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ABSTRACT

A model of radiation action 'is described which unifies several of the
major éxisting concepts which have been applied to cell killing. Called thé
Lethal and Potentially Lethal (LPL) Model, it combines the ideas of lesion
1nteractf0n, irrepairable 1esions caused by Sing}e tracks, linear lesion
fixation, lesion repair via first ofder kinetics and b{hary mi§repa1r. Two
different kinds of lesions are hypothesized: ifrepairable (Tethal) and
repairable (potentially lethal) lesions. They are tentatively being identified
with DNA double strand breaks of different severfty. Two processes compete for
depletion of the potentially lethal lesions: correct repair following first
order kinetics and misrepair following second order kinetics. Fixation of
these lesions can also occur. The mode] applies bresently only fo plateau
(stationary) phase cells. -Radiobiological phenomena described include effects
of low dose rate, hfgh LET, and repair kinetics as measured with repair
inhibitors such as hypertonic solution and g-araA. One consequence of the
model is that repair of sublethal damage and the slow component of potentially
lTethal damage are two manifestations of the same repair process. Hypertonic
treatment fixes a completely new class of lesions which normally repair
correctiy} The "dose rate factor" OCCUrfingvin several linear-quadratic
formu]atioﬁs is shown to emerge when appropriate low-dose and long-repair-time

approximations are made.

Key words: cell survival models, ionizing radiation, repair kinetics, p]ateay
phase, mammalian cells, low-dose rate, high LET, potential]y_1etha1

damage, sublethal damage, DNA double strand breaks.



INTRODUCTION

One underlying motivation for formg]ating models of radiation action fs to
develop the means to describe quantitatively the results of radiobiological
experiments with parameters that reflect the mechanisms of action at the
physical, chemical and/or biological 1e9e1s. Thus, it would not be surprising
that the parameters of a successful model should depend on physical, chemical
and biological variables in the environment. In an entity as complex as a
1iving cell, it is not unreasonable to expect that there may be several,
perhaps many, levels of models to be developed which will ultimately provide
the quantitative expression of our understanding of the processes leading to a
particular end point. .

In the present formulation, we will restrict ourselves to the end point of
cell survival (more accurately, retention of clonégenic capacity). In
addition, we will consider only quiescent or resting cells. Cells moving
through the cell cycle present problems that within the context of the present
model have not been solved.
| The present formulation, which we call the lethal, potentially lethal
(LPL) model, has developed from ideas embodied in several of the more prominent
theories and models in the recent literature. In this sense, the LPL model can
be considered a unified model. The most pervasive underlying idea, that of
competition between lesion repair and misrepair occuring long after the initial
energy deposition, arises from the Repair-Misrepair (RMR) formulation (1). As
will be'seen, it also includes such ideas as the interaction of lesions (The
Theory of Dual Radiation Action (2,3) and the RMR model (1)), intra- and
intertrack contributions (4, 5), and repairable and irrepairable damage (6-8).
In addition, in identifying the potentially lethal lesion conceptually with a

double strand break in DNA, we attempt to tie the model to a well-known
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molecular lesion, as has also been done by Chadwick and Leenhouts (9) in their
"molecular theory". This identffication:is not absolutely necessary and is
only done at present because of the rough equivalence between the mean repair
times observed for cellular repair and the repair of double stfand breaks
(~90-120 minutes). |
Repair of damage is treated explicitly. One consequente of the
formulation is that the amount of time available for repair after irradfation
affects the initial slope of the survival curve as well as the extent of the
shoulder region. The overall shape of a survival curve obtained at higﬁ dose
rates (i.e., rates for which curve shape is independent of dose rate) has, in
the present model, the following characteristicsl:
1)  There is an initial non-zero slope.
2) There is a region of this curve at low dose that can be approximated by a
linear-quadratic function in the absorbed dose.
3) At high doses, the slope of the survival curve approaches a constant which
is a measure of the total number of initial biological lesions created by

the radiation and relevant to survival.

Classification of Radiolesions

The following picture is assumed to describe in qualitative terms the
progression of events occurring after irradiation of a population of living
cells. The radiation itself causes many different kinds of physical, chemical
‘and biological products or lesions. We assume that there is an evolution of
these lesions from one to another with time. Very short-lived physical events
(excitation and jonizations lasting less than 10715 second) produce water
radicals and other chemical lesions (lasting less than a second) which can

diffuse through and/or react with molecules in the cell, thus creating
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biomolecular lesions in the organic material within the cell and these can last
a relatively long time (minutes or hours) in a quiescent ce11,_ The entire
process is extremely complex. Thus, the point of view is taken in the present
formulation that important events occurring on the physical and chemical time
scales create longer lived products which we will call bio1ogi§a1 lesions and
which can interact or repair over a long time interval. The simplifying
‘assumption is made [as in the RMR model (1)] that, over the range of dose rate

considered here, physical or chemical lesions from statistically independent

charged particle tracks do not interact. Thus, only lesions from single
charged particle tracks (and their associated delta rays) need be considered in
the physical and chemical time domains (less than one second). These lesions
in turn create the longer lived biological lesions, some of which can repair
enzymatically or interact with other lesions. In this way, the model can be
broken into two distinct parts: one part dealing with the repair and/or
interaction of the biological lesions and the other dealing with the creation
of the biological lesions through the time evolution of first the physical and
then the chemical lesions. The three time dbmains are shown in Figure 1 and
the general categofies of important lesions are indicated in each time frame.
We emphasize that the explicit assumption is made here that the only

interactions between lesions formed by different charged particle tracks are by

the biological lesions in the long time frame.

Repair and Interaction Kinetics of the Biological Lesions

The major assumptions of the biological or long time scale portion of the
model are as follows:
1) Two different kinds of biological lesions relevant to cell killing are

created in the radiosensitive material within a cell during irradiation:
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2)

4)

"Tethal" and "potentially Tlethal" lesions. Lethal lesions are

irrepairable and lead to the death of the cell or its proggny.

Potentially lethal lesions are capable of being>repaired and are correctly

repaired at an average rate constant €p Pper unitftime. These lesions may
also interact with each other with rate constant eéPL per unit time to
produce a lethal (i.e., irrepairable) lesion. The latter process will be 7
called binary misrepair.

Another fate of a potentially lethal lesion is its fixation, i.e. being
made lethal, by such procegses'as trypsinization and, perhaps, the
movement of the cell through “fixation" points in the cell cycle or the
addition of a repair-inhibiting drug after irradiation.

In order to write an expression for cef] survival, we assume, in this
version of the model, a Poisson distribution in the number of lesions per
cell after the available repair time has elapsed.

The mean number of lesions per cell is assumed to vary with time in the
same way (i.e., follow the same differential equations) as the lesions in
each individual cell.

It is assumed that the mean numbers of both kinds of lesion are formed at
rates proportional to the absorbed dose rate. Tﬁué, for a given dose
rate, 6,'the mean numbers of lethal and potentially lethal lesions formed
per cell per unit time are “L6 and anﬁ, respectively, where n and oL
are the rates of production per unit absorbed dose of the two kinds of
lesions.

We assume that the rate of repair ESL.lSEiQﬁ is not dependent on the
number of lesions present (i.e., there is no saturation in the repair
process), and that the probability for potentially lethal iesion -

interaction depends not on how far apart the lesions were at the time of
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creation; but on the square of their overall concentration at any given

time. |

Symbolically, the model is presented in Figure 2 with the parameters shown
as defined above for the lethal and potentially lethal lesions. The primed
parameters at the bottom of the figure are included to account for an extension
df the model to radiobiological results obtained when the cells are placed in
hypertonic solution after radiation (e.g., 7, 10). It is assumed in this case
that other lesions normally repaired correctly are involved. This will be

discussed -in more detail in a later section.

The Differential Equations for Arbitrary Dose Rate

A. During the irradiation.
With the above assumptions, we can write the two differential equations
governing the time rate of change of the mean numbers of potentially lethal,

an(t), and lethal, nL(t), lesions during the irradiation period2:

dan(t) . 2

o LD el Ma(t) = epy My (B) (1)
dn, (t) .

= 0 D+ gy np (1) @)

dt
The initial conditions are that nPL(O) = nL(O) = 0; i.e. no lesions are
assumed to be present at the stért of the irradiation. The details for solving
these équations are left to Appendix I. The so]utions‘for the time dependence
of the mean numbers of potentially lethal and Tethal lesions are:

o : -c t
np (t) = 2np D(1 - &% ) ’ (3)

-e .t
€ * ep * (g5 - ep e 0
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and

B.

for

.2 : \1/2 .
where e, = (ep + 4 &p mp D) (4)

. - 2
nL(t) = nLD + ¢ 1In 28O + (eo ePL) t

- an(t) (5)
-€ t 4 ’
eotepLtiegep e O ©pL

where ¢ = ePL/F‘ZpL

After the irradiation
If we assume the irradiation stops at time T, we have similar equations

the repair and interaction of lesions in the post-irradiation period,. but,

of course, without the source terms involving the dose rate:

dnpy () = = ep mpy () = epp My (£) (6)
dt ‘

an (8) = o 1l (8) (7)
L 2L PL -
ot .

where the initial conditions are

and

an(T) = the value of Npy. in equation (3) with t =T

=]
—~
—
—
~—
i

the value of . in equation (5) with t = T.



The details for solving these eqUations are in Appendix II. The solutions

are:

. L “epLbel —

7 [1 + Np /e(l-e )

and

t

“epLtr, .
) [1+ Noy/e(l-e

-ep t
L (8) = N+ Ny (1 + Ny /e)(1-e )

- e in 1+ Ny se(l-eTREr)] | (9)

Awith NL = nL(T) from equation (5), Npp = an(T) from equation (3), t. =

the time available for repair after the end of the exposure, and ¢ = EPL/EZPL°

The Survival Equation

To §a1cu1ate survival at time t = T + t., the time after which no more
repair can occur and the fate of the cell has been determined, we make the
assumption that the total mean number of lethal lesions per ce11 is the sum of
the lethal and potentially lethal lesions per cell. That is, we assume that
all potentially lethal lesions still present at the end of the available repair
time, t., are "fixed" (i.e., made lethal).

Then for a given repair time, t_, the total mean number of lethal lesions

r’

per cell is

npor(T + tp) = n (T +t) + np (T + t) B
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Using the Poissonian assumption for the distribution of lethal lesions per

cell, we write the survival as the probability that‘a cell has no lethal

lesion:
“Npar(T+t ) -ny (T+t ) =-ng, (T+t )
S = e T0T r’o_ o L r PL r (11)
Substituting equations (9) and (8) for n and n pL> respectively, we
obtain |
- T
PL"r
S = e'(NL+NpL) + g ]n[1+NpL/€(1-e )]
-N -gy t €
_ T0T PL*r
= e [T+ Ny /e(1-e )] (12)
where NL = number of lethal lesions at the end of the exposure time
NPL = number of potentially lethal lesions at the end of the exposure
time
€ = e/ ep |
tr = repair time available after the end of exposure
N = N + N

Tor = LT YL

The values of Npy_ and N are obtained from equations (3) and (5), respectively,
with t = T, the exposure time.
The survival can then be written in general terms of the dose rate, DN,

the absorbed dose, D = DT, and the mean available repair time, t_, as

r’
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: N (/) [ Ny (0/7) et C
S(0,0,¢ ) = o rort ol |y M) et (13)
€

where Npgp (D/5) = np (T) + n (T) from equations (3) and (5),
Npp (D/p) = np (T) from equation (3)

the mean time available for repair after the end of the

exposure,

For long repair time, the exponential involving t. becomesrvefy small.
For cellular studies utilizing stationary (plateau) phase cells left in
conditioned medium for very long periods after ifradiation (delayed plating
experiments), the available repair time can be considered to be long enough
(tr>>1/€PL) so that this term can be neglected. Then, the survival equation

becomes

“Nror(0/p)

S(D,D,=) = e (delayed plating) (14)

N v/ 1¢
L+ PP

€

Comparison with experiment - determination of values for parameters

Experiments at a variety of dose rates using plateau phase C3H10T1/2
cells have been reported by Wells and Bedford (11). Enough repair time was
allowed after the end of the exposure so that equation (14) applies. An
analysis was made to determine values of the four parameters in the model: s
NpLs EpLs ©pL for this cell line. The parameter . is simply the reciprocal
of the DO for the exponential curve obtained at very low dpse rates (see next

section) (n = 1/7.32 = 0.1366 Gy !). The values of npL and e = 5 /eyp were
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obtained by finding a good fit to the high dose rate survival curve using
equation (14). The results were NpL = 0.6 Gy'! and € = 9.0. The vaiue of €|
was chosen to reflect a characteristic mean repair time of two hours (€PL = 0.5
hrol),

A family of curves using these parameters is shown in Figure 3 for
graded dose rates from 5 x 1073 to 10% Gy/hr. Intermediate values, for which
the shape of the survival curve is a function of dose rate, are indicated in
the figure. Aththe'high and low end of the dose rate range, there is no
dependence of the curve shape on dose rate.

The variation of €y ON dose rate is shown in Figure 4. For the values
of the parameters chosen, the hiéh dose rate region is reached when €
approaches about 4-5 (i.e., around 1 Gy/min).
| In Figure 5 we show the survival curves with the above values for the

parameters compared with the experimental data of Wells and Bedford (11).

Low dose rate approximation

We will define the low dose rate approximation to hold at those low dose
rates such that the survival curves are not a function of dose rate. The

condition is

N <« EPL/"PL low dose rate

A proof with the restriction e >2 is given in Appendix IIl. The survival

curve hecomes simply
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‘High dose rate approximation

We define the high dose rate approximation to hold at those high dose
rates such that, again, the survival curves are not a function of dose rate.

The condition is

D > egL/(4"PL€2PL) high dose rate

A prodf of this with a restriction on the exposure time T << 2/eo is given in

Appendix IV. If these conditions are met, the survival equation reduces to

=(n + np )0 npy D —eg t € :
s MR [1 R O A (16)

€

We note this is just equation (13) with NTOT = (nL + an)D and NPL = ”PLD’
This is the solution obtained previously (12) with the assumption that the
exposure time was short compared to the repair time; that is, all of the

lesions created by the radiation were present at the end of the exposure.

Linear-Quadratic Approximation at Low Dose

An interesting approximation can be made to equation (16) in the region of

low doses. [If the survival expression is rewritten:

-In S = (n, + ) D-g In |1 + D/ (l-e-ethr) (17)
L7 MpL € Mp Y/ €

and the logarithmic term is expanded in a power series valid for small values
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of D and if we keep only the first two terms of the expansion (those involving

D and N2), we obtain:

2
e t -ep t
: PL'ry 2 2 PL"r
-1n S = n D + np N-g|np D/e(l-e )=np D" (1-e ) (18)
2(—:2
s . “epLtr
The restriction on D is N << 3¢/[2np (1-e )] .

Simplifying, we obtain

2
D

. € b
In'S = (“L . oL o PL"r

2

- t
€pL r) (19)

2
2¢
We see that the expression is linear-quadratic in the absorbed dose. We
identify the linear and quadratic coefficients, a and B, respectively:
t

-€

2
? - ~ep by
B = nPL (1 - e ) (21)

2¢

Thus, we see that linear-gquadratic dependence on the dose is a special
case of the LPL model and is valid only at those low doses where inclusion of

only the first two terms of the power expansion is justified.

Derivation of the "dose protraction factor" of the linear-quadratic models at

low doses

Another interesting low dose approximation can be made. For sufficiently

low doses, it is possibielto'neg1ect the n%L term in equations (1) and (6). If
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this is done, the differential equations (1 and 2) for Qgﬁgf become

d in, (t) _ : (22)
1dPL = np D - ep 1Np (t)
t
dn, (t) _ 3 2
"D - ey e (D) (23)
t
~ where 1" L(t) is the new function satisfying the modified differential
p .
equation.
The first can be solved to yield
. -QPLt
and so at the end of the exposure (t =T,
3 . -EPLT
1"pL(T) = Npy = mp D/ep (1-e °7 ) (25)

For t>T, we neglect thé quadratic term in equation (6) and the rate of

change of the potentially lethal lesions, 2nPL(t), becomes

d ,ng, (t)
2 PL = -¢ Np (t)
It PL 2"'PL

which is immediately solved to be

- 16 -



—sPLt

oNp (L) = Ny e (27)

The differential equation for the lethal lesions in this time interval

remains

dnL(t) (28)

2
= ng, (t)
—— &pL 2"PL

The number of lethal lesions at the end of the available repair time, tr’

can be obtained by integrating over the total time:

T T :T+tr
- : ] 2 1 ] 2 ] 1
n (t,) = nLD/dt + eypL /lnPL(t_ )dt +j2an(t )dt (29)
0 0 T

where 1an(t') aqd 2an(t') are given by equations (25) and (27),

respectively.

This is immediately integrated to give

2 A 2
n (tp)=n D+ . ep T+e -1-1/2 (e -e ) |(30)
2
2¢e (sPLT)

Now, in addition, if we assume very long repair times are available, i.e.,
t. is very large compared to 1/spL, the last term in the brackets can be
neglected and we have for the total mean numbec of lesions, nTOT:
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2 2

. -EP T

t + o 2

r 2¢ (epLT)
2 .2 :
= D + g D7, G(T) (31)
—ey T
where G(T) = 2 e T + @ L
(epLT)Z

We see that we obtain the "dose protraction" or "dose rate" factor G(T)
which occurs in the time dependent theory of Dual Radiation Action (2), the
Accumulation Model (13), and the Molecular Theory (9,14). This function also
appears in an earlier theoretical treatment by Lea and Catcheside (15)
describing chromosome breaks and exchanges. As pointed out by Lea and
Catcheside (15) and by Lea (16), it appears when the equation dn/dt = Ké-kln
(for the breaks) during exposure and sznzdt (for the exchanges) during and
after exposure are solved with subsequent allowance for long rejoining times to
elapse.

Thus, the present formulation includes within it the previous dose rate
formulations yielding linear-quadratic dependence on the dose and the "dose

protraction factor" as special cases which are valid at low doses only.

Behavior of the survival expresssion at high doses

We can differentiate equation (17) with respect to absorbed dose D and’

take the limit as D approaches infinity, obtaining

- 18 -



-eq t
PL"r
)

Tim d-1n8) 2 1im 1o + no - np (1-e
-_ L pL -

Dr = Dr = -gthr
dn 1 + np D/e(l-e )

= nL + ﬂpL (32)

We note that the slope of the survival curve approaches a limit given by
n o+ Npps the rate per unit dose of the production of the sum of the lethal and

potentially lethal lesions.

Sublethal and Potentially Lethal Damage

Operational definitions of sublethal and potentially lethal damage can be
stated as follows: Sublethal damage (SLD) is that damage that is repaired
between doses in a split dose experiment or during exposure in a low dose rate
experiment. Potentially lethal damage (PLD) is that damage that is repaired
after the end of the radiation exposure (or egposures). Applying these
definitions in the consideration of the above formulation, we see that both
types of damage are accounted for and, in addition, they both arise from the
same type of repairable lesion, designated here potentially lethal lesions.
Thus, in the LPL model, there is no fundamental difference between SLD and PLD
repair, the former occurring during or between irradiations and the latter
occurring after the final irradiation. All repairable damage is characterized
by one class of repairable lesions with mean repair time 1/epL. Both kinds of
damage are accumulated in the sense that it takes two lesions to interact to
fdfm a lethal lesion. In addition, however, these lesions can be "fixed" by
cellular processes probably at various points throughout the cell cycle. Such

fixation may be the reason that many cell lines show little or no repair ofh

- 19 -



potentially lethal damage in exponential growth phase. For cells in cycle, in
this view, the damage is fixed at "fixation points" in the cycle before having
the opportunity to be repaired. Roughly the same amount of damage is repaired
in the growth medium independently of when the trypsinization occurs. For cell
Tines in exponential growth that show repair of PLD, the trypsinization
procedure itself may be a mild inhibitor of damage repair, thus "fixing" some
lesions which, if left undisturbed a longer time, might have been repaired

correctly.

Interpretation of "Conditioned" and "Fresh" Medium Experiments

These ideas can be used to interpret experimental results on the repair of
PLD in Ehrlich ascites tumor cells in plateau phase obtained by Iliakis (17).
Using parametric values of n = 0.2 Gy’l, np = 1.1 Gy'l, e=10 and ¢, = 0.5

hr"'1

, we first calculate from equations (8) and (9), the time dependence of the
numbers of the two kinds of lesions, Mo and s respectively. This is shown
1n.Fi§ure 6 for an exposure of 7 Gy of x-irradiation. Here and in succeeding
considerations, we are assuming the high dose rate approximation applies so
that NL = “LD and NPL = anD. The calculations were made for two experimenta]
conditions: for the cells in conditioned or “C"-medium and fresh or
"F"-medium. The conditioned medium is the same medium in which these plateau
phase cells were being maintained in suspension immediately before the
ifradiation. The fresh medium is growth medium which causes the cells to enter
the cell cycle and start proliferating. The calculations were made with the
assumption that, for the F-medium case, a fixation point of some kind occurred
at 3 hours postirradiation, and all remaining potentially lethal lesions became

lethal and no more repair could occur. A comparison of the calculated survival

time dependence with the experimental results of [1iakis for the two
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experimental conditions is shown in Figure 7. The time in the experiments was
the time interval after the completion of the irradiation exposure before the
repair inhibiting drug sQaraA (8-arabinofuranosyladenine) was added to the
cultures. We assume complete fixation of remaining potentially lethal lesions
by the drug at the time of its applicétion. The experimental data can be
interpreted as indicating that in fresh medium there is an "effective" repair
time of 3 hours after which the lesions are fixed and no more repair is

possible.

Split-Nose: Repair of Sublethal Damage

We assume the same mathematical formulation applies to the interpretation
of split-dose experiments. For irradiations D1 and D2 separated by a time
interval At, new lesions produced by the second dose add to the remaining
lesions not yet repaired from the first dose and produce a new total .number of
lesions per cell. It is convenient to write the number of lesions as a
function of the number of initial lesions N formed by a dose, N, and the repair

time interval allowed, t. Thus nL(t) = nL(NL(D),t) and an(t) = an(NPL(D),t).

After a time interval At, a first dose D1 will yield

nL(At) = "L(NL(DI)’ At) and nPL(At) = nPL(NPL(Dl),At) . (33)
Immediately after the second irradiation, DZ’ we have

0 (D1.0,,2t) = n (n (N (D]),at)+N (D,),0) | (38)
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and
an(Dl,Dz,At) = nPL(an(NpL(Dl),At)+NPL(DZ),0)~ (35)
After a repair time tr allowed after the second dose, we have
np(Dy,0y 58t ,t ) = ny (n (N (Dy),at)+N (Dy),t ) v (36)

and

no (DsDy 8t ,t ) = npy (np (N, (D)) ,at)+Np (D,),t,.) (37)

Here, repair is occurring both within the fraction interval At and after the

second exposure, during a time tr‘

Using the same parameters as in the above example, the calculated time
course of lesions is shown in Figure 8 for conditioned medium (top panel) and
fresh medium (bottom panel), in a split-course of 2 Gy + 5 hours + 2 Gy. After

three hours in fresh medium, the time interval does not affect the final

-n, -n
survival (which is S = e L pL). Thus, split dose experiments of stationary

phase cells in fresh medium yield a measure of the repair available to the
“time to fixation" in the fresh medium rather than the true repair kinetics of

the cellular.lesions.
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Inclusion of the Effects of Hypertonicity

In experiments with cells placed in hypertonic solution after irradiation,
it has been found thatt(l) the s]ope of the survival curve is steeper than if
g-araA is used as repair inhibitor (7, 18), and (2) the repair kinetics is much
faster than found after experiments using g-araA (7, 18) or after split-dose
experiments (10). The interpretation of these results within the framework of
the LPL mode] requires the assumption that a new class of lesions with faster
repair kinetics (t1/2 =v3-10 minutes) is 1n§o1ved. Figure 2 (bottom) shows
these lesions as a distinctly separate class with pr{med parameters, The
assumptions are made that (1) there is no interaction between these lesions
(i.e., first order repair kinetics applies) and (2) the hypertonic treatment

"fixes" the lesions that are left unrepaired . In this case, for the high dose

[}
- rate situation, the value of nyyr in equation (10) includes a third term, Npy:

] 1 "EPLtr

npL © N (38)

The primed coefficients are npL = the production rate per unit dose for the new
lesions .

epL = the repair rate per unit time for the new
lesions

Variation of Radiation Quality in "Track Segment" Experiments

In "track segment" experiments, a uniform fluence of charged particles, ¢,
with a constant single-valued LET, L, is assumed to traverse the cell
population. In this case,D = kL¢, where k is a proportionality constant whose
value depends on the units of D, ¢ and L. As is customarily done, we now
define a probability for lesion production per unit fluence called a cross

section; g, which has the dimension of an area. Then for the lethal and
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potentially lethal lesions, respectively, we have

n = nLD = knLL¢ = a9 (39)

Npp = M0 = kmp Lo = opy ¢ (40)

From these equations, the relationships between the n's and o's are:

Eq. (16) then becomes

«(o, + a5, )0/ (kL) —gg t €
PP [1 + op  O(L Se Pt r)/(kLe)] (43)

With the absorbed dose, D, expressed in Gy, the LET, L, expressed in
keV/um of water and the cross seétion for lesion production expressed in um2,
k = 0.16 Gyum3/keV.

We note immediately that there is a reciprocal dependence on the LET ‘in
two of the terms in equation (43); the cross sections, however, also depend on

the radiation quality of the particle beam.
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Assumptions for the Cross Sections

We make the following assumptions in order to calculate expressions for

the cross sections:

1.

Biochemical Ere]ésions are formed by clusters of ionizations Poissionly
distributed along the tracks of charged particles traversing the cell
nucleus. The mean distance between prelesions is assumed to be A; thus,
the mean number of pre1e§ions per unit length is 1/A.

The distance of these prelesions from the track trajectory is'sma11
compared to their separation,

There are.on the average n “critical” regions (targets) of average length
Xo randomly distributed along each track through the cell nucleus.

An immediately lethal (i.e., irrepairable) lesion is caused when two or
more prelesions occur within a critiéa] region of average extension X,

along the track.

A potentially lethal lesion can arise from an isolated prelesion.
The cell nuclei have an average radiobiologically effective cross section
%, presented to the particle beam,

Now using the Poissonian assumption for the distribution of prelesions, we

can write the probabilities for prelesion formation in terms of the mean number

of prelesions per critical region, X,/a:

p = gfo/X = probability of finding no prelesions in a distance

Xg along the track

-Xo/2 probability of finding one and only one prelesion

©
1]

(Xo/k)e

in a distance X, along the track
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= 1- P0 -~P1 = probability of finding two or more prelesions in a

>2
distance Xy along the track
-Xo/A
= 1-e (1 + Xo/l)
Now 1 - P>2 = probability of failing to find two or more prelesions in
Xo

n

and (1 - P>2)n probability of failing to find_two or more prelesions in

any n randomly selected distances Xo along the track.

The probability, then of finding at least one lethal
lesion (i.e., two or more prelesions within at least one

critical site) along a track is

PL=1-(1-Pp,)" | | (44)

The cross section, ¢, , has originally been defined as the probabi]ity'of
lethal lesion production per unit fluence, but since by definition only one
lethal 1esioh is necessary to kill the cell, o should be reinterpreted as the-
probability per unit fluence of one or more lethal lesions being produced. At
high LET, there is a greater probability of more than one lethal lesion to be
produced by each track. The total number of lethal lesions does not saturate
but the probability of one or more lethal lesion being formed does saturate.
This is reflected by the above equation.

We write the cross section, o » for cell killing via the direct lethal

lesion process as follows:
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nq . o/ n
= o[1-(1-P,)"] = o1 - [e (1 + Xo/M)17} (45)

9% 0 »?
The mean number of isolated prelesions within critical sites per track is
P1 and for an average of n critical sites per traversed nucleus, the number of
1so1ated prelesions within critical sites per track length through the nucleus
is nPy. The cross section, op » for potentially lethal lesion formation is

assumed to be proportional to nPy:

= Xo/)\

pL is the probability that, given a prelesion within a critical

site, it will remain to become a potentially lethally lesion. This factor will

Here F

depend on the chemical environment within the cell nucleus (e.g., concentration
of oxygen and sulfhydrals). Thus, this is where fast chemical restitution
processes and the competition between oxygen fixation and hydrogen donation
plays a ré]e.

At low LET, i.e., for large A, there are few prelesions per unit track
length, To see the dependence of the cross sections at low LET; we expand
equations (45) and (46), keeping only the terms of lowest order in X,/A and

obtain

o =a " X02/(212) (Tow LET approximation) (47)
Op = FoL o, N Xo/ A (Tow LET approximation) (48)

Thus, at low LET, o increases as the square of 1/A and IpL. increases

linearly with 1/x. To the extent that 1/x is directly proportional to the LET
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of the particles, these statements can also be made about the variations of the
cross sections with LET.

The reason for the quadratic dependence of o at low LET is traceable
directly to the assumption that the irrepairable lesions are caused by (at
least) two prelesions in a criticé1 site. This is similar to the assumption of
the "site model" in the Theory of Dual Radiation Action (2). The size of the
critical site Xy, however, appears only in the ratio Xy/A, and so knowledge of
its magnitude must await the determination of A, the mean distance between
prelesionsvfdrmed along the track. If, for some intermediate value of LET, A =
0,1 um, Xo will turn out to be about 10 nanometers. One suggestion is that X,
is_the mean distance traversed by a charged particle through a strand of DNA.

Lacking physical data on geometrical distribution of ionization clusters
and/or relevant chemical lesions around and along particle tracks within a cell
nucleus, we make one further assumption, valid only in a limited range of
particle effective charge, z*, and velocity, Bc, that X,/A is proportional to

z*2/g2;
Xo/A = koz*2/82 | (49)

NDependence of the cross section on this parameter instead of LET has come
from the realization, apparent for some time (19-21) that particles with
different z's and the same LET cause different amounts of cell killing. This
has lead to the suggestion that 2*2/82 might be a better parameter than LET to
characterize such radiobiological quantities as the OER (oxygen enhancement
.ratio) of mammalian cells (20). The same idea has been incorporated into the
jon-gamma kill model of Katz (5).

The cross sections then become:
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o f1-[e ~ KT/ (1w k pr2/a2)]"} (50)

GL(Z*sB)

, -k 7%2/a2 '
op (2*,8) = Fp oo.nkoz*z/B2 e K Z*4/B (51)

Fig. 9 shows o and oy plotted as a function of z%2/82 with the fol]owing

¢

values for the parameters:

45'um2, n =12

o =
[o
FpL = 0.1 (oxygenated cells), Fp = 0.08 (hypoxic cells)
k0 = 1/4000 (oxygenated cells), ko = 1/5760 (hypoxic cells)

A comparison is made with best fit values of o and opL.obtained from

survival of T - 1 human kidney cells irradiated with alpha particles (21).

Concluding Remarks

A unified repair model of rédiation action has been presented embracing
several of the major concepts in theoretical radiobiology which have been
developed over the last few decades. The "interaction-of-lesions" idea
appeared in the early work on chromosome aberrations and was incorporated into
the model of chromosome misjoining of Lea and Catcheside (15) as well as the
models of cell lethality of Neary (4), Kellerer and Rossi (2,3), Roesch (13),
Chadwick and Leenhouts (9,14) and Tobias (1). The ideas of (binary) misrepair,
(1inear) fixation, irrepairable lesions caused by single tracks, at least two
different kinds of repairable lesions, the separability in time of single track

and multi-track events, the high LET effect being due to higher statistical
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probability of two or more "lesions" occurring in a critical site at higher
jonization density are all combined to produce a model that appears to be
compatable with a considerable amount of exberimenta] data.

One major idea not a part of the model in its present form is that of
repair-saturation. As has been shown in the development of several models
(23-25) and as recently reviewed by Goodhead (26), repair saturation can also
explain very effectively the shoulder on survival curves. Evidence exists at
high doses that repair of double strand breaks shows the characteristics of
satﬁration (27). It has yet to be'eétablished, however, what role, if any,
saturation phenomena play in leadﬁng to cell lethality at doses less than 7 Gy
where the shoulders of survival curves appear.
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1'

FOOTNOTES
These characteristics are not unique to this model. They also épp1y to the
RMR model (1) and the mathematical form of the "modified single

hit-multitarget" model with the target number eqdal to two.

 The quadratic terms in these equations can be considered to arise from the

assumption that the probability per unit time for interaction of the

potentially lethal lesions within any cell is proportional to the number of

possible pairwise interactions of lesions,

{;i} = 1/2"1(”1-1)

where n. is the number of such lesions in the ith

i cell., We note that such

péirwise interaction of lesions is also a fundamental assumption of the
Theory of Dual Radiation Action of Kellerer and Rossi (2) (in that
formulation, they are called sublesions), the accumulation model oeroesch
(13) and the Molecular Theory of Chadwick and Leenhouts (9). We assume
further that the lesions follow a Poiséonian distribution among the cells,
with mean number (or expectation value) n per cell. -The value of n varies
as a function of time. The quadratic terms in equations (1) and (2) are
obtained by assuming that the rate of potentially lethal lesion interaction
is proportional to ETF:T3 which we note is eqda1 to n2 - . It is easy to
show that n2 = n (i + 1) for a Poisson distribution, so that n2 -n = n2,
Thus, we have written the third term on the right in equation (1) and the

second term on the right . in equation (2) in terms of the square of the mean

value of the potentially lethal lesions per cell, n2, instead of n(n-1),
The author is indebted to Professor D. Harder for a conversation regarding

this point.
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Figure 1.

Figure 2.

Figure 3.

FIGURE CAPTIONS

Evolution of important events leading to cell lethality in the LPL

model. Ionization events in the physical domain lead to radicals
in the chemical domain which in turn lead to prelesions in DNA
still in the chemical domain. If these are in close proximity,
they 1gad to lethal (irrepairable) lesions. If they ére isolated,
they can, if not réstituted, lead to potentially 1lethal
(repairable) lesions. The 1a£ter in the biological domain‘Cén
either ihteract to form a lethal lesion (binary misrepair), can be
"fixed" at some point in the cell cycle, or can be correctly

repaired.

Diagrammatic representation of the LPL model and designation of
parameters in the biological time frame. The o and np are the
rates per unit absorbed dose for production of the 1efha1 and
potentially lethal lesions, respectively. The €L andlie2PL are the
rates per unit time of correct repair and binary misrepair,
respectively, for the potentially lethal lesions. The primed
parameters refer to an entirely new class of lesions which can be

"fixed" by hypertonic treatment.

A family of survival curves as calculated from the LPL model.
Values of the parameters used are given in the text. At high and
low dose rates, the survival curves become indebendent of dose
rate. Curves a through h denote values in the midrange of dose

rates where the survival curves are a function of dose rate.
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Figure 4.

Figure 5.

Figure 6.

Figure 7.

Dependence of €, ON the dose rate. Low dose rate conditions occur

when € is constant and equal to €pp High dose rate conditions

occur when € reaches a value of about 5 for the values of the

mode1 parameters chosen.

Comparison of survival curves calculated from the LPL model (solid
curves) and the experimental data from C3H 10T1/2 density-inhibited
cells irradiated with 1"37Cs gémma rays obtained by Wells and

Bedford (11). Parameters in the model are given in the text.

A comparison of the time course 6f the mean numbers of lethal (nL)
and potentially lethal (nPL) lesions in C, "conditioned," (dashed
line) and F, fresh or growth medium (solid ‘1ine) after an absorbed
dose of 7 Gy. A fixation point is assumea after 3 hours in fresh
medium; i. e., 511 remainin§ potentially lethal lesions are fixed

and become lethal at that point.

Cell survival és a function of time in "conditioned" (dashed curve)
or fresh (solid curve) medium after an absorbed dose of 7 Gy.
Comparison is made with experimental data from Ehrlich ascites

tumor cells (17).-
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Figure 8.

Figure 9.

Time course of the mean Aumber of lethal (nL) and potentially
lethal (nPL) lesions for a split dose experiment in "conditioned"
medium (top) and in fresh medium (bottom). The experimental
brbtoco] is .assumed to be a dose of 2 Gy followed by a repair

period of 5 hours followed by a dose of 2 Gy.

Lesion production cross sectfons, oL and Opy »aS 2 function of
z*2/82 for oxygenated (solid line) or hypoxié (déshed line) cells.
Data points were obtained from best fits to cell survival curves
obtained with human kidney T-1 cells irradiated with alpha
particles and deuterons of various velocities (22). Values of the

parameters uéed to calculate the curves are given in the text.

- 38 -



-68-

EVOLUTION OF EVENTS LEADING TO CELL LETHALITY - LPL MODEL"

FAST INTERMEDIATE SLOw
110"6-16"2sec) 116'2-10" sec) (10" - 10% sec)’
Physical domain Chemicol domgain ' Biological domoin
r
In close R
proximity > Lethol lesions
(PLL from on{mer\trock)‘
Clusters of Clusters . NN
ionizations ] ) of radicals iS:b[I)i‘saons{ 0, conceniration SO
olong o trock (OH + other?) \\ “
) Lethal
Llsololed > ::ostg::sm‘(lz’l_'t')hm Lethal
Rodicol ' Correct™
scavengers i
9 Restitution repoir Repoired
lesion
Note: All single track effects excépt for misrepair
XBL 837-10634

Figure 1.



-Ov—

- POTENTIALLY

Unirradiated

- radiosensitive

material

treatment

LETHAL
LESIONS Inhibition of repair
Correct repair (cellular *‘fixation,” etc.)
< ¢ Repairable >
PL .
lesions, NpL :
" Y e UraWe .
\ Binary
misrepair
€apL i >
oL /
N\ Repairable
- lesions, NpL -
pL
n
TpL .
""" Repairable
: , >
- lesions, o I jnnibition by hypertonic
€
PL

LETHAL
LESIONS

n

XBL 851-8105

~Figure 2.



Fractional Cell Survival

T~TTTT

ILRRAAL

IR BRI

T 1 N

a. 1.67X10™3 Gy/min

L el

b. 3.33% 1073 Gy/min

¢ 8.33x10°3 Gy/min

d. 1.67X 1072 Gy/min

e. 3.33X 102 Gy/min

L3 111l

f. 8.33X 1072 Gy/min

g..1.67x10~! Gy/min

h. 3.33% 10~ Gy/min

L1l

1073

T THITH

L il

1074

T TN

107°

o

10 20 30 40 50 60 70
Absorbed Dose/Gy

XBL 844-7694

Figure 3.

- 4] -



€

°p 94nbi4

£69.-¢¥8 18X
(uw/Ao) arel asoq
ol 0 10 10°0 100'0
mrreir v i _4___ P . _____ IR rrrr ol 0
L | |
—2
—v
—9
—8
—{o1
i
| 1 _______._ ] pprt i1 | . | N_.

- 42 -



RELATIVE SURVIVING FRACTION
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Cell Survival vs. Time
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APPENDIX I

Equation (1) is seen to be of the general Riccati type, but can be

directly integrated. We rewrite equation (1) and integrate:

Np dn; t
,/P - L o= ./;t' = -t
12 ' .
° (eapp MpL + ep Mpp = p D) 0
. 2 172
" If we let € = (482PL "PLn + ePL) .

we can write the integral immediately from the tables:

epL " %

1 2 Npy + €py = €
2pL TPL T PL T f0 g .-t
t €

€ Zep MpL gLt 5 epL * %

Simplifying, remembering the definition of e, from equation (I-2),

exponentiating each side and solving for Npp» We obtain

3 - Eot
2np D (1 -e O )

N, (t) =
PL. -sot
& * e * (g = ep de

Now to solve for nL(t), we can immediately write from equation (2):

t : t

M 2
nL(t) =/nLD dt' + e’ZPLf an(t Ydt
) )

(1-2)

(1-3)

(1-4)



x(t) = e %" (1-6)
dx _ -t _ —

Then —~ = -g¢_e 0" = -g x and dt/dx = -1/¢_x
dt 0 0 0

We can now rewrite equation (I-5):

1

€2pL ”:L(X') dx* (1-7)

nL(t) = nLDt + ‘ )
EO X
X

Looking only at the second term and, substituting equation (I-6) into

equation (I-4), we have:

1

o 1 1 1
2
an(x')dx' . dx' 2 dx' , x' dx' ,
———— = 4(np D) - + (1-8)
x' x'(a +b x')2 (a +bx')2 (a +bx")2
X X X X

where we have made the substitutions:

a = € + €. and b = € ~€pL | : (1-9)
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After again consulting the integral tables, and simplifying, we obtain:

D) epp | a7-b°  ab biInx  (x-1)(asb)
L In - + (1-10)

€ a2b2 atbx a2h? ab(a+bx)

. 4(

n
PL
nL(t) = nL_Dt +

From the definitions of a and b Cequation (I1-9)] and g, [equation (1-2)17,

we can write:

a + b = 260

2 2 _ .

a” = b" = e ep

ab = Beyp np D

Then we can rewrite equation (I-10):

2 .

n (t) = mlt + 2= In 2 & (1-11)
. SpL a+bx 4esz a+bx
. -Eot
€ 2¢e (e =€ny )2t 2np, D(1-e )
- nLD + PL n 0 o PL _ PL (1-12)
€, -sot

We note that the last term is just an(t) from equation (I1-4).
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APPENDIX IT

The equations to be solved are equations (6) and (7) for times.t » T:

dn,, (t) _ 2
A A DY (11-1)
2 .
dn, (t) _ G (11-2)
dt
with initial conditions:
| NPL = an(T), the solution from Appendix I for t =T
N. = n.(T), the solution from Appendix I for t = T.

Working with equation (II-1), we can write:

np (t) |
dn t
PL , = -/dt' = =(t-T) = -t. (I1-3)
epLpL T S0 ML T
No
where we have set tr = t-T = the time available for repair after the end

of the exposure. The left side can be immediately integrated, using the

tables, yielding:

Ve qn[ L * 2p™u® = qnsut e 1 7 5 (194)
N (t) NoL

Simplifying, we obtain:

t
Cepp * gpmp ()] M L o LT (11-5)
ool * epp Np T My (t)

Solving for an(t) yields:

- 51 -



e L | |
nPL(t) PL A (I1-6)
“ep by |
1 + (NPL/s ) (1-e )
where we have set € = ep /egp and t, = t-T
We now solve for nL(t):
n_(t) t 2 t,. 2
f dn = E‘ZPL["PL (th)dt' = ep [nPL (t.)dt, (11-7)
nL(T) : 0
1
Changing the variable of integration to t. = t' - T
. ' _ L,
r p—
N. e -ethf' )
nL(t) = nL(T) * 5oL PL dtr (11-8)
: - t
Lt (/) (Lo T57)
0 L i
tr 1
e-ZSPLtr dtl
= nL(T) + &p1. NpL r (11-9)
]
~gq t 2
L+ (No /) (1-e PLTr )]
0
. -EPLtr 1
By introducing a new variable of integration x' = e , dt . =

r
(-dx')/(sPLx'), and two new constants a = (1 + NPL/e) and b = -NPL/e, the

above integral can be looked up in the integral tables yielding:
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a + bx a+hb

-€ [1n (a+bx) + a - In (a+b) - a ] (11-10)

Substituting back for tes Npp s and e, we obtain for nL(tr):

. , et
_ PL"r
nL(tr) = nL(T) - ¢1n [1‘+ NPL/e (1-e )]
-c t
. PL P
s Mo (LN, /) (1 - ) (11-11)
-g t
L+ Ny /e(l-e PET)
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APPENDIX III

We will show here that when D << epL/npL and € » 2, the survival curve

becomes an exponential function of dose. We expand €y S follows:

. : . : ° 1/2
- 2 1/2 _ 4n,, D -
& = (EPL + 4”PLD€2PL) = g 1+ PLY=2PL
pL
: 1/2
= & 1+ _iEEEE_
€ Ep
= e 1k fw e L (111-1)
. € €.
Now if 1 >> anLn/(s ebL), € = €ep-.

This restriction then becomes

D <« ¢ €pL/(2an) '

"So if the additional restriction of ¢ » 2 is true

D << ep /mp

satisfies the above inequality and ¢ = epy_ *
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, then

(I11-3)



An inspection of equations (3) and (5) shows that, if this is the case,

. -epf |
t) np D (1-e "7 ) (111-4)

np).{

€pL

nL(t) nLD - an(t) (IT1-5)

Therefore, at the end of the exposure,
nTOT(T) = nPL(T) + nL(T) = nLD = NTOT‘ (111-6)

The survival expression, equation (12) becomes:

-n D : -ep T - (t'-T)
s et (14 MmP-e Py (- P y 1 (-7
€p €

Since both expressions within the parentheses are always less than unity, the

second term in brackets can be neglected when

(nPLD)/(ePLe) <« 1 or D <« €p|. e/nPL (111-8)

This will certainly be the case when D << epL/nPLand e > 2, the two

restrictions assumed above. Therefore, the survival expression reduces to:

-N
S = e © (111-9)

when D << ePL/nPL and € > 2.
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APPENDIX IV

The high dose rate restriction is given as:

2 .
D > ey /(4np gp )
wé will show this leads to equation (16) with an additional restriction
on the exposure time, T. | |

We start with the two general equations for nPL(T) and nTOT(T):

. 'SOT - . -SOT .
an(T) ZnPLD(l-e Y/ (eq + SPL) + (gq - epL)e ] (1v-1)
rofT = M (M) + n (T)

€ 2¢g

= oD o+ PL_1n
‘ . 'EoT
EZPL €9 + SPL + (so - epL)e
(Eo -€ )ZT
+ PL (1v-2)
beapy
First we use the restriction of short irradiation times (i.e., T << 2/50)
. . "€0T ) . "EoT
to make the approximation e =1 - eoT and 1 - e = eoT. Then:
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2np De, T

80 + EPL + [(EO-SPL)(I‘EOT)]

DT

n .
= PL - DT = n

= pD (1v-3)

We have neglected 1/2(so-ePL)T in the denominator by invoking the short

irradiation time restriction. . We note here that if T << 2/e0, then T <«
2/(eo-spL) since ep is always positive and less than or equal to e,.
Now from equation (IV-2), we see that the second term on the right can be

simplified by expanding the exponential in the denominator:

2 €

e 1In e T
e * ep * (g, - gpde 0

2¢
= ¢1n 0
Eo + EPL + (eo "ﬂCPL)(l-EoT)
1
= ¢ 1n

1-[1/2 (so-epL) T]

-e In §1-[1/2( e =ep )T]

We expand the log in a series expansion requiring now that

4
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4

T < ——— ;- remembering the definition of ¢, we obtain
(eg=ep )
2
= —e(-1/2[eymep)T) = L (07 U)T < EpiseT el (1v-8)

Zegp | 2epL ZopL

The'third term on the rﬁght of equation (IV-2) can-be wrﬁften{

2 2 2 2
(e? = 250 epi * )T &°T g ep T ep T (1v-5)
“e2pL berpL  ZepL depL |

Now, upon adding this term to the one derived in equation (1V-4), we note
a ¢ancellation yielding:

2T 2T 2T (
€ € € €
- P, o, CPL .

2epL tepL fmpL Aep

2

2
o = U7

Equation (IV-2) becomes

2_ 2 ' _
ot (T) = 0Py (ep% epf)T (1v-6)

derpL

Now, if we require eg >> egL, we can write

D, 2T o S (v-T)

dep

_n
o (T) = L
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But from the definition of £ (equation (4)), we see

2 = . 2
o = fp Deyp + g5
j 2 2

and if €2 >> €f,

. 2 2
Anp Degp + p >> gp.

4 °
np Pegp + 1> 1

2
PL

S0 Ang N gp o
2
€pL

1

and the restriction on the dose rate, D, becomes

D > €pL (high dose rate)
4npLeop

Also, from the above inequality, (IV-8),
4 ) 2
"D EpL > e

2
and we see that € reduces to

2 .
S0 = oD &py -
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Now substituting this expression for &2

2 into equation (1v-7), we obtain

ror(T) = n D + 4np D ep T

- hep

]

nLD + nPLDT = nLD + anDe . . . (IV'lO)

Therefore, using this expression for NTOT and equation (IV-3) for NpL in

equation (12), we arrive at equation (16).
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