders (lymphomas, lymphocytic leukemia); H. Diath. = hemorrhagic d iathesis; S. Tumor = sol id tumor
(nonlymphohematopoietic neoplasias); Degen. D. = degenerative diseases.

^Relative size values represent the mean (± SE) la tera l chest dimension.
At 35 R/day septicemias accounted for 1001 of the Infectious diseases.



TAdLE 1 . Part B. 17 R/day

Parameters

AN IMALS:

No.

%

Rela t ive s1zec

RADIATION;

Da i l y a i r dose

Cum. a i r dose

Da i l y absorbed dose

Frac t . absorbed dose

Cum. absorbed dose

SURVIVAL:

Days to death (mean)

Days to death (median)

LETHAL'TY:

Esr.. LP 5 0 (R)

Est . LD5 0 ( rad)

Groupa

Values

15

100

14.310.4

17

501411421

13.4

0.79+0.01

3961+1120

295+84

156

2661

2124

Infect.b-d

Disease

8

53.3

14.-111.6

17

29561673

13.4

0.79+0.01

2338+541

1/4140

131

2227

1753

Aplasia

5

33.3

14.0+0.4

17

3254+548

13.4

0.7910.01

2576+428

19H32

164

2780

2211

Hematopoietic
MPD

2

13.3

14.5+2.1

• 17

176461553

13.4

0.7910.02

13913+149

1038133

1015

17255

13808

PRIMARY PATHOLOGIES
Syndromes Honhematopoietic Syndromes

LPO H. Diath. S. Tumor

0 0 0

0 0 0

- -

. .

...

- .

. -

- -

. -

- -

_-

Degen. D. Other

0 0

0 0

- -

- .

. -

- .

- -

- -

- -

- -

- -

...

^Values l is ted for animal size, the radiation variables, and survival time are the means i standard error .
"Abbreviations: Infect , disease = infectious disease (septicemia, pneumonias); MPD = myeloproliferative disorders; LPD =
lymphoproli ferative disorders (lymphomas, lymphocytic leukemia); H. Diath. - hemorrhagic diathesis; S. Tumor " sol id tumor
(noriymphohematopoietic neoplasias); Degen. D. = degenerative diseases.

^Relative size values represent the mean ( l SE) lateral chest dimension.
dAt 17 R/day septicemias accounted for 100$ of the infectious diseases.



TABLE 1 . Part C. 10 R/day

Parameters

ANIMALS:

No.

•6

Relative s1zec

RADIATION:

Dally air dose

Cum. air dose

Daily absorbed dose

Fract. absorbed dose

Cue. absorbed dose

SURVIVAL:
Days to death (mean)

Days to death (median)

LETHALITY:
Est. LD50 (R)
Est. LD50 (rad)

Groupa

Values

72

100

13.9+0.2

10

4744+539

7.9

0.79+0.01

3756+425

474+54

256

2560

2039

Infect.b>d

Disease

a
n.i

14.0+0,5

10

2256+243

7.9

0.79+0.01

1786+187

226+241

212

2120

1703

Aplasia

43

59.7

13.7+0.3

10

1743+308

8.0

0.80+0.01

2182+244

274+J1

234

2335

1856

Hematopotetic
MPD

14

19.4

13.9+0.5

10

9006+1327

7.9

0.79+0.01

7147vl049

900+133

669

6690

5302

PRIMARY
Syndromes
LPD

1

1.4
16.5

10

19660

1.1

0.77

1520

1966

1966

--

PATHOLOGIES

H. Diath.

1

1.4
13.8

10

5280

7.9

0.79

4193

528

528

--

Nonhematopoietic Syndromes
S. Tumor

1

1.4
15.0

10

13320

7.9

0.79

10455

1332

1332

--

Degen. D.

2

2.8

14.5+2.1

10

14895+2298

7.9

0.79+0.01

11767+2056

1490+230

1327

13270

10313

Other

2

2.8

15.4+1.9

10

--

7.8

0.78+0.02

4417+2823

568+372

305

3050

2421

["Values l is ted for animal size, the radiation variables, and survival time are the means + standard error .
"Abbreviations: Infect , disease = Infectious diseases (septicemia, pneumonias); MPD = myelop.-oliferative disorders; LPD =
lymphopro'li ferative disorders (lymphomas, lymphocytic leukemia): H. Diath. = hemorrhagic diathesis; S. Tumor = solid tumor
(nonlymphohematopoietic neoplasias); Degen. D. = degenerative diseases.

^Relative size values represent the mean f t SE) lateral chest dimension.
At 10 R/day septicemias accounted for 87.5% of the Infectious processes; pneumonias accounted for 12.5%.



TABLE 1. Part D. 5 R/day

Groupa Infect.b-d
PRIMARY PATHOLOGIES

Hematopoietic Syndromes Honhematopoietic Syndromes
Parameters

ANIMALS:

No.

%

Relative sizec

RADIATION:

Dally air dose

Cum. air dose

Daily absorbed dose

Fract. absorbed dose

Cum. absorbed dose

SURVIVAL:

Days to death (mean)

Days to death (median)

LETHALITY:

Est. L0 5 0 (R)

Est. LD 5 0 (rad)

Values

25

100

14.8+0.2

5

9150+8201

4.0

0.79+0.01

7199+649

1830+164

1834

9170

7161

Disease

2

8

14.0+1.4

5

2185x332

4.0

0.79+0.02

1730+239

437+67

390

1950

1561

Aplasia

2

8

14.7+1.9

5

7360+7141

4.0

0.79+0-02

5744+5U6

1472+1428

462

2310

1843

MPD

11

44

15.3+0.9

7281+1676

3.9

0.78+0.01

5698+1303

1456+335

1435

7175

5605

LPD

1

4

14

5

10380

--

0.79

3227

2076

2076

—

--

H. Diath. S. Tumo.- Degen. D. Other

0

0

14

6

24

+i .3 15

3

12

.0+0.9

0

0

13859+1070

4.0

0.79+0.01

10977+884

2772+96

2785

1392:,

10876

12010+838

4.0

0.79+0.01

9426+644

2402+119

2311

11553

9091

["Values listed for animal size, the radiation variables, and survival time are the means ± standard error.
"Abbreviations: Infect, disease = infectious diseases (septicemia, pneumonias); MPD -̂  myeloproli ferative disorders; LPD =
lymphoproli ferative disorders (lymphomas, lymphocytic leukemia); H. Diath. = hemorrhagic diathesis; S. Tumor = solid tumor
(nonlymphohematopoietic neoplasias); Degen. D. = degenerative diseases.

^Relative size values represent the mean (± SE) lateral chest dimension.
aAt 5 R/day septicemias accounted for 100% of the infectious diseases.



TABLE 1. Part E. Nonirradiated Controls

Parameters

AN 1MALS:

No.

%

Rela t i ve s1zec

RADIATION:

Da i l y a i r dose

Cum. a i r dose

Da i l y absorbed dose

F r a c t . absorbed dose

Cum. absorbed dose

Groupa

Values

96

100

- -

0

- -

—

- -

Infect.M
Disease

11

11.5

- -

0

- -

- -

- -

__

Aplas ia

0

0

- -

0

--

—

- -

HematODOietic
KPD

0

0

- -

. 0

- -

- -

- -

PRIMARY
Syndromes

LPD

7

7.3

- -

0

- -

- -

- -

__

PATHOLOGIES

H. D i a t h .

0

0

- -

0

- -

- -

- -

Monhematopoietic
S, Tumor

42

43.8

- -

0

- -

- -

- -

Degen.

11

11.5

- -

0

-

—

--

__

Syndromes

D. Other

25

26.0

- -

0

- -

- -

- -

__

SURVIVALS

Days to death (mean) 3377+139
Days to death (median) 3613 (3700)

LETHALITY:

E s t . LD5 0 (R)

E s t . LD5 0 ( r a d )

NA

NA

2751+385

2617

NA

NA

3767+538

4303

3960+14?

4094

NA

NA

3247+513

2822

NA

NA

2646+312

2790

NA

NA

^Values l is ted for animal s ize, the radiat ion variables, and survival time are the means + standard error .
"Abbreviations: In fect , disease = infect ious diseases (septicemia, pneumonias); MPD = myeloprol i ferat ive disorders; LPO =

lymphoproli ferat ive disorders (lymphomas, lymphocytic leukemia); H. Diath. = hemorrhagic diathesis; S. Tumor = sol id tuinor
(nonlymphohematopoietic neoplasias); Degen. D. = degenerative diseases.

^Relative size values represent the mean (+ SE) la tera l chest dimension.
At 0 R/day septicemias accounted for 9% of the Infectious disease cases, pneumonias 91?.

eThe mean/median survival times during the experiment (experimental survival + 400 days = chronological survival time) are based on
96 decedents within the control group of 153 dogs, of which 57 are s t i l l a l i ve . The median value is ( i n parentheses) based on
the total group of 153 animals; the survival times of the 57 l i v i ng dogs are factored i n .
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Figure 1 . Survival curves based on days of irradiation for groups of
beagles exposed to either acute single doses of whole body gamma irradia-
tion (15 R/min; 300 R doses) or continuous low daily doses of whole body
gamma irradiat ion for duration of life (35 to 5 R/22 hr day).
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Figure 2. Survival curves based on cumulative dose for groups of beagles
exposed to either acute single doses of whole body gamma irradiation
(15 R/min; 300 R doses) or continuous low daily doses of whole body gamma
irradiation for duration of life (35 to 5 R/22 hr day).
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Figure 3. Peripheral blood responses of continuously irradiated
(10 R/day) beagles with developing aplastic anemia. A, erythrocytes; B,
blood platelets or throrabocytes; C, total leukocytes; D, monocytes; E,
total granulocytes; and F, immature neutrophils (granulocytes). Note the
survival course and the progressive decline in blood cell levels and the
absence of heina topoietic recovery.
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Figure 4. Peripheral blood responses of continuously irradiated
(10 R/day) beagles with developing myeloproliferative disorders,
principally myelogenous leukemia. The cell type under assessment is
marked on the Y-axis. In contrast to the aplasia subgroup, the myelopro-
liferative disease subgroup exhibits prolonged survival and pronounced
recovery phaes at approximately 150-250 days.
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Figure 5. Peripheral blood values of nonirradiated control dogs,
type under assessment is marked on the Y-axis.
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Figure 6. Sequential change with time of irradiation in bone marrow
(iliac crest) concentrations of granulocyte/monocyte progenitors in dogs
with progressing aplastic anemia (•) or leukemia (X) (part of the mvelo-
proliferative disease complex). Note different responses of the two
subgroups relative to recovery of marrow progenitor levels. (Redrawn
from Seed et al.f 1982.)
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Figure 7. Radiosensitivity of GM-progenitors isolated from aplasia-
prone, short-term survivors ( D ) , myeloproliferative disease-prone, long-
term survivors (O ), or from nonirradiated control animals (•)• Note the
marked increased radioresistance of progenitors of the MPD-prone dogs
following the period of hematopoeitic recovery. (From Seed et a l . ,
1982.)


