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ABSTRACT

Purpose: The classical biological model can be classified into the “multi-Target single-Hit” model and the “sin-
gle-Target multi-Hit” model. However, the “multi-Hit” model has been in decline before it is fully discussed. The
purpose of this study is to verify the accuracy of that model and to produce a calculation model which can be
fitted to actual cell survival curves.

Materials and Methods: Survival rate of microorganism in the “multi-Target single-Hit” model and the “sin-
gle-Target multi-Hit” model were calculated by using spreadsheet application. Ten actual cell survival data were
used for fitting survival curves in each model, and the least squares method was used for fitting.

Results: Both models were successfully represented by equations using only two parameters of “n” (the number
of Target/Hit) and “k” (fitting coefficient). As a result of fitting to the actual survival data, the sum of least squares
in the “multi-Target single-Hit” model and the “single-Target multi-Hit” model were 3.0889 (S.D. 5.660) and
0.7545 (S.D. 1.1331), respectively. The “multi-Hit” model showed better fitting than the conventional “multi-Tar-

MS.ID.010436. get” model.
Conclusion: Although the equation [1 -(1 -e)n] which is based on the “multi-Target single-Hit” model has been
used until these days, actually, the “single-Target multi-Hit” model has shown to be more suitable for calculating
survival rate.
Keywords: Target Theory, Multi-Target Model, Mutli-Hit Model, Radiosensitivity

Introduction “e1” (37%: e is base of natural logarithm) (Figure 1, Appendix A).

In case a dose of “x*MLD” is irradiated to a cultured cell line, the cell

The “Target theory” is an essential theory to understand basic ra-
diation biology. The basic concept of the Target theory has been estab-
lished in the mid-20th century, and has been supported until present
[1-3]. Fundamental concept of the Target theory is that when a cer-
tain number of “Hit (radiation damage)” occurs on a certain number
of “Target” in a cell, and all the Target in the cell are inactivated, then
the cell is inactivated (dies). In the “single-Target single-Hit” model in
which a cell has single Target and the Target is inactivated by one or
more Hits, when a dose which occurs average 1 Hit per Target (mean
lethal dose: MLD) has been irradiated, the cell survival rate becomes

survival rate becomes “e*”, and using constant “k” which represents
inherent coefficient of a cell line, the cell survival rate is described
as “e™”, Survival curves of a certain bacterium like Balantidium coli
shows straight line, and these survival curves are correspond with
“single-Target single-Hit” model [4]. When it comes to “multi-Target”
model or “multi-Hit” model, a cell survival curve is described as fol-
lows [5, 6];

S=1-(1-ex)n 1)

S: cell survival rate, xD: irradiated dose, n: number of Target(s)
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To be exact, this equation represents survival rate based on the
“multi-Target and single-Hit” model. Other than the above model,
there are “single-Target multi-Hit” model and “multi-Target multi-Hit”
model as variations of Target models [7]. However, only the above-
mentioned equation (the “multi-Target single-Hit” model) is explained
as “Target theory” in the almost all textbooks of radiation biology, and

“single-Target multi-Hit” and “multi-Target multi-Hit” models are not
usually explained. So, many readers seem to be apt to regard that the
“Target theory” and “multi-Target single-Hit” model is identical. In the
present study, the “multi-Target single-Hit” model and the “single-Tar-
get multi-Hit” model were compared, and we evaluated that which
model is the better to apply to (or fit with) actual cell survival curves.
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Figure 1: Cell survival curves in “1-Target and 1-Hit” model.

Materials and Methods
Each model was defined as follows (Figure 2);

A) “Single-Target Single-Hit” Model: A single microorganism
(a cell, a virus, a bacterium, etc.) has one Target, and the Tar-
get is inactivated by a single Hit.

B) “Multi-Target Single-Hit” Model: A single microorganism
has more than one Target, and each Target is inactivated by
a single Hit.

C) “Single-Target Multi-Hit” Model: A single microorganism
has one Target, and each Target is inactivated by more than
one Hit.

D) “Multi-Target Multi-Hit” Model: A single microorganism
has more than one Target, and each Target is inactivated by
more than one Hit.

A single microorganism is inactivated (dies) when all Targets are
inactivated. A microorganism survives when at least one Target is ac-
tive. In the above models, (B), (C) and (D) correspond with “multi-Tar-
get” or “multi-Hit” model. (D) is a very complicated model which
consist of compound concept of (B) and (C). Too complicated and im-
practical model is just only to prevent researchers and clinical doctors
from understanding biological models. So, we limited the purpose of
the present study to compare only (B) and (C) in order to clarify and
simplify the focus of the problem.
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Figure 2: Variations of the Target model.

Calculation of Each Model was Performed Under the Fol-
lowing Conditions:

Although a microorganism (a single life unit) is applicable to
not only a cell, but also a virus, a phage, a bacteria, a yeast,
etc.,, we call the single life unit as “cell” for convenience in the
present study.

The size and the shape of a Target are not specified. Provided
that the probability of “a certain number of Hit” in one Target
is quite the same in each Target (but the actual “number of
Hits” are different according to the Targets even in the same
probability).

The nature of the “Target” is not argued here. It is not defined
whether the Target is nucleus or mitochondria or DNA or a
certain protein or whatever. But a “Target” is a something in-
activation of which lead cells to death.

“A single Hit” means a certain amount of damage to the cell
by irradiation, and “single Hit” does not always mean single
phenomena. “2 Hits” and “3 Hits” mean twice or three times as
much damage as “1 Hit".

The microorganisms are identical and homogeneous in the all
models in this study. In the “n-Target” model, all the cells have
“n” Targets. In the “n-Hit” model, all the Targets are equally
inactivated by “n” Hits.

“Cell cycle-dependent radiosensitivity”, “Repopulation of
cells” or “Repairing cell damage” are not considered in this
study. These factors may have to be included in the model in
the future, but these have not been included in this model yet.

“Extrapolation number”, “D0” and “DQ” are not specified in
this study. These are mentioned in the part of “Discussion”.
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Cell survival rates were calculated by using spreadsheet applica-
tions on computers. Cell survival curves were fitted by using the least
squares method. Cell survival data which were used for fitting-sample
were cited from the past publications [2, 8-14]. Ten cell lines were
selected from radiosensitive cell lines to radioresistant cell lines even-
ly. For convenience of calculation, the number of Target (“n”) were
calculated by maximum of 20 in both the “multi-Target single-Hit
(conventional concept)” model and the “single-Target multi-Hit (new
concept)” model.

Results

Cell survival rate when a dose which occurs x-Hits per one Tar-
get “D(x)” was irradiated was defined as S(x), the number of Target
was represented as “n” (integer, n>0). The survival rate in the “mul-
ti(n)-Target single Hit” model was defined as “S  (x)”, and the survival
rate in the “single-Target multi(n)-Hit” model was defined as “S,_(x)".

i)  Inthe “single-Target single-Hit” model, it is assumed that a cell
(= one Target) is inactivated (dies) by 1 Hit. It has been known
that when a dose which occurs averagely x-Hit per Target
“D(x)” was irradiated, the cell survival rate “S(x)” is calculated
as “e™ (Appendix A).

ii) In the “multi-Target single-Hit” model, the survival rate and
the lethality is represented as follows;

Probability that one Target is not inactivated with a dose of D(x):
e

Probability that one Target is inactivated with a dose of D(x):
1-e*

Probability that all “n” Targets are inactivated (= Lethality):
(1-e*)"

Probability that at least one Target survives (= Survival rate):
1-(1-e*) (2)

iii)  Survival rate and lethality in 1-Target multi-Hit model are
calculated as follows;

Survival rate Lethality
(1-Target 1-Hit model: S_,(x)) 1-(1-e¥t 1-ex
2-Target 1-Hit model: S_,(x) 1-(1-e%? (1-e)?
3-Target 1-Hit model: S_,(x) 1-(1-e93 (1-e%3
4-Target 1-Hit model: S_,(x) 1-(1-eM* 1-e%*
n-Target 1-Hit model: S (x) 1-(1-e9)n (1-eM)n

iv)  Probability of “n”-Hit cell in the “single-Target multi-Hit”
model is calculated as follows. It is known that a probability that a
phenomenon which causes averagely “x” times causes “n” times fol-
lows Poisson distribution [15-17].

- Probability that 0 Hit occurs in one Target: P (x) = x*e™ /0!
- Probability that 1 Hit occurs in one Target: P, (x) = x"-e™ /1!
- Probability that 2 Hits occur in one Target: P,(x) = x*e™ /2!

- Probability that 3 Hits occur in one Target: P,(x) = x*-e* /3!

—  Probability that n Hits occur in one Target: P (x) = x™e™ /n!
(3) (Appendix B)

v)  Cell survival rates in the “single-Target multi-Hit” model is

described as follows;

Survival rate Lethality
(1-Target 1-Hit model: S, (x)) P (x) P.(x)+ P,(x)+ P,(x)+...
1-Target 2-Hit model: S,,(x) P (x)+P (x)+... P,(x)+P,(x)+P, (x)+...
1-Target 3-Hit model: S,(x) P +P +P,+.. P.(x)+P,(x)+ P (x)+...

1-Target 4-Hit model: S, ,(x) P+ P + P+ P_+... P (x)+ P (x)+ P (x)+...

1-Target n-Hit model: S, (x) {P,+ P+ P,+ P.+..+ P } = ¥ x'e™* /i1 (4)
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Calculated cell survival rates of the “multi-Target single-Hit” mod-
el and the “single-Target multi-Hit” model were shown in Table 1, and
the calculated survival curves were shown in Figure 3. As shown in
the graphs, survival curves in these two models resulted in quite dif-

ferent shape. Although equation (2) and equation (3) had been con-
fused by some researchers, it was proven that these equations were
not identical and did not converge with each other.

1-Hit model
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Figure 3:

A.  The “multi-Target single-Hit” model (the number of Target “n”=1 to 10).
B.  The “single-Target multi-Hit” model (the number of Hit to death “n”=1 to 10).

Fitting by Coefficient “K”

As the radiosensitivity differs according to each cell line (bacteria,
virus, etc.), the slope of the cell survival curves also differs according
to the cell lines. Coefficient “k” is a continuous variable from -co to
+00, and was used for fitting the cell survival curves. The equations of
the “multi-Target single-Hit” model and the “single-Target multi-Hit”
model are described as follows by using coefficient “k”;

STn(x)=(1-(1-¢™)") ©)

(IOC)

SHn(x) = Z ©

S,,: survival rate in “n-Target 1-Hit” model, S : survival rate in

“1-Target n-Hit” model, x: average number of Hits per cell. Given the
number of Targets or the number of Hits “n” = 3 as example, the re-
sults in case of “k” = 0.3, 0.5, 1, 1.5, 3 were shown in Table 2 and Figure
4. These graphs have shown that various survival data can be fitted
by changing coefficient “k”. And theoretically, any cell survival curves

can be fitted by changing the value of “n” and coefficient “k” in both 2

models (Appendix C).
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Figure 4: Variations of the survival curves by fitting coefficient “k” in the “multi-Target single-Hit” model (A) and the “single-Target multi-Hit”

model (B).

Fitting Survival Curves to the Actual Cell Survival Data

The results of survival curve fitting to the actual survival rate data
in each model are shown in Table 3. As shown in the Table, the average
of the sum of least squares of the 10 cell lines’ survival data in “conven-
tional” model and “new” model were 3.0889 (S.D. 5.669) and 0.7545
(S.D. 1.1331), respectively. The sum of least squares in the “1-Taget
multi-Hit (new concept)” model was less than that of the “multi-Tar-
get 1-Hit (conventional concept)” model. It means that the survival
curves in the “single-Target multi-Hit” model were better fitted to the
actual survival data than the “multi-Target single-Hit” model. Because
the purpose of the present study is not to find statistically significant
difference, statistical analysis has not been performed. With regard

”
’

to the number of “n”, the survival curves of some radioresistant cell

lines were likely to show 20 or larger value in the “multi-Target 1-Hit

(conventional concept)” model. On the other hand, the survival curves
in the “1-Target multi-Hit (new concept)” model were fitted with gen-
erally lower value of “n”, and all survival curves of the 10 cell lines
could be fitted with lower valuse of “n” within 20. From the result of
sample cell survival data, two sample data which showed similar fit-
ting between the “multi-Target” model and the “multi-Hit” model are
shown in Figure 5 (A & B).

On the contrary, two sample data which showed disagreement in
the fitting between the both models are also shown in Figure 5 (C &
D). Whereas the survival curves of the “multi-Target” model appear to
be linear shape, the survival curves of the “multi-Hit” model appear
to be not linear and to show gentle curves. The “multi-Hit (new con-
cept)” model has shown better agreement with actual survival data
in middle-dose range to high-dose range than the “multi-Target (con-
ventional)” model.
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Figure 5: The results of fitting survival curves by least squares method in the “multi-Target single-Hit” model (dashed line) and the “single-Target
multi-Hit” model (solid line). Closed triangle: actual survival data by irradiation.

Discussion

The Origin of the Model of Radiation Response in Micro-
organisms

Models of radiation effect to the microorganism have been studied
since 1930’s or before [1, 4]. The “Target theory” had been proposed
in this era, and it had been suggested that a probability of one Hit
in one Target converges to the Poisson distribution which represents
the probability that a phenomenon which causes averagely “x” times
causes “n” times. Several similar models by irradiation experiments
using bacteria have been published after that [18, 19]. With respect
to the phenomenon that a probability of one Hit occurs in one Target
follows the Poisson distribution, it is proven in both experiments and

theory without contradiction (Appendix A). However, in case of other
than the “single-Target single-Hit” model (e.g. mammalian cell lines or
radioresistant microorganisms), it has not been stated which is better
the “multi-Target 1-Hit” model or the “1-Target multi-Hit” model, at
that time. Luria et al has proposed a kind of Target model using phage
model [20]. In their study, an equation that represents survival prob-
ability [S = (1 - (1 - e/")})"] of the sample phage has been proposed,
and this equation is similar to that of the “multi-Target single-Hit”
model (“conventional” target model).

Seeing their model, the sample phage consists of a certain num-
ber of specific loci each of them has independent function. When at
least one of the same kind of the loci has remained active and a series
of the active loci is completed, the phage survives in that model. If
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the characteristics of each Target and conditions for survival follow
the abovementioned rule, the “multi-Target single-Hit (conventional)”
model seems to be applicable to the survival data of phages like this
type. However, it was not known whether the “multi-Target single-Hit”
model could be optimal to survival data of bacteria or mammalian cell
lines other than phage at that time.

The Concept of “Multi-Target” or “Multi-Hit” Model in the
Early Stage

After the proposal of the Target theory, some cell survival curves
that could not be explained by “1-Target 1-Hit” model had been ob-
served, and afterwards, the “multi-Target” or “multi-Hit” models have
been developed. The “multi-Target” model and the “multi-Hit” model
should have been considered separately strictly. However, it had been
proposed that calculated survival rate by the “multi-Target single-Hit
(conventional)” model would converge (or be identical) to the calcu-
lated survival rate by the Poisson distribution [2]. As mentioned in the
present study, the concept of Poisson distribution is applicable to the
“single-Target multi-Hit” model, and the equation of the “multi-Tar-
get single-Hit” model does not have something in common with the
equation of Poisson distribution (except in case of the Target number
= 1). Furthermore, a paper which suggested that the “multi-Target
single-Hit” model and probability of the Poisson distribution were
identical has been published [21]. In the Figure 1 in that paper [21], a
compound model of “multi-Target” and “multi-Hit” model was depict-
ed, but it shows clearly separated these “multi-Target” and “multi-Hit”
concepts.

However, the authors have stated that the concept of “multi-Target
single-Hit” model and the concept of “single-Target multi-Hit” model
(equation 1a and 1b in [21]) have been identical. As shown in Figure

N\
N\
¥

Do

1

Survival fraction

S
:
TTT 1

3 in the present study, the equations of the two models do not become
identical except in case of “n” = 1. Although there were two different
concepts (the “multi-Target” and the “multi-Hit” concepts), these two
different models has sometimes been confounded with each other or
has been regarded as identical. It seems to be one of the reasons that
only the “multi-Target single-Hit” model (conventional concept: equa-
tion (2) in the present study) has remained until now.

Extrapolation Number, DQ, DO

» o«

“Extrapolation number”, “D0” and “DQ” are referred in most of
the textbooks, which explains the “Target theory” in radiation biology
(Figure 6). “D0” represents the slope of the linear part of the survival
curve in the conventional (“multi-Target single-Hit”) model. “Extrapo-
lation number” is an intersecting point of extrapolated straight line of
the graph of the “multi-Target” model and y axis. This value correlates
with the value of “DQ (shoulder of the curve)”, and it is thought that
this parameter represents the number of the Target in a single life
unit. The concept of “extrapolation number” has proposed and the
term has appeared around 1960 [22]. Several papers along with this
concept have been published one after another, and it can be said that
“extrapolation number” was a trend of radiation biology at that time
[10, 23-27]. It is easy to fit the concept of the “extrapolation number”
to the “conventional (multi-Target single-Hit)” target model shown as
equation (1) in the present study. As shown in Figure 4A, the oblique
linear part of the survival curve in the “conventional” target model

”

is always parallel regardless of the number of “n”. And the survival
curves of this conventional model represent the number of Target
with “extrapolation number” or “DQ (shoulder)” and represent inher-
ent radiosensitivity with “D0 (required dose to reduce cell population

by 37%)".

N extrapolation number

o

”

Figure 6: Cell survival curve in the “multi-Target (conventional)” model.
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Theoretically, this conventional model can represent any type
of cell lines with 2 parameters of “extrapolation number” and “D0”
(whether it is optimal or not is a different matter). It can be said that
this model was easy to understand the concept of radiosensitivity
from these parameters. However, several researchers have suggested
that this “conventional (multi-Target single-Hit)” model has not been
fit to the actual cell survival data [11, 14]. Bender et al proposed an
equation that (1 - (1 - e*)") multiplied by (e*) in order to reproduce
a gentle curve of the graph [11]. But newly added part of this equation
seemed to have been added in order to change the appearance of the
graphs, so the basis of the equation is unclear. Another researcher has
also suggested that it is difficult to fit the survival curve based on the
“multi-Target single-Hit” model to a certain kind of actual cell surviv-
al data that show gentle curve [14]. Additionally, the “extrapolation
number” cannot be clearly calculated in the “single-Target multi-Hit
(new concept)” model, because the survival curves of “multi-Hit”
model shows gentle curve, so the tangent line to the graph cannot be
limited to one.

From these backgrounds, it is considered that the extrapolation
number has no biological significance in the “multi-Hit” model. On the
other hand, one of the researchers who proposed the concept of the
“extrapolation number” has proposed the concept of “multi-Hit” mod-
el [7, 26]. The researcher has suggested that survival curves based on
the “multi-Hit” model can be applicable to almost all survival curves

[7].

The Reasons Why the “Multi-Hit” Model Has Not Neen Es-
tablished at That Time:

One of the reasons is that the “multi-Hit” model could not be ap-
plied to the concept of the “extrapolation number” that had formed a
trend at that time [23-27]. As previously described, survival curves
in the “single-Target multi-Hit (n > 1)” model do not show straight
line like the “multi-Target single-Hit” model (Figure 3B), so the “ex-
trapolation number” cannot be calculated. Therefore, “using extrap-
olation number” is equal to “adopting the multi-Target single-Hit
model”. The second reason is that the “multi-Target” model and the
“multi-Hit” model had been confused each other in the several studies
[2, 21, 28]. Some researchers have suggested that the equations of
the “multi-Target” model and the “multi-Hit” model are identical or
converge to the same equation, and some researchers have cited the
equations without deep investigation. Because most of the research-
ers in this area are a specialist in biology rather than a specialist in
mathematics, there might have been less people who had completely
understood the meaning of complicated equations. Dr. Fowler might
have been one of the few researchers who had deep comprehension
on the “multi-Target” model and “multi-Hit” model. The third reason
is that the way to use the “multi-Hit” model in the practical work had
not been shown. As shown in the results, the probability of each Hit
cells follows the Poisson distribution.

However, we have to calculate the sum of each Hit cell fractions
to estimate the survival rate in the “multi-Hit” model like equation
(4), and it seemed to be a very complicated work without a computer.
The present study is the first research that simplified the calculation
of survival curves of the “single-Target multi-Hit” model, and is also
the first research that represented the various survival curves by us-
ing minimal two parameters (“n”: the number of Hit to inactivate one
Target, “k”: coefficient that represents inherent radiosensitivity). And
auto calculation program with spreadsheet application is available on
the internet (Appendix/unfinished). For these reasons, it is consid-
ered that the concept of the “multi-Hit” model has not been estab-
lished, and the concept of the “multi-Target” model with the concepts
of “extrapolation number”, “DQ” and “D0” seems to have been estab-
lished and been generalized. As a point to note, the present study does
not mean that the “multi-Hit” model is always more applicable to sur-
vival curves of microorganisms than the “multi-Target” model.

There seems to be some kinds of phage or microorganism, for
which the “multi-Target” model is more suitable for the calculation of
survival curves than the “multi-Hit” model [20, 29]. However, in the
general mammalian cell lines or human cancer cell lines, the results
of the present study and past studies suggested that the “single-Target
multi-Hit (new concept)” model seems to be more suitable for calcu-
lating survival curves than the “multi-Target single-Hit (conventional
concept)” model [7]. And the construction of a precise biological mod-
el seems to lead us to comprehension of intracellular phenomena.

Comparison With the Linear-Quadratic (LQ) Model and
the Derivative Models

It is not discussed here with respect to comparison between the
“multi-Hit” model and the LQ model. This is to avoid that the discus-
sionis complicated. Similar to the comparison between the “multi-Tar-
get” model and the “multi-Hit” model in the present study, it requires
to discuss the origin of the LQ model for comparison between the LQ
model and the “multi-Hit” model. Due to space limitations, it is not
discussed here. However, it is known that there are limits to the LQ
model in low-dose (<1 Gy) rage and high-dose range (>10 Gy), hence,
most of the researchers do not think that the LQ model is the final and
complete model. Theoretically, the “single-Target multi-Hit” model in
the present study can precisely reproduce the survival curves from
low-dose range to high-dose range, and the comparison with the LQ
model would be explained in the subsequent studies.

Conclusions

Compared to the “multi-Target” model which has been estab-
lished until now, the results of this study suggested that the concept
of “multi-Hit” model which has appeared once but has not established
was better to fit survival curves in various cell lines or bacteria. How-
ever, some parameters such as “extrapolation number”, “DQ” and
“D0” which are applied to the “multi-Target single-Hit (conventional)”
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model cannot be applied to the “single-Target multi-Hit (new)” model.
Instead of using the parameters of “extrapolation number” or “D0”,
cell survival curves were successfully reproduced by using only two
variables (number of Hit “n” and coefficent “k”) in the “single-Target
multi-Hit” model. This new fitting process has not been proposed in
the past. The complex calculation of cell survival curves in the “multi-
Hit” model has been one of the causes preventing spread. However,
we produce spreadsheet application which performs auto-fitting and
auto-calculation of value “n” and coefficient “k” which will enable any-
one to calculate cell survival curves with only inputting survival data.
Further refined cell survival model is required in the future in order

to more accurately predict the effects of radiation.
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