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Net rad ia t ion  injury is s i g n i f i c a n t l y  lowered, a s -dose  r a t e  is 
decreased, by bio logica l  r epa i r  and recovery mchanisms. mis repor t ,  
based on a brief review of se lec ted  radiobiological  l i t e r a t u r e ,  il- 
l u s t r a t e s  t ha t  e f f e c t .  In a postnuclear weapon a t tack  environment, 
where f a l l o u t  rad ia t ion  lingers. military operations and emergency 
c i v i l  defenso a c t i v i t i e s  could be s ign i f i can t ly  impacted depending on 

whether o r  not recovery from radia t ion  injury is taken in to  account. 
Since current  U.S. m i l i t a r y  t r a in ing  doctr ine general ly  makes no 
d i s t i n c t i o n  between prompt and protracted r ad ia t ion  exposure e f f e c t s ,  
the need t o  provide a m r e  comprehensive basis t o  make such a d is t inc-  
t i o n  is emphasized. This e f f o r t  provides an initial s t e p  by b r i e f ly  
reviewing the kinds of information that can useful ly  serve that  end. 

The r e a u l t s  of selected radiobiological  inves t iga t ions  high- 

l igh ted  here, demonstrate the modifying e f f e c t s  of protracted radia- 
t i o n  exposure (as compared t o  prompt exposure) i n  humans and animals. 
Included are radiation-induced human prodromal responses following 
nuclear accidents  and r ad ia t ion  therapy, and rad ia t ion  injury and 
recovery data f rom rad ia t ion  f a t a l i t y  s t u d i e s  performed w i t h  animals. 

Acute prodrorml e f f e c t s  such a s  anorexia,  nausea, and vomiting 
a r e  v i r t u a l l y  n i l  fo r  dose r a t e s  l e s s  than about 1 rad/h. However, 
bicycle/ergonomtry t e s t s  reveal f a t i g a b i l i  ty for exposure a t  tha t  
l eve l ,  both f o r  continuous exposure over 5 days o r  d a i l y  f ract ions of 
10 R, when the dose accumulates t o  150 R (approximately 100 rads  
midline i n  t i s s u e ) .  

Vomiting w a s  noted in  ten percent of people acc identa l ly  exposed 
t o  f a l l o u t  from tests i n  the Pacif ic :  the dose rate was about 3 t o  
3.5 rads/h over an exposure period of about 50 h. 

rate of about 60 rada/h. vomiting is estimated t o  be about 40 t o  
50 percent f o r  the samo t o t a l  dose (175 rads),. 
increases from a few rads per hour ( -  3 rads lh)  t o  about 10 rads/h.  
rad ia t ion  is a f a c t o r  of 2.2 t o  2.5 more e f f ec t ive  a t  producing 
vomiting. Beyond that dose r a t e  range and up t o  the lower t h e r a p y  

For a much higher 

When the dose r a t e  

I 



Models and guidelines f o r  protracted rad ia t ion  exposure tha t  have 
appeared in  various publ icat ions a r e  reviewed and compared. 
that has been performed and which takes i n t o  account the biological  
recovery and r epa i r  of r ad ia t ion  injury in complex organisms, is 
p r i m a r i l y  based on research with animals ranging in s i z e  from the  

muse t o  the burro. Limited data have a l s o  been derived from cancer 
Patients undergoing radiotherapy and from radiation accident victims. 

Considerably more a t t e n t i o n  haa been given t o  the developwnt of 

Modeling 

models f o r  c e l l  or spec i f i c  t issue- level  response than fo r  the whole 
organism. Consequently. experts  have achieved a much higher degree of 
focused consensus f o r  modeling biological  repair and recovery a t  the 
c e l l  and t i s s u e  level than fo r  the whole organism. 

Because l e t h a l i t y  ( s p e c i f i c a l l y ,  50 percent l e t h a l i t y )  represents  
an unambiguous response observed by the researcher ,  it is the endpoint 
most f requent ly  chosen fo r  animal s tud ies .  To i l l u s t r a t e  biological  
recovery based on selected models, we employ the l e t h a l i t y  endpoint i n  
term of the LD50 versus exposure dose r a t e .  
endpoint per so is of obvious i n t e r e s t  t o  mi l i ta ry  planners. its 

v a l i d i t y  is questionable when it is applied globally t o  models of a l l  
umnner of rad ia t ion  injury recovery. 

Although the LD50 

Plots of the protracted rad ia t ion  response models show a con- 
s iderable  var ia t ion  i n  accumulated l e t h a l  exposure dose versus dose 
r a t e .  However. w i t h  the  exception of the Bateman model, those plot ted 
suggest a marked increase i n  LD50. commencing w i t h  dose r a t e s  l e a s  
than about 3 t o  10 rads/h; a more rapid increase i n  LD50 for  dose 
r a t e s  from about 1 t o  3 rads/h probably r e f l e c t s  c e l l  p ro l i fe ra t ion .  
Since the Eateman mdel is based on a re la t ionship  tha t  follows an 
inverse proport ional i ty  w i t h  the cube root of d03e r a t e ,  the log-log 
p lo t  shous that, compared wi th  the other  models, the Bateman model 
y ie lds  a more gradual increase wi th  decreasing dose r a t e .  However, 
some of the differences between the models a r e  due t o  the values 
assigned t o  the LD50 fo r  prompt exposure or a period of br ie f  ex- 
posure, re f lec ted  a t  the h i g h  dose r a t e  end of the plots .  We have, 
*ere possible ,  attempted t o  choose values that a r e  conslatent  w i t h  

discussions of the models i n  the l i t e r a t u r e .  

V 



acccmmdate prodromrl responses t o  protracted rad ia t ion .  
f o r  dose rates in  the therapy range of about 1 t o  30 rads/min (60 t o  
1800 rads/h), there are lndicat ians  that nausea and vomit ing  depend 
mre on the to ta l  accwlated dose than on the dose rate.  This review 
of ex is t ing  models of protracted rad ia t ion  based on l e t h a l i t y  as the 

endpoint reveals the need for fwther study. prior t o  development of a 
system analys is  approach for appl icat ion t o  m i l i t a r y  operations and 

planning. 

For example, 



x 

1.001OIoXI -10 

1.0152s X 1 . 2  

l . O I O m o X E - a 6  

Low sa x z  -3 
4 . 1 Y  OOO 

4 . 1 U W O X E - 1  

1.100 m x t - 1  

a * *  l l ~ f r 4 Y . I 7 I A . I  

1. m 1s x I -I# 
1.001001XL-1  

1.001001XE-T 

1 . 0 4 1 0 . 0 X I - 1  

1 . 3 M I I 6  

3. M 4 U  X I  -3 

1 . Y O U X I - 2  

1.001001 x t rs 

1.001OOo 

a. 1u 
6. Y I  2a x E *a 

LOIOOIIXI .a 

I. 1 4 1  azs x r -2 

6. m TS? x I .3 

1.001OOOXE *z 
1 ooD0WXE. I  

2 . w  001 x E -5 

I . I o I l 4 4 X  L .I 
1. u1 Y6a x L -2 
4. u a  22?. 

1 . U Y  846 x f .I 
1. ni z u x ~  .z 
4. 166 011 X E -2 
6. 8 U  151 

1.w sa4 x L -I 

1.114 a11 x L -2 

1. (01 MI  x c . I  
l . m o o o 0 X E  -2 

Z .S?Y7MXC-4 

1 . W O W O X F d  

L a 9  3m x I . I  
1.YxIu X L - I  

I 



LIST OF ILLUSTRATIONS 

Figure 

Y 

1 Incidence of vomiting (within 2 days of dose) as 
function or dose assuming lognormal d i s t r i b u t i o n  
of quantal  response .................................. 

2 Dose increase required t o  produce saum incidence 
of prodrmri l  symptoms i f  dose is f rac t iona ted  over 
8 days rather than 1 day ............................. 
Relationship of LD50 t o  expoaure rate for 
mammals .............................................. 3 

4 Injury accumulation i n  sheep exposed a t  3.6 or 
1.9 R/h ............................................... 
Recovery of sheep, ad measured by LD50/60. a f t e r  
i r r ad ia t ion  a t  various dose rates ..................... 

6 Kinetics of recovery following suble tha l  exposure of 
approxinmtely 2/3 r ads  of acute  (high dose r a t e )  

5 

LD50 .................................................. 
7 Protracted dose-rate models ........................... 

4 

8 

11 

16 

17 

20 

26 

.- 

XI 



SECTION 1 

INTRODUCTION 

In cur ren t  U.S. military t r a in ing  doctr ine,  no d i s t inc t ion  is 
made between the radiobiological  e f f e c t s  of prompt and protracted 
ionizing r ad ia t ion  exposure. 
however, that, as dose r a t e  decreases,  the mechanisms of biological 

r epa i r  and recovery s i g n i f i c a n t l y  lover n e t  rad ia t ion  injury.  
mit tent  exposures. over increasing periods of t im .  have the same 

e f fec t .  The U.S. military should consider reduced rad ia t ion  injury 
e f f e c t  when dosage accumulates over an appreciable period of time. 
Military operations and planning could be impacted i n  a reas  where 
Lingering f a l lou t .  r ad ia t ion  is a s i g n i f i c a n t  source of rad ia t ion  
exposure a f t e r  nuclear ueapon detonation. 

It has been c l ea r ly  demonatrated 

In te r -  

In  this report, ue present  and discuss results derived fiom 
se lec ted  radiobiological  l i t e r a t u r e  that demonstrate the modifying 
e f f e c t  of protracted,  compared t o  prompt, rad ia t ion  exposure in humans 
and l a rge  animals, Included a r e  radiation-induced prodromal responses 
based on human experlenca and radiation-induced injury and recovery 

from f a t a l i t y  s tud ie s  on animals. 
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vict ims were exposad t o  many thousands of rads i n  a f r ac t ion  of a 
second [hum e t  al.. 19841. However, a comparison of the onset t i m e  
of prodroom1 symptoms (Musaa and vomiting) t o  dose level  d i d  not show 
a marked difference between accident victims and TBI  therapy pa t i en t s  
exposed t o  between 60 and 1800 rada/h [Anno, Wilson. and Dora. 19841. 

Furthermore, SOB r ad ia t ion  the rap i s t s  and rad iobio logis t s  recent ly  
found no evidence of earlier o n w t  o r  worse nausea o r  v d t i n g  i n  
therapy pa t i en t s  as dose r a t e  was increased w i t h i n  the above 
therapeutic exposure range [Flisdner and Van Beckum, 1983; and momas, 
Dicke, and S a n t O S ,  19831. 

HIMAN EXPERIENCE. 
In Fig.  1 [Lagham. 19671, probi t  ana lys i s  of the incidence of 

vomiting based on.cl inica1 data is shown by the solid line. The 
figure includea 95 percent confidence l i m i t s  ( do t t ed  a r e a ) .  m e  
dashed line repreaents  the incidence of vamiting in 45 nnn acciden- 
t a l l y  exposed (aeparated in to  four average dose groups). m e  data  
poin ts  fo r  acc identa l  exposure t o  p r i m a r i l y  high dose r a t e s  (probably 
thousands of rads  per f r ac t ion  of a second) f a l l  w i t h i n  the f i d u c i a l  
l i m i t s  determined from c l i n i c a l  data ,  where the exposure r a t e  fo r  8U 

of 163 cases w a e  - 1.5 R / m i n  ( -  60 r a d s h ) .  mere fo re ,  it can be 
argued that the two groups respond s i m i l a r l y  t o  protracted rad ia t ion .  
m a t  is, the incidence of vomiting m y  not s ign i f i can t ly  change a t  
dose r a t e s  higher than several t e n s  of rads  per hour. Based on these 
data, it  can a l so  be argued that the response of normal men (the 
accident vict ims)  is similar t o  that of c l i n i c a l  pa t i en t s ,  a l b e i t  w i t h  

leas var i a t ion  in response ( indicated by the s teeper  slope of the  

dashed l i n e )  with respect t o  dose. . 

The i so la t ed  point marked “Xn in Flg. 1 represents  the vomiting 
incidence of  64 Marshallese (Rongelap natives) acc identa l ly  exposed t o  
an eatinmted 175 rads of f a l l o u t  rad ia t ion  from a nuclear weapon t e s t  
[Cronkito, Bond. and hmnham, 19561. Dose r a t e s  were estimated t o  have 
ranged from abcut 5.5 rads/h a t  the beginning of exposure t o  about 
1.6 rads/h a t  Vle end of exposure (when evacuation took p lace) .  The 
estimated range of average dose r a t e  over an exposure of abcut 51 h 

3 
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was about 3 t o  3.5 rada/h. According t o  the accident  and c l i n i c a l  
data shown i n  Fig. 1 ,  the sa- incidence of vomiting (10 percent a t  
175 rads total do- fo r  the Harshal le le)  would occur a t  a lower t o t a l  
dose of about 65 rads i f  the dosage were del ivered a t  a much higher 
r a t e  (above about 60 radalh). Conversely. a t  175 rads t o t a l  dose, the 

incidence of vomiting would increase from 10 percent t o  between 40 and 

50 percent i f  the dose rate were increased from a low of 3 t o  
3.5 r a d s h  t o  over 60 radsh. 
i n  response is due t o  a dose-rate modifying e f f e c t .  
one of the few that have been d i r e c t l y  observed i n  man [Cronkite, 
Bond, and Dunham. 1956: and Edaall and  Pemberton, 19701. me modify- 
ing e f f e c t .  though, could have been p a r t i a l l y  due t o  other  f ac to r s  
such a s  s e n s i t i v i t y  d i f fe rences  i n  the population sample, error i n  
dose assesanmnt, e ta .  

It can be inferred tha t  the  difference 
That e f f e c t  is 

Another dosc-rate modifying e f f e c t  f o r  the prodromal response is 
i l l u a t r a t e d  by the clinical aaaessmnt  of a 1964 accident in Mexico 
involving the protracted exposure of f i v e  f ami ly  members t o  cobalt-60 
gamma rad ia t ion  [Martinez e t  a l . .  19641. me least injured f a m i l y  

member (the f a t h e r ) .  who received aba r t  1000 rads over an exposure 
period of 106 days a t  dose rates varying !?om 9 t o  1 6  radslday (about 
0.4 t o  0.7 rad /h) ,  d i d  not exh ib i t  gas t ro in t e s t ina l  symptoms, although 
easy f a t i g a b i l i t y  was noted on the 36th day. 
jured family member, who received an estimated minimum dose of 
3000 rads. had anorexia and vomiting a f t e r  an i n i t i a l  exposure period 
of 7 d a y s  a t  an estimated dose r a t e  of about 300 rads/day 
(12.5 rads/h);  those symptoms d i d  not recur  a f t e r  a Subsequent 17-day 
period of exposure a t  a much lower dose r a t e  of about 25 rads/day 
( -  1 rad/h).  mis experience suggests tha t  r ad ia t ion  exposures 
received in small da i ly  doses a t  low r a t e s  a r e  not a s  e f f i c i e n t  in  
producing prodromal responses as a s ing le ,  high-intensity dose or 
small prompt da i ly  doses of equal s i z e  [Langham, 19671. 

me nust s e v e r e l y  in- 

Baaed on c l i n i c a l  observations of radiotherapy trials involving 
f r ac t iona l  rad ia t ion  exposure over 1 t o  2 weeks, the Space Radiation 
Study Panel [Langham, 19671 developed estimates t o  express the reduced 
eff ic iency of low-dose-rate rad ia t ion  exposure (compared t o  high-dose- 

5 



Table 1 .  Suggasted dose-rate or ra te-effect iveness  f a c t o r s  fo r  ea r ly  
responaes following exposure t o  low linear-energy-transfer 
(LET) radiat ion.  

Duration of Exposure Needed t o  Produce 
Equivalent Responses 

~ 

Erythema Hematological 
and Skin Frodromal Depress ion 
Es quama t ion signs and L e t h a l i t y  

Duration of exposure a t  
high dose rate for 1-2 days 
m a x i n u m  effect iveness  ( A )  1-2 h or  less 2-4 h o r ’ l e s s  or  l e s s  

Duration of exposure a t  
low dose r a t e  for m i n -  4-6 days 2-4 days 
i n u m  effect iveness  ( 6 )  or  longer or  longer 3-4 weeks 

Rat io  of dose (B/A) 
needed t o  produce 
equivalent response 3 2.5 2 

Rate-effectiveness fac tor  113 1 12.5 1 /2  

Source: Langham C19671. 

Table 2. Estimates of ra te-effect iveness  
f ac to r  ( f , )  for ear ly  response. 

Source fr 
~ ~ 

Langham C19671 
(normal man) 
Prodromal signs 

(pa t ien t  
Anorexia 
Nausea 
msis 

Luabaugh e t  a l .  C19681 

112.5 

1/1.5 
.1/1 .6 
1/2.2 

7 



F i n a l l y ,  f a t igue  symptoms, or, more spec i f i ca l ly  f a t i g a b i l i t y ,  
a r e  obviously of  i n t e r e s t  fo r  mi l i ta ry  operations considerat ions.  
Using bicycle ergonemetry [Ricks e t  al.. 19721, decreased performance 
capab i l i t y  (based on pu1wm-y ef f ic iency  measurements) was observed 
a f t e r  protracted r ad ia t ion  exposure a t  low-dose-rate regimens: 
( 1 )  continuous exposure a t  30 R/day (1.25 R/h) mer 5 days (150 R 
t o t a l ) .  and ( 2 )  after prolonged f rac t iona ted  responses t o  10 R d a i l y ,  

given a t  a rate of 1.5 R/h. 

demrmtrated a t  these lowdose-rate  exposures, l i t t l e  is ac tua l ly  
known about the quan t i t a t ive  aspec ts ,  such a s  dose/dose r a t e s  required 
and response ti= dynamics. 

Even though f a t i g a b i l i t y  has been 

9 
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(e) Pageet al. [19651; If) Sti l l  et 81. [1969al; (91 Cronkitc and Bond [196Ol ; 
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0 

F i g u r e  3. Rela t ionship  o f  LOKO - t o  exposure r a t e  f o r  mamnals. 
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Table 3. LDso f o r  sheep and swine (in roentgens).  

Co 2go F r a y s  
480 R h  
X-rays 

sheep' 237 (215 t o  257) 252 (233 to  276) 

Swine 333 (286 t o  374Ib 399 (371 t o  424F  

%ianIcs e t  al. C1966al. 
bAinsworth e t  a l .  Cl9681. 
cNachtwey, Ainsworth. and Leong t19671. 

whereas the residual injury i n  swine exposed t o  somswhat higher l eve l s  
(500 R a t  4 R h )  amunted t o  only 36 percent of the  LD50. 

LOU-DOSE-RATE MPOSURE--INJURY AM) RECOVERY IN SHEEP. 

llm e f f e c t  of low dose r a t e s  on in jury  and recovery was deter-  
mined from sheep i r r ad ia t ion  s tud ie s  by Hanks e t  a l .  C1966a. 1966b1. 
me "spli t-dose technique" was employed--groups of sheep were f irst 
exposed t o  a dose of 165 R a t  dose r a t e s  of 0.5. 0.95, 1.85, and 
3.9 R h  (shown in Table 4). The animals were then removed from the 
rad ia t ion  f i e l d  and their acute LD50 was determined w i t h i n  a few hours 
a f t e r  the protracted exposure. The LD50 levels were compared t o  the 
LD50 for a single acute exposure of 237 R obtained using a high  dose 
r a t e  of 660 R h .  The r e s u l t s ,  given in  Table 4, indicate  tha t  when 
sheep received a protracted exposure of 165 R a t  e i t h e r  0.5 or 
0.95 R h .  the LD50 l eve l s  determined afterward d id  no t  d i f f e r  sig- 

n i f i can t ly  from those of normal controls .  The negative values of 
res idua l  injury in Table 4 indicate  the poss ib i l i t y  of a small "over- 
recovery." However. when the exposure r a t e  was increased t o  1.85 and 
3.9 R/h, the LD50 quan t i t i e s  were s ign i f i can t ly  lower than the control  

LD50* 
The remlts indicate  tha t  a l l  in jury sustained by an animal 

during i r r ad ia t ion  is repaired when the dose r a t e s  a r e  less than about 
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1 R/h. given a t o t a l  exposure of 165 R ;  when the dose r a t e s  a r e  
g rea t e r  than 1 R A ,  there  is a ne t  accumla ted  in jury .  

There is a l i m i t ,  apparently depending on t o t a l  dose. t o  how long 
sheep can continue t o  repa i r  in jury  during rad ia t ion  e x p o a r e  a t  a 
rate of 1 R/h. Sheep exposed a t  that dose r a t e  fo r  30 days were given 
graded exposures t o  determine the LD50 [Taylor et  a l . ,  19691. 
data indicate  the LD50 is below 100 R. 
ably accunulated an estimated 140 t o  180 R of n e t  injury during the 
period o l  protracted exposure. I t  can be  conjectured that injury 
accumulation ofcurred during the l a t t e r  p a r t  of the  period, but t ha t  
wt be experiuantally ve r i f i ed .  However. these r e s u l t s  do indicate  
that animals have a f i n i t e  capacity fo r  recovery *CUI rad ia t ion  i n j u r y  
that decreaws  w i t h  the  accumulation of dose. 

The 
Therefore. the animals prob- 

Injury a c c m l a t i o n  a t  doae r a t e s  of 1.9 and 3.9 R h  in  sheep was 
determined from addi t iona l  i r r a d i a t i o n  experiuants [Ainsworth e t  a l . ,  
19681. The re su l t s .  mumarlzed in Fig. 4, show in jury  accumla tes  a t  
a r a t e  of 5 3  R per 100 R for  an exposure rate of  3.6 RA and 39 R per  
100 R for an exposure r a t e  of 1.9 R h :  this amunt s  t o  a ne t  injury 
increase of about 36 percent fo r  a dose rate increase of about 
89 percent. Since injury a t  3.6 R h  accumulates a t  53 R/100 R ,  the 
recovery i n  sheep amwrits t o  b7 R per 100 R of exposure: a t  t he  

1.9 R h  doae r a t e ,  recovery a m u n t s  t o  61 R/100 R. 

POSTIRRADIATION RECOVERY TIME PROFILE. 
I r r ad ia t ion  experiments were performed on sheep t o  determine the 

pos t i r rad ia t ion  recovery a l t e r  cessat ion of both acute  and protracted 
exposures [Page e t  a l . ,  1971; and Taylor e t  a l . ,  19691. 
values given i n  Fig. 5 were determined for spec i f i c  times a f t e r  l n i -  
t i a l  conditioning exposures. 
165 R cobalt-60 Y-rays (given at  660 R/h) or 177 R X-rays (given a t  
450 R/h); protracted exposures were given a t  dose r a t e s  of 1.9 or 
3.9 R / h  cobalt-60 F r a y s .  
1 MVp X-rays and 237 R for  cobalt-60 Y-rays. 

t ioned with acute  X-ray exposure is the d i f fe rence  between the control  

me LD50 

me acute  conditioning doses were e i t h e r  

The LD50 values 'for cont ro ls  were 252 R f o r  

When no time is allowed f o r  recovery, the LD50 for sheep condi- 

15 



00 m c l n  

0 

l 

0 

P 



Drawing fram the  work of  var ious inves t iga tors .  we can compare 
recovery times for  *eep exposed t o  acute  r ad ia t ion  t o  recovery timas 
fo r  other  mammals CAinsworth and Leong, 1966: Bond, Fl iedner ,  and 
iwchamtmau. 1966: Brown and Cragle,  1968: Eltringham, 1967: Michael- 
son, Orland. and Howland, 1962: Nachtwey, Ainsworth, and Leong, 1967; 

Page, A h w o r t h ,  and how, 1968: Spalding, T r u j i l l o ,  and LeStourgeon. 
1961: S t i l l  e t  al.. 1969a, 1969b: Storer .  1961. 1964; Taylor e t  a l . ,  
1971: Mobley, Godden. and demer .  1966; Page e t  al., 1965: and Rust 
et  al.. 19541. Again, the method used t o  determine recovery from 
acute  r ad ia t ion  injury was the spl i t -dose technique, which e s s e n t i a l l y  
cons t i t u t e s  determinations of the change in  LD50 with t i m e  a f t e r  
suble tha l  rad ia t ion  in jury .  me r e s u l t s  of several  s tud ie s  using t h a t  

technique a r e  depicted in  Fig. 6. 
The rccovery.curves i n  Fig. 6 were obtained from d i f f e r e n t  

anirmls under similar exparFmenta1 conditions.  A l l  the animals were 
b i l a t e ra l ly  expowd t o  1 HVp or 250 KVp X-rays, except f o r  the rhesus 
mnkeys, lhich were exposed t o  cobalt-60 'I-rays by the ro ta t ing  
method. me conditioning dose i n  a l l  cases was approximately tuo- 
t h i r d s  of the acute LD50. 

b shown in  Fig. 6. the  recovery f o r  larger animals (sheep, 
goats. and burros)  is delayed compared t o  srmller  ones (mice. swine, 
and dogs). Partial recovery, then a reversal .  occurs i n  primates 
[Ainsworth e t  a l . ,  1968: Allen e t  a l . ,  1960: and Eltringham. 19671. 
Resistance,  or over-recovery, resu l t ing  in an LD50 grea ter  than the 

expected normal value occurs w i t h  sheep, swine, and dogs. Resistance 
in  swine appears t o  be long l a s t ing  [Nachtvey , Ainsuorth, and Leong , 
19671. me burro and primate show ex t r emly  slow recovery [Page. 
19683. It is apparent from Fig.  6 that no simple re la t ionship  ade- 
quately describes the recovery k ine t i c s  for a l l  species.  

.- 

INITIAL ACUTE EXPOSURE AND SUBSEQUENT LOW-DOSE-RATE RECOVERY. 

me e f f e c t  that an i n i t i a l ,  acute  (high dose r a t e )  dose has on 
the biological  recovery for a subsequent period of low-dose-rate 
exposure is i l l u s t r a t e d  by two spec l f i c  sheep i r r ad ia t ion  s tudies .  
First, S t i l l  et a l .  C1969cl measured a s ing le  acute exposure LD50 of 
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B 
314 R for  sheep exposed t o  2 MVp X-rays a t  a dose rate of  450 R/h. 

They a l s o  exposed sheep t o  an acute  dose of 155 R a t  a dose r a t e  of 
510 Rh followed by a low dose rate of 3.9 R/h unt i l  l e t h a l i t y  
occurred. 
not d i f f e r  s ign i f i can t ly  from the s ing le  acute  exposure LD50. i .e. ,  
314 R. Also, in view of the fact that the  to50 reported by Page, 
Ainsworth. and b o n g  C19681 was 495 R based on a dose rate of  3.6 R/h. 

S t i l l  and h i s  coauthors concluded tha t  the ini t ia l  acute  exposure 
(155 R a t  510 R/h) had e f f e c t i v e l y  prevented recovery during the 

subsequent low-doae-rate exposure period. Since the r e s idua l  i n j u r y  
fo r  the acute exposure was 314 - 155 - 159 R; whereas, that f o r  the 
pf-otracted exposure was 326 - 155 - 171 R .  S t i l l  e t  a l .  estimated the 
increase of r ecwery  t o  be only 171 - 159 - 12 R o r  (12/159) x 100 - 
7.6 percent. 
C(61/165) x 1001 a f t e r  a total exposure of 165 R given a t  a dose r a t e  
of 3.9 R h .  with no pr io r  acute  exposure. a s  reported by Hanks e t  a l .  
C1966bl and shown in Table 4. 

me LD50 determined under t h i s  r e g i w n  was 326 R .  Which d id  

This a m u n t  may be compared t o  abcut 37 percent recovery 

In a subsequent study by Jones and Krebs C1970, 19711, sheep were 
given i n i t i a l  doses of 9.1 or 45 R (both a t  a higher dose r a t e  of 
575 R h )  followed immrrdiately by exposure t o  134 R (at a lower dose 
rate of 3.8 R/h). mose  were followed immediately by the reminde r  of 
the t o t a l  dose-to-lethali ty,  given a t  the ini t ia l  higher dose r a t e  
(575 R/h). meir reaearch ahowed that recovery was only 12 percent 
f o r  the  case of 9.1 R i n i t i a l  acute dose given a t  575 R h ,  and 
9 percent fo r  the i n i t i a l  dose of 45 R a t  575 R/h. Those r e a u l t s  a r e  
cons is ten t  w i t h  the trend of a decrease in  recovery during the  low- 
dose-rate exposure period when the i n i t i a l  dose r a t e  is much higher.  
Recovery is s l i g h t l y  grea te r  i f  the i n i t i a l  dose,  a t  the higher dose 
r a t e ,  is sumller. 

SUMMARY. 

The human m50/60 response t o  protracted r ad ia t ion  exposure is 
thought t o  be similar t o  tha t  in l a rge r  animals and s ign i f i can t ly  
d i f f e r e n t  from that in  smaller ones. O f  the l a r g e r  animals, swine 
show the  most pronounced recovery f r o m  protracted r ad ia t ion  injury.  
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SECTION 4 
INJURY ACCUMULATION flODELS 

Modeling that has been performed and which takes in to  account the 

b io logica l  recovery and repair or r ad ia t ion  injury i n  complex or- 
ganisms is primarily baaed on research w i t h  animals ranging in s i z e  
from the mouse t o  the burro [Bond. Flledner. and Archambeau. 1966; and 
S t i l l  e t  al., 1969bl. Limited data have a l s o  been derived from cancer 
pa t i en t s  undergoing radiotherapy and from r ad ia t ion  accident  victims. 
flodeling of that k i n d  would be expected t o  show general  t rends.  b u t  

otherwise would be q u i t e  diverse due t o  the varied nature  of data 
sources. In this sect ion.  mdels and guidel ines  f o r  protracted r rd ia -  
t i on  exposure that have appeared in va r ious  publ icat ions a r e  reviewed 
and compared. 

Modeling has been developed fo r  c e l l  or s p e c i f i c  t issue- level  
response. as well a s  for the whole organism. 
t i ons  that make use of ionizing r ad ia t ion  have contributed t o  the 

research i n  the a reas  of c e l l -  and tissue-level r epa i r .  Harked ad- 
vances in  radiotherapeut ic  techniques, vhich have led t o  grea te r  
success in the use of ionizing rad ia t ion  in t r e a t i n g  cancer pa t i en t s ,  
can be l a rge ly  a t t r i b u t e d  t o  radiobiological  research involving ce l l -  
and t issue- level  r epa i r  and modeling s tudies .  In  t h a t  f i e l d ,  there is 

a high degree or focused consensus awng experts.  

a f f a i r s  involving knowledge of b io logica l  r epa i r  is qui te  d i f f e ren t .  
m e r e  a r e  three basic  reasons fo r  that. F i r s t ,  u n l i k e  s tud ie s  per- 

Various medical applica- 

However, when the organism as a Mole is considered, me s t a t e  of 

.- formed on laboratory animals. i so l a t ed  c e l l  and tissue s tud ie s  of fe r  
the convenience of expe r imnta l  control  and grea te r  assay precision. 
Second, since radiotherapeut ic  techniques l a r g e l y  focus on the t r ea t -  
ment of spec i f i c  tissue masses (tumors) and c e l l  types,  c e l l -  and 
t i s sue- leve l  research can be mre direct ly  related t o  c l f n i c a l  
application. mird. the complexity of the organism a s  a whole 
p r e s e n t s  a formidable problem fo r  any collective-response in te rpre ta -  
t ion ,  if approached mechanistically from the cell and t i s s u e  leve l .  
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exposures t o  s i t u a t i o n s  of lower ln t ens i ty ,  sublethal  exposure. These 

e r r o r s  would tend t o  overestimate t h e  ne t  injury fo r  protracted ex- 
posure. 

In  the model descr ip t ions  below, we perform some algebraic  
manipulation i n  order t o  provide a camon b a s i s  for comparison. mis 
involves expressing the independent var iab le  in terms of average dose 

rate. Dose units chosen t o  l l l u s t r a t e  tho models a r e  tlsme rads-- 
bone marrow or midline body doae ( fo r  purposes here,  we do not  d i s t i n -  
guish between the two and use the conversion, rads  - 0.66 R). 
where possible ,  values for parameters and boundary conditions a r e  
those suggested in published sources, although i n  some cases  we chose 
a-common normalizing value of 300 rads f o r  the high dose r a t e  
(‘2 600 radsh)  or  pranpt L D g .  

A ~ O ,  

HODELS. 
me mdela  discussed here a r e  a l l  represented in  p l o t  form in  

Fig. 7 ,  although they a r e  addressed individually in  the t e x t .  

Strandqvist .  
The Strandqvist  power function model [Strandqvist .  19441 has the 

form 

where DO is the assumed nominal s ing le  l e t h a l  dose in rads (midline 
abaorbed photon energy) for  an exposure protracted over one week,  t is 
the t i m e  for  exposures beyond one week, and b is the exponent of t or 
the  s lope constant of the log-log regression used t o  obtain a bes t  f i t  
of c l i n i c a l  data as pointed out by Luahbaugh C19821. In order t o  
express dose D a s  a funct ion of a constant dose r a t e  r ( r a d s m ) ,  
subs t i t u t e  t - D/r in Eq. ( 1  ) and obtain 

. .- 
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using values for DO and b given in Lushbaugh C19821 as 345 rads and 
0.26, respect ively,  gives the  following r e l a t ionsh ip ,  tha t  is p lo t ted  
in Fig. 7: 

D - 345 1*351 (168 r )  -0.351 (rads) . 
Also. a s t u d y  of clinical and accident data indicated that the slope 
may be increased by as much a s  two or three tims i f  the exposed 
persons have normal, healthy hematopoietic systems [Yuhas. Stokes, and 
Lushbaugh, 19721. For the purpose of i l l u s t r a t i o n ,  the following 
r e l a t ionsh ip  is a l s o  p lo t ted  in Fig. 7. It r e f l e c t s  doubling the 

s iope,  i.e.. b - 0.52. 

Bateman. 
Bateman [I9681 showed that  dose-rate e f f e c t s  follow a l i n e a r  

iunction of the rec iproca l  cube root  of dose r a t e .  
based on data f o r  such endpoint e f f e c t s  a s  human dermal responses and 
l e t h a l i t y  of mice, r a t s .  swine, and sheep. mis re l a t ionsh ip  taKes 
the form 

m a t  f inding was 

where Do is the single dose requirement for rapid (or prompt) ex- 
.- po8ure. D is the i soef fec t lve  dose a t  a much lesser dose r a t e  r and K 

is a constant r e l a t ed  t o  the recovery k i n e t i c s  of the an iaa l  species  
and the c e l l u l a r  systems involved. 

The Batemm model p lo t ted  i n  Fig. 7 is i l l u s t r a t e d  by two d i f -  

f e r en t  curves based on two d i f f e ren t  approaches in  se lec t ing  values 
for Do and K. although both u t i l i z e  dose and dose-rate estimates based 
on the 1964 Mexican accident involving cobalt-60 P r a y  exposure 
[Martinez e t  al. .  19641. In that accident,  f i v e  f a m i l y  members were 
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range over which the LD50 is dependent upon dose rate. Based on data 

from dog, pig,  and muse  irradiation studies,  Krebs and Jones fu r the r  
indicate that lethal dose becomes dependent upon dose rate when the 
t i m e  requlred t o  de l ive r  i t  is longer than about 30 min (ar i l l u s t r a -  
t i o n  or their model a l s o  presumes that t o  be the case ) .  Also. our 
discussion of t h e i r  model below is given in t e r n  ?f roentgen ( R )  

u n i t s  i n  keeping with their report ing,  although f o r  the p l o t  i l l u s t r a -  
t i o n  we c o n w r t  t o  dose units of r ads  midline body or bone marrow 
t i s sue .  

The model suggested by Krebs and Jones includes a l i n e a r  
r e l a t ionsh ip  of LD50 as a funct ion of dosc rate r (in roentgens pe r  

hour) f o r  high dose rates. combined w i t h  an exponential  repair 
r e l a t i o m h i p  for low dose rates. me linear r e l a t ionsh ip  is of the 
form 

- A - m r  ( R )  , ( 6 )  

which expresses an increase in LD50 f o r  a decreasing dose r a t e  in t he  

range between 600 or 700 R/h down t o  about 30 R/h. me intercept  and 
s lope parameters A and m vary depending upon animal species.  As 

wntioned above, Krebs and Jones indicate  that when lethal exposures 
a r e  received Over a period of about 30 mln or less, the corresponding 
LD50 versus dose-rate re la t ionship  f l a t t e n s .  Accordingly, t o  il- 
l u s t r a t e  their model here ,  the LD50 value for dose r a t e s  i n  excess of 
600 to  700 R/h 13 assumed t o  be f l a t ,  m i c h  corresponds t o  no apparent 
r e p a i r .  

Krebs and Jones a l so  point out t ha t  the  l i n e a r  form [Eq. ( 6 1 1  
.- 

r a p i d l y  begins t o  underestimate b io logica l  repa i r  fo r  dose r a t e s  less 
than about 30 RA. E'urthermore, f r c m  abcut 30 R/h d m  t o  about 
0.4 R/h t h e i r  in te rpre ta t ion  of animal data ind ica tes  an apparent 
t r a n s i t i o n  from a s t r i c t l y  l i n e a r  repa i r  re la t ionship  with dose r a t e  
t o  one that includes an exponential form. 'he  authors  f i t  an exponen- 
t i a l  repa i r  re la t ionship  t o  data of the form 
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'he r e l a t ionsh ip  above provides a reasonable means t o  estimate 
me protracted midlethal dose based on observations from anina l  ir- 

rad ia t ion  s tudies .  However. Webs and Jones point  out  l imi t a t ions  
that correspond t o  the maximum recovery r a t e  Ro.  

RO (about 25 R/day) a r e  ba-d on a dose rate of about 3.8 R/h and 

l e s s .  For higher dose rates. they suggest sca l ing  down that value i n  
proportion t o  the linear component of the tD50 dose [Eq. (613 given by 

Ro(A - mr)/A. 
make tha t  adjustment. Also, some of the data  from animal i r r a d i a t i o n  
studies appaar t o  Suggest that the recovery r a t e  m y .  t o  some exten t ,  
depend on the r a t e  of dose accumla t ion .  
account for that. 

m e i r  estimates of 

In i l l u s t r a t i n g  the m d e l  here, we have neglected t o  

We have not attempted t o  

Equation (12) above requi res  specifying four parameters--A, a, 

R o ,  and k. 

[1967]. chich were bawd on human therapy i r r ad ia t ions ,  Krebs and 
Jones Suggest mans of es t imr t ing  the parafmters f o r  appl icat ion to  
humrns. mey fu r the r  point out  the marked s e n s i t i v i t y  of the effec- 
t i v e  l e t h a l  dose LD'50 t o  the k parameter. 
in  Fig. 7 ,  we chose A - 327 rads and m - 0.045 ( h ) .  

these values were obtained assuming an LD50 of 300 rads f o r  a dose 
r a t e  of 600 rads&, and an LD50 of 325 rads f o r  a dose r a t e  of 
46.6 r a d s h .  
therapy patients [Lushbaugh, 19671 and 325 rads is asmmed t o  cor- 
respond t o  the LD50 fo r  "healthy" h u a n s .  
(1 6.5 rads/day) and values  of I( - 1.09, 1.27, and 1.46 h/rad;  these 

arc w i t h i n  the range suggested by Krebs and Jones. 

Ba8ed.m their own s t u d i e s  and on that of Luslrbaugh e t  a l .  

For Eq. (121, i l l u s t r a t e d  
Using Eq. (61 ,  

me l a t t e r  dose r a t e  represents  an average value from 

For Fig w e  chose 0.69 rads/h 

Equivalent Residual Dose. 
One par t i cu la r  mod1 of protracted rad ia t ion  exposure e f f e c t s  is 

probably the mst frequently used and p r i m a r i l y  applied t o  planning 
and guidance for mil i ta ry  and c i v i l  defense operations.  It is based 
on w h a t  is re fer red  t o  a s  the equivalent res idua l  dose (ERD), derived 
from an o r ig ina l  theory proposed by Blair  C1952a, 1952b. 1953, 1954, 
1956. and 19631. 



" 

Assuming a conatant exposure rate over time (for convenient i l l u s t r a -  
t i on )  and fntegrating. y i e lds  the following: 

For the purpose of comparing the  var ious models discussed here, we 

asnurim t - Te. and obtain 

ERD - r [ft + '1 ( 1  - e-6t)] ( r a d s )  . ( 1 6 )  

In the var ious ERD model appl ica t ion  s tud ie s  pointed out above, values 
of f - 0.1 (10 p r c e n t  irreparable in jury)  and constant  r epa i r  r a t e  of 
2.5 percent pe r  day of reparable  injury f r ac t ion  were couumnly 
chosen. merefore ,  in  order t o  conform wi th  tnose choices the ERD 

model i l lustrated here  u s e s  f - 0.1 and 6 - 0.025/24 - 
0.001092 (h- l ) .  

doubled t o  5 percent per  day where 8 - 0.002084 (h'l). 

Also for purposes of comparison. the repa i r  r a t e  is 

The models i l l u s t r a t e d  in Fig. 7 are p l o t s  of l e t h a l  dose (LD50) 
agains t  done (exposure ra te ) ,  whereas Eq. ( 1 6 )  is in terms of time. 
Accordingly, adjuatmcnts a r e  made in  representing the ERD model for 
plo t t ing  LO50 as a funct ion of dose r a t e .  
300 rads for  the prompt LD50, we set ERD .I 300 rads and the accum- 
l a t e d  dose D - r t .  Equation (16)  can then be r e w i t t e n  i n  the form 

Assuming a value of 

(' - ') ( 1  - e-BD'r)] (rads) , (171 D - - [300 - 1 
f 6 

which is a transcendental  r e l a t ionsh ip  whose so lu t ion  is obtained 
i t e r a t i v e l y  and p lo t ted  in Fig. 7. 

Operational Evaluation Dose. 

The operat ional  evaluation dose (OED) a l s o  r e fe r r ed  to  a s  t h e  
operational equivalent dose, is an algorithm developed i n  B r i t i s h  
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formula,' t h i s  will underestimate the accmula ted  LD50 dose by 

150 rads.  In  order t o  express the t o t a l  accumulated l e t h a l  dose a s  a 
function of dose r a t e  r a the r  than time, we assume a constant dose Do, 
over var ious  times t ,  yielding the  constant dose r a t e  r - 
D o / t  (rads/h). 

for t giving. 
We a l s o  Choose the  constant dose d - ro to  and solve 

t - -  roto ( h )  . r (20) 

Then, since the OED formula is appl icable  for exposure periods grea ter  
than a few minutes, we choose ro - 600 ( r ads lh )  and t o  - 1 h ,  obtaln- 

ing 

X - 450 + (10/24) (600/r)  

where r is the  dose r a t e  in r ads  Der hour. 

0 ther  Data. 
Data f rm other  sources a r e  a l so  individual ly  p lo t ted  i n  F i g .  7. 

The two values marked "R42" a r e  based on the LD50 values given i n  the  

"Penalty Table" by the  National Ccfamittee on Radiation Protection and 
Measurements c19741. 
(450 R )  is given: tha t  corresponds t o  an average dose r a t e  of about 
1.77 rads/h (2.68 R/h).  

400 rads (600 R )  is given; that  corresponds t o  an average dose r a t e  of 
about 0.55 rads/h (0.82 R/h) .  

For one-week exposure. an LO50 value of 300 rads 

For one-month exposure, an LD50 value of 

"As a r e s u l t  of the  appl ica t ion  of t h i s  formula, the policy has been 
adopted that an Operational Equivalent Dose can be calculated by 
noting the dose reg is te red  on the dose meter and subt rac t ing  from t h i s  
150 plus 10 each day subsequent t o  the commencement of the exposure." 
[Hame Office  S c i e n t i f i c  Research and Development Branch, 19851. 
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Model 
Prompt or Brief Exposure 

LD50 (rads) 

Strandqvist  345 (one week, 2.05 rads/h) 

Bateman, K - 1.64 300 rads (prompt); 358 rads (600 r a d s h )  
Bateman, K - 2.29 236 rads (prompt); 300 rads (600 rads/h) 

Krebs and Jonea 300 rads (600 r a d s h )  

ERD 300 rads (prompt) 

OED 300 rads (600 r a d s h )  

Since we assum an LD50 value of 300 rads f o r  a b r i e f  per iod of 

exposure, the corresponding normalizing dose r a t e  of  600 r a d s h  chosen 
for model i l lustration is conais ten t  w i t h  Krebs and Jones analYSi3 of 
animal data where t h e y  suggest t h a t  an LD50 dose del ivered in  abcut 
30 min or less ceases t o  be dose-rate dependent. Parameters specified 

t o  i l lustrate  the mdels, such as A - 325 rads and m - 0.045 h fo r  the  

linear port ion of the Krebs and Jones model. a r e  a consequence of the 
LD50 and dose r a t e  values  chosen. 
of speeifying d i f f e ren t  parameter values which can a l t e r  the p lo t s  t o  

some extent.  We then conclude that add i t iona l  inves t iga t ion  regarding 
parameter values of the  various models is needed t o  more precisely 
pred ic t  accuuulated LD50 fo r  Protracted doses. 

Other values chosen have the e f f e c t  

The Strandqvist  madel. which is based on a simple power function 
re la t ionship  is a s t r a i g h t  line on the log-log p l o t  in F i g .  7 .  Com- 
pared with the  other  models, it appears t o  be an oversimpli i lcat ion 
with limited dose r a t e  appl icat ion.  For a slope parameter of 
b - 0.26, it appears t o  considerably unde res t imte  the LD50 dose-rate 
dependency. me Strandqvist  p l o t  wi th  a s lope parameter value of 
b - 0.52, a f a c t o r  of 2 increase over b - 0.26. was indicated by 

c l i n i c a l  and accident s tud ie s  of human blood c e l l  respolues CYuhas. 
Stokes. and Lushbaugh. 19721. However, tha t  p l o t  appears t o  con- 
siderably overestimate the accurmlated dom that humans can t o l e r a t e  
when contrasted with the  Mexican accident experlance [Martinez e t  a l . ,  
19643. I n  that accident ,  one fami ly  member survived the exposure, 
having received a somewhat lower average dose r a t e  than the others .  

37 



4 

t o  be excessive. Also, when compared t o  the suggested NCRP E19741 42 
guidance values ,  it is not clear why there is such a la rge  discrepancy 
between them and the ERD model. even fo r  B - 2.5 percent/day, s ince  
presumably they were somewhat based on the  EFID model. Some of the 
discrepancy could be a t t r i b u t e d  t o  a difference i n  the prompt or high 

done r a t e  LD50 assumed. 
depends only on the b r i e f  high r a t e  of exposure and the  recovery r a t e  
oC 10 radalday since w e  have naglected the initial b io logica l  r ecwery  
allowance of 150 rads contained i n  the O W  formula. Even so, with the 

exception of the Eatem model, the OED model est imates  a general ly  
h i a e r  level of  tD50 f o r  dose rates from a few rads per hour t o  

severa l  hundred rads  per  hour. 
of 450 rads f o r  a brief high exposure r a t e  dominates the  accunulated 
LD50 over that ranp of dose rates. 
as indicated i n  Fig. 7,  does not  l i m i t  the accunulated exposure dose 
w i t h  decreaaing dose rate; a s  discussed,  this is not  a des i rab le  
f ea tu re  of a protracted dose model par t i cu la r ly  f o r  extended exposure 
periods of many mnths .  

me form of the OW model p lo t ted  in Fig. 7 

This is simply because the  Lo50 value 

More importantly, the OED model, 

This brief review of some suggested models of protracted radla-  
t l O n  response that are based on the l e t h a l i t y  endpoint i l l u s t r a t e s  the 

need f o r  addi t iona l  inves t iga t ion .  Further s tudy should precede a 
system ana lys i s  approach t o  modeling protracted rad ia t ion  response for  
appl ica t ion  t o  m i l i t a r y  Operations and planning. 
l e t h a l i t y  is only one of the endpoint responses of i n t e r e s t  in 

casual ty  considerat ions,  the models do predic t  var ious degrees of 
b io logica l  recovery. However, based on our review, we f ind that both 
the Krebs and Jones model and the  EFID model appear t o  be the mst 

Even though 

.- promising. me four-paramster Krebs and Jones model, although some- 
what complex, is f l ex ib Ie  and appears t o  simulate the expected trend 
of accumla ted  dose with decreasing dose r a t e  reasonably well. 
three-paramcter ERD of similar complexity, is a l so  f l ex ib l e  and 
provides the expected trend of accunrrlated LD50 against  dose r a t e ,  
Howver. for our purposes ( i n  uhich w e  transform the independent 
var iable  from ti= to  do- r a t e ) ,  the EFID model has t h e  disadvantage 

The 
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