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DOSE-RATE AND F?..ACTIOiJA 'fiON EFFECTS 

OF .IONIZD~G RO.DJATION* 

w. c. Roesch 

Battelle 
Pacific N ortlr .. Test Laboratory 

Richland, Hashington 

In today' s seminar I propose to compare a number of theories and models 
that have been considered to explain dose-rate and fractionation effects. 
The purpose is to acquaint you with these theories and the ideas that motiv
ated their development. 

The Phenomena 

First, let us look at ex&~ples of the dose-rate and fractionation effects 
that I am talking about so that you may understand what I a'll including and· 
uhat I am leaving out. 

Dose-P.ate Effect: Figure 1 shm-ls a typical fa.'llily ·of survival curves 
for sJ~1chronized cells for different dose rates. Tne dose rate is different J 

for each curve but the sa'lle all along· a given curve. 

The curves for all of the dose r~tes lie between two limiting curves. 
As the rates beco~e lower, the curves crowd closer and closer to a low-rate 
limit. On this conventional plat, which sho1~s the logarithm of the fraction 
of the cell population that survives a given dose versus that dose, the 
lmi-rate limit is a straight line. As the rate beco~es high, the curves 
crowd tow~ a high-rate limit which is a curved line. 

Sulit-Dose Effect: Figure 2 sh•)WS a typical family of survival curves 
.for synchronized cells for doses delivered in two fractionso The first dose 
was su.fficient to reduce the survival to 10%. The numbers on the curves 
are the t:iJnes betHeen the doses measured in units of the mean recovery time, 
see below. Thus the curve marked 11 011 is just the ordinary one-dose survival, 
which is shown dashed between 100% and 10%~ 

l·!hen the time between the two dose'~ is sr.1all, the survival curve is 
close to that for a single dose. As th 13 tiJne increases, the survival increases; 
however it approaches the limit shown by the dashed curve. This limiting 
curve is the dashed curve shown betrreen 100% and 10% translated dmmward and 
to the right so the 100% point has been moved to coincide with the 10% point. 
Tnis implies that for long inter-fraction times the remaining population 
reacts to the radiation as thoDgh it had not been irradiated before. Hath
ernatically the limiting curve is given by S = s1s2, where ~ and s2 are the 
single-dose survivals to the two doses given •. 

' Effect of Hitotic Hovement Excluded: Those of· you Hho are familiar with 
split-dose data knoH that usually the curves, unlL"<e those in Fig. 2, cross 
one another and are otherHise generally more complicated. The complications 
have been attributed to movement of the cells in their mitotic cycle to 
phases of different radiosensitivity in the period between the doses. If the 

* This paper is based on work performed under United States Atomic Energy 
Co~~ission contract AT(L5-l)-1830. 
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cells move slowly or there is not ·change in sensitivity, the complications 
do not ap;:.ear. He will assume that they are absent. rle will also assume 
they are absent in the dose-rate effect. 

The Basic T'neory: 

He will shortly examine a number of tpeories or modelS that have been 
advanced to explain dose-rate and split-dose effects and that are all based 
on a common idea. This idea is that an individual charged particle that 
passes through a cell may produce a kind of damage that is not by itself 
fatal; it must combine with a complementary fo~ of d&~age produced by 
another charged particle before it is fatal. Also, and equally L~portant, 
the initial damage must be able to disappear, or to be modified into an 
innocuous form, in the interval before the complementary damage is formed 
by a later particle; we ;dll generally refer to this as "recovery". 

These two assumption imply that the chance of a cell surviving depends 
on the average time between passages of charged particles through it. This 
average time changes when we change the dose rate: the average time increases 
as the dose rate decreases. As the time between passages increases, there 
is a greater chance for recovery to occur; thus the chance of the c·ell sur
viving increases -- that is what Fig. 1 shows. 

Also, the average time between passages of particles in the first dose 
of a split dose and passages of those in the second dose is increased when 
the time between the tHo doses is increased. As before, this causes an 
increase in survival; this is what Fig. 2.shows. 

If one decreases the time between passages (increases the dose rate 
or decreases the inter-fraction time), finally further decreases have no 
effect -- see the figures. There is finally so little time between charged 
particles that recovery has no chance to occur. \'.lith no recovery the max
imum possible lethal effect will be produced, i.e. the survival ,..·ill be a 
minimum at high dose rates and small inter-fraction times. 

If one increases the tiiae betHeen passages (decreases the dose rate or 
increases the inter-fraction times), finally further increases have no 
effect -- see the figures. Tnere is finally so much time between the 
charged particles that complete recovery can occur; once recovery is complete, 
no fatalities can occur. However, even though the recovery is complete, some 
cells are still killed. T"nis is because, in addition to the "two-event" 
phenomena that we have here been talking about, there are 11 one-eventi' 
phenomena, types of fatal damage that occur as the result of the passage of 
a single charged particle. Since one-event killing is produced by single 
particles, it does not deDend on the time between particles and, hence, is 
uninfluenced by dose-rate- or fractionation; it depends only on the number 
of particles, i.e. on the absorbed dose. Tne ·one-event effect is superL~posed 
on the t;..ro-event effect and accounts for the lethality that occurs when com
plete recovery of the two-event damage has taken place. 

['"Notice that 11recover-,r11 can occur for one-event damage as well as 
for two-event damage, i.e. the danage can be produced but may disappear J 

or be modified before it is fatally expressed in the cell. This kind of 
recovery is of no interest to us ~t present, because it does not m.:mifest 
itself in dose-rate or split-dose effects. To so manifest its~lf, a second 

J 
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·charged particle would have to be necessary -- contrary to the definition 
of one-event d~nage._l 

CSimilarly, a second kind of recov.ery could occur in the ti·m-event 
damage: recovery of the otherwise fatal cornplex qf damage resulting from the· 
two charged particles. Again this is of no preseht interest because, since 
no subsequent chargedJarticles are involved, it will not cause a dose-rate 
or split-dose effect. 

Recove~ Theories 

The precedL~g development of the basic theory gives a qualitative explan
ation of dose-rate and split-dose effects. He also want to explain them 
quantitatively. By this I mean, for now, that, if one were given one survival 
curve (so he could determine any unknmm parameters in a theory), he could 
calculate the survival curve for any other dose-rate or for a split-dose 
experi.ilent • 

To do this requ)xes extending the two assumptions we have already made. 
One has to know something about the relationship between the damage produced 
by the two charged particles and something about the rate of recovery of the 
damage due to the first one. 

There is not time to examine all of the theories that have been advanced; 
I have chosen a fel-T that illustrate important points. 

Rajev1sky and Danzer: Rajewsky and Danzer (1934) and later Lea (1938), 
introduced a ver-;1 simple model. They said: suppose that the damage produced 
by the first charged particle lasts for exactly a time t and then disappears. 
Further, suppose that, if the second charged particle arrives within this 
time t., the result is certain to be lethal; if it comes later there is no 
resuJ.t other than production of da;;;age of the first kind that in turn will 
last for a time t. 

-~· rlEl rTill examine the quantitative predictions of the theories belol-7. 
For nou, notice that we have here the two assumptions rre .spoke of above. 
The relationship bet1veen the damage by the two particles is that lethality 
is certain to occur if the t"Wo happen within the time t. It is the "is 
certain" that makes the model mathematically tractable. However, it is 
also the ::•eason for the unrealistic results the model gives, see belm•. 
It is also unrealistic physically. · Particles of lm.r-LET radiations do not 
always produce damage when they go through a cell (or, better, through a 
critical region of the cell); therefore, they cannot with certainty produce 
an interaction with previous damage. Neither can the initill damage be 
prouuceu uy every particle. 

The other a~wumption, the rate of recovery, is the sudden switch from 
100% da~age to 0% at the time t. Tnis is a physical possibility. It could 
be the mathematical approximation to a recovery process that requires a 
large number of short steps; such a process would give an S-shaped recovery 
curve which, if it were narrow enough, could be approximated by a step 
function~ The ass~ilption is unique, however, among those that lfill be 
discussed today. All of the other theories assume that the recovery is 
gradual -- that the rate of decrease in the dailage is proportional to the 
remaining damage, what is referred to as exponential recovery. 

J 
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Two-State Hodel: In 1931 Swann and del Rosario introduced the first 
mathematical theory of radiobiological effects that I know of. Several other 
authors have further developed their theory, particularly Kellerer and Hug 
(1963) and Dienes (1966). Tne main idea. is that during an irradiation cells 
can be thought of as being in one of two classes .(or states): damaged and 
W'ldamaged (also, if you wish, a third class, dead· 'or fatally injured). This 
is diagrammed: 

undamaged ::si<~=:l~~ damaged-----~ dead 

The arrows going from left to right indic'ate what changes in class are 
possible when a charged particle goes through the cell. Tne long arrow from 
"undamaged" to "dead" corresponds to the one-event killing mentioned above. 
The two steps from "undamaged" to "damaged" to 11 dead" are the two-event killing 
that we are interested in. Tne reverse arrow from "damaged" to "undamaged" 
indicates the recovery process. 

For each arrow there is a r.ate at which the cells make the indicated 
transition. For all the transitions it is assumed that the rate is proportional 
to the number of cells in the state where the arrm1 starts. (For the recovery 
process, this means exponential recovery as mentioned above.) Tne constants J 

of proportionality are called "transition probabil.i ties". They do represent 
probabilities, because, unlike Raje1vsky and Danzer, it is not assumed that 
any particular transition is certain on the passage of a charged particle --
is only assumed that the average overall rate is fixed. ?ne tra~sition 
probabilities give time rates; therefore, those for production of da~age are 
proportional to the dose rate of the radiation -- this is how dose-rate and 
split-dose effects arise. 

[-Host of you are fa•11iliar Hith target theory, Hhere it is assumed that 
a cell contains N targets e~ of which must be hit M times by charged part
icles. to kill the cell. The target theory obviously says nothing about 
dos~;;..rat.e or split.;..dose effects. It is of interest, hm·rever, that -- w·ith 
certain choices of the transition probabilities -- the two-state model leads 
to either the one-target, two-hit.or the two-target, one-hit equations as 
the equations for the limiting survival curve at high dose rates. Also, 
the model can be extended to more than two states (by admitting states for 
different kinds of damage), and these extended models can lead toN-target, 
11-hit equations for the high-rate limit. On the other hand, these state 
models can lead to non-target-theory equations for the high-rate limit too.J 

Roesch: The two-state model obviously does not entertain the possibility 
of there being different "amounts" of damage. Once a cell has been damaged 
it can be struck again by several more charged particles l-rithout being killed 
(because the transitions are probabili~tic) and '~ithout any increase in the 
chance of being killed (the latter is Hhat I mean by increase in the "amount" 
of damage). This is not a damnjng criticism; the model applies to phenomena 
in which a uniqu~ site has to be damaged to produce death. 

Roesch (1967) introduced a model aimed at allowing for amounts of damage. 
He assumed that as long as the cell was not fatally injured it could go on 
accumulating damaE;e· of the first type from each particle that struck it. This 
damage would recover exponentially starting from the tL~e it was produced. 
Any particle after the first can complement the damage from any preceding 
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particle. Thus one has to consider the possibility that death may result 
from any pair of charged particles. It presents a difficult, but manageable, 
mathematical problem. 

Lajtha and Oliver: The last theory we will ;;pnsider today assumes 
exponential recovery, as the two previous ones have, but relates the damage 
produced by different charged particles in a quite different way. Lajtha 
and Oliver's theory is that the decrease in surviyal produced by an incre-

·ment in the dose depends only on the amount of the first type of darr~ge 
remaining when the increment is delivered. 

To find out how it depends on the d~age that remains, they use the 
limiting survival curve for high dose rates. As we remarked above, the 
characteristic of this lir.~ting curve is that none of the damage had a chance 
to recover: at every point on the curve, all of the primary damage produced 
contributes to the lethality. Thus it contains the information Lajtha and 
Oliver rlant -- they can assume that the arnount of damage present is proport
ional to the dose, D, and can read from the curve the decrement, .dS, in the 
survival for the increment, AD,in dose. At lower dose r2tes the damage h~s 
a chance to recover, so the amount of damage is proportional to D(l - e-t/~), 
where t is the irradiation time and '?'- is a constant called the mean recovery 
time. OnE; then reads the AS from the high-rate curve at the dose 
D(l - e-tt~) rather than at D, but he plots it at the dose D to get the 
survival curve for the lower dose rate. 

One can, of course, apply this procedure to any high-rate survival 
· curve that he wishes. Each different curve will give him a different model 
based on the theory. It is of interest to compare the Lajtha-Oliver 
theory with those above_ by using their high-rate limits as model-generating 
.curves. 

If their theory is applied to the high-rate limit of the two-state model, 
the re:;ulting survival curves for lower dose rates are not the sa.r:1e as those 
given hy the two-state modele Specific numerical examples rrill be given below 
in:- ·Fig. 3. The numerical differences are not very large. The important 
thing is that the Lajtha-0liver and the two-state models are conceptually 
different. The reason for the difference is that the Lajtha-Oliver theory 
presumes differences in amount of damage while the two-state model does not. 

If their theory is applied to.the high-rate limit of Roesch's model, 
the resulting survival curves for loHer dose rates are identical to those 
Roesch found. One would like to know if other theories that allowo for 
accumulation of damage would give this kind of agreement when used wi tb 
the Lajtha-Oliver theory, but no one knows as yet. 

Theoretical Dose-Rate Effect 

Each of the models described above gives a family of dose-rate curves 
similar to that of Fig. 1. It is difficult to make a meaningful comparison 
of such families by plotting them on top of one another. Therefore, what 
has been done in Fig. 3 is· to take one point from each curve. of a family, 
the survival at a given dose, and plot it versus the dose rate. Families 
were chosen that had the same high-:cate and low-·ro.te survivals at that do~e. 
This gives us a clearer picture of how things change with dose rate. 
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The first impression one gets is that there is not very much difference 
between the different curves except in the case of the Rajerrsky-Danzer model. 
The differences can be reduced still further by shifting the curves to the 
left or right; this can be done by adjustiDg the recovery rate. 

The lack of any clear differences means that:·,identification of the 
applicable model by dose-rate tests is unlikely. This should not be dis
couraging news, hm,rever, because that is not usually what one tries to do. 
It has been knorm for decades that one cannot identify the applicable model 

'by fitting curves to survival data; it is generally assumed that the same 
is true of other kinds of curves. Hhat one is usually trying to do in 
fitting curves to data is to determine the parameters of a model. Justif
ication of the use of the model may hinge on whether those values are 
reasonable or not, but it is more likely to come some other way. 

The Rajewsky-Danzer model is clearly different from the others. The 
~ate of change with dose rate is smaller than the others and probably 
smaller than in any experimental observations. The transition from change 
with dose rate to no change occurs at high rates {just above 1000 rad/min) 
with physically unlikely abruptness. 

The two-state and Lajtha-Oliver models are compared for identical 
values of all the parameters. Tne differences are small but clearly there. J 

The Lajtha-Oliver model changes faster w~th dose rate because it permits 
accumulation of damage. ~ro cases of each are shown, corresponding to high
rate limits that are the same as the one-hit, trw-target a1·1d tv:o-hit,one
target equations of target theory. 

Tneoretical Split-Dose Effects 

Sometimes greater differences between models can be found for the split
dose €\ffect. It proves convenient in analyzing experimental data to put the 
predic !:,ions of the models in terms of s1 and ~, the survivals to the two 
doses given singly (discussed above), and s0 the survival to a single dose 
equal to the sum of the two that were split. The two-state model predicts 

:-

(SlS2 - S) : (S1~ - s0 ) e-t/T 

while the Roesch model predicts 

= 
where, for both, t is the inter-fraction time and ~ is the mean recovery 
time. 

These t'-10 equations give quite similar numerical results w-hen s1 ~/So 
is not very large. This is shown in Fig. 4. Roesch's equation suggests 
that one should plot ln(Sl~/S) vs t on semi-log paper; his theory predicts 
the result will be a straight line. Tne mean recovery time can be determined 
from the slope of that line. Figure 4 shows the st~ht lines for a large 
and for a small value of S1S2/so. The other, curved lines in the figure rrere 
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obtained by using the same parametc~s to calculate S from the two-state 
equation and then plotting the result in Roesch's manner. Yne two models 
are not very different Hhen s1s2js0 is small. The statistical uncertainty 
of most split-dose data would ma~e it difficult to choose which fitted the 
data better. ~·.'hen S1S2fSo is large, there is enough curvature to the two
state curve that one should be able to distinguisi .. ·, 1-1hether data fitted it 
or a straight line. 

Figure 5 shaHs some exc>.mples of split-dose data obtained by Eryant for 
the green alga, Chlrunydomonas reinhardi, for expost~e and recovery under 
either air or nitrogen. Cp~arr.vdononas is a good organism to use for these 
kinds of experiments, because it has a long period (nearly 12 hours) in its 
mitotic cycle during which its radiosensitivity does not change. The data 
are plot ted as suggested by Roesch's equation. ';le interpret the data as 
all lying on straight lines that have the sarae slope. Equality of the 
slopes means that the mean recovery time is the same for all of them. In 
other words, exposure and recovery under different gases (the "oxygen 
effect") does not affect the recovery process in Chlamydomonas,it affects 
the ini tihl. amounts of damage. 
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