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MAJOR HYPOTHESES OF THE LETHAL, POTENTIALLY LETHAL‘LESION MODEL
1. Two types of long-lived lesions (designated "lethal” and "potentially
lethal™) are relevant to cell killing, and remain in the cell after the

irradiation of a cell population.

2. The lethal lesions cannotvbe_repaired and result.in the eventual death qf
the cell or its progeny. They are created by the fast interaction, or maybe
just the ‘close proximity, of two or more “sublesions" formed by a single
charged particle track within a critical distance, perhaps on the order qf tens

of nanometers, depending on the chemical environment.

3. Sublesions are caused by "clusters” of ionizations (perhaps 6 to 10 are
necessary within a distance of 2 to 3 nanometers). These sublesions are

tentati?ely being assumed to lead to double-strand breaks in DNA.

4, Isolated sublesions can lead to potentially lethal lesions. This process
is modified by chemical restitution processes depending on radical
concentration and diffusion, oxygen concentration, and the presence of

sulfhydral compounds within the cell nucleus.

5. If given sufficieﬂt time (for example, in a "delayed plating” experimentj,
the potentially lethal lesions are either correctly repaired or they interact
with each other ("misrepair"”) producing a lesion that is lethal to the cell or
its progeny. This process does not depend on the initial proximity of the two

lesions, but instead depends on the square of the lesion concentration.
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6. If an experiﬁén;al procedure interrupts the repair process (for example;
trypsinization and the initiation of the cell proliferation cycle or the
addition of a repair dinhibiting drug), the potentially lethal lesions can be

“fixed," i.e., made lethal.

A rough écheﬁatic pictﬁfé of tﬁe%eanlYWtimegcourserofﬁeVents léadingyﬁb
cell lethality is.shown in Figure l. A diagramatic sketch 6f the modél is
giyén-in“FigurévZ; it "has a starting point (in the biological time frame)
identical to‘one vgrsion of~the cybernetic model as-develbped by Pohlit.(1981).‘

-'Assuming_a Péissoﬁ distribuﬁion of the pumbef’of“lesipns/celi, the'above:
*‘assdmptioﬁs lead c6 a:SQrvival éxpression;_iyv |
¢ n D:

s = exp [-(n,, + n@_)n]* o+ -2 Q- e'sqa_(—eBA:))],€ (1)
- i € .

p:ddhctioﬁ'rate per unit dose_pf lethal lesions

v.:where ”AC

Nsp ='pf6duction rate per unit dose of potentially lethal lesions

€ = ratio of ‘correct repair to misrepaii'rates = EBA/EBC
Egp = co:rec; ;epai::rate
t. = effective time:for trepair,

'VARIATION OF RADIATION:QUALITY FOR "TRACK SEGMENT" EXPERIMENTS

We assume that the number of lesions produced is proportional to particle

I

fluence; i.e., nD = c¢ with ¢ = fluence.

0

Noting that D L ¢swith:L =-the:particlesLET_, we:can rewrite.the-above

survival equation:



EVOLUTION OF EVENTS LEADING TO CELL LETHALITY - LPL MODEL

FAST INTERMEDIATE SLOW
16"~ 1G2sec) (G2 1G" sec) {101 -10% sec)
Physical domain

Chemicol domain Biological domain

-

In close )
procxi?nity : Y Lethal lesions

(PLL from on&ther\trock)
Clusters of Clusters . .
ionizations of rodicals "Sublesuons< * 0 concentration \\\\
along d track (OH + other?)™] in DNA : 2

)
Misrepair Lethal

Potentially lethol
t . t
\ISOIO ed - > lesions (PLL) Lethal
Radical Correct
scavengers ;
Restitution repatr Repaired
. . lesion

Note: All single trock effects except for misrepair

Figure 1. Evolution of important events leading to cell lethality in the LPL model. Clusters of

ionizations (physical domain) lead to clusters of radicals which in turn lead to sublesions in DNA
(chemical domain). If these are in close proximity, they lead to lethal (irrepairable) lesions. If they
are isolated, they can, if not restituted, lead to potentially lethal (repairable) lesions. The latter
(biological domain) can either interact to form a lethal lesion (misrepair), can be "fixed" at some point
in the cell cycle, or can be correctly repaired. (XBL 837-10634)



Figure 2. Schematic' representation of the formation of lethal (C) and
potentially lethal (B) lesions with .. and n,c the rate per unit of ‘absorbed
dose for the production of ‘B and C lesions, respectively. The potentially
lethal lesions can either repair .correctly with rate €ga OT misrepair with rate

€pc. (XBL 829-4114)



S O 95D
S = exp [- - (0,0 + 0,3)D] [1 + — (1 = exp(-eg,t))]° (2)
€

The cross sections, O,c and o,p are the probabilities per unit fluence to

produce the lethal and potentially lethal lesions, respectively.

ASSUMPTIONS FOR THE CROSS SECTIONS

1. Sublesions are distributed along each track in a Poisson distribution. (Wwe

define )\ = mean distance between sublesions.)

2. The distance of the sublesions from the trajectory is small compared to

their separation.

3. There are on the average n critical regions (targets) of length ié along

the track through the cell nucleus.

4. A lethal lesion is caused by two or more sublesions occurring within a

critical region of length x_ along the track. )

5. A potentially lethal lesion can arise from isolated sublesions.

6. The cell nuclei have a radiobiologically effective cross section Oo on the

average presented to the particle beam.

Then:

Po = exp (—xo/x)= probability of finding no sublesions in distance X,

along the track;



,PI = x,/X exp (=x,/1) = probability of finding one and only one sublesion
) " in Xd‘;-
vP>2'= 1-P,-P; = probability of finding_two‘or_more sublesions in x,.

The probébiLity of finding at.léast'one lethal - lesion along a track within

a cell nucleus is:

Pleenal =1 - W =mY e

‘landwthe cross section for lethal leSionvproduction.(pfobability per unit

.-figéhce)vis:
Sac = 0, [1=(1-P5,)"] = o, {1-[exp _(-xd/k)(lv-i-_x(.)/)\);]:h} @)

The probabllity of findlng an .1solated sublesion along a track 1~ (l-P )n
;leads to the equatlon for the production cross section for potentially lethal

' 1esiqps:
opp = Fpp, 9o{l = (1= x /2 exp(ox /1™ - (5)

fExperimental data indicate’that every isolated sublesion-does not lead to a-
putentially lethal 'lesion; i.e., chemical restitution processes play aurole in,
modifying the'production of potentially lethal lesions. The pfobabil;ty for

chemical restitution 1is given by F in the above equation. It dependsvbn the

PL
chemical constitution in the cell nucleus such as the presence of sulfhydrals

- and 6xygen;

- We pote'that for large 1A, i.e., at low LET:




. . (x 2/232) a i} | -
OAC = ng,, (Xo /2)x°) and Opp = DFpp oo(xo/k). Fb)
Lacking physical data on geometrical distributions of ionizatiomns around
and along particle tracks within the cell nucleus, we make one further

assumption, valid only in a limited range of particle effective charge, Z*, and

velocity, Bec:
X /X = k(z*/8) | | (7)

i.e., the mean numbe? of clusters in a length X along the track is

proportional to the square of the ratio of the effective charge and g.

Then:

04c(2%,8) = o (1 = [exp(-kz*2/8?%) (1 + kz*?/g%)]7} (8)

0,5(2*,8) = o) Fp {1 = [1 - (kz#2/82) exp(-kz*?/8%)]™) (9)

As an example, Figure 3 shows o,. and o, plotted as a function of z%2/82

with the following values for the parameters:

Fop = 0.3 (oxygenated cells), Fp; = 0.15 (hypoxic cells)
kK =

'1/4000 (oxygenated cells), k.= 1/5760 (hypoxic cells)

A comparison is made with best fit values of Opc and o,p obtained from the
survival of T-1 human kidney cells irradiated with alpha particles (Barendsen

et al., 1966).



100

|

Oxygenafed cells
. _._.-—--HypOXIC cells °AC

B Oxy Hyp
o +00m
opg ¢ O

Lesion production cross sections /pm?
o

.,Figure 3. -Lesion production cross sections, 9,c and oy, as a function of

vZ* /8 for oxygenated (solid line) or hypoxic (dashed 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

' (Barendsen et al., 1966). Values of the parameters used to calculate the

curves are. given in the:text. (XBL 836-10340)
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SUBLETHAL AND.POTENTIALLY LETHAL DAMAGE IN THE LPL MODEL

Equation (1) can be written:

S = exp[—nB(nOB,c) - ng(nge,t) ] | - (10)

o
) =m0y exp(-ep, t)/[1 + _gg (1 - exp(-ey,t)]  (1D)

with: nB(nOB,t

where Oyg = the initial number of potentially lethal lesions produced by a

dose, D, and

Relnggst) = ngg + npg — nplngg,t)

n
2B (1-exp(-eg,t) ] o (12)
. , .

- elﬁ[l +

where Ohc = the initial number of lethal lesions produced by an absorbed

dose, D.
For simplicity, we will consider only stationary (pléteau) phase cells.

There 1s experimental evidence that in an immediate plating experiment, a

considerable time period, t,, (about 3 hours) can be available for repair after

plating. After this period, the remaining potentially lethal lesions are
assumed to be "fixed," perhaps by their passing through a "fixation" point in
the cell cycle. Thus, the survival equation for an immediate plating

experiment is:

S = exp [_nB(nOB’to) - nC(nOC’to)] | (13)



This reduces to:

n

) (0):}
S =exp (Mpy-nge) [1+ — (L-exp(-e4,t )]° (14)
. . € .
Similarly, for a delayed plating experiment, an "infinite” time for repair : .

1s allowed and the survival éxpression reduces to:

fa.,

, n__
e : 115 4. OB7E
8" = exp (-nyp-ng.) [ +:—] | (15)
"Avconventional delayed plating (PLD) experiment is shown in Figure 4. Here

all the time points really include 3 hours of repair (not measureable) "on the

plate.” Note: All examples use the following values of the model parameters:

Nac = 02 Gy7'5 nyp = 1.1 6y"l5 e = 105 and epy = 0.5 hr '
:Eor:an;exbériment in which it is assumed that, at some time after the

experimént, all repair is stopped and damage is fixed (e.g., with the use of

p-araA), we can write the survival.as a function of repair time, trep:

S(D,trep) = exp [“nB'(nABD,Crep) - nC(nACD’CIEP)] (16)

‘where we have again assumed that the initial number of each kind of lesion is

propbfﬁipnai;to théiaﬁsorbed'&bse;'DE'nOB_=‘nAﬁD aﬁd“nOé*; nacD-

Figure 5 shows the-time. course of the two different kinds of lesions and-
their total. Figure 6 shows the variation with time.-0of the survival in such an R
experiment.. If repair continues to occur after the repair inhibitor is removed

and growth medium is added, t nust include the additional repair time, toe

' rep
A calculation for Ehrlich ascites tumor (EAT) cells in vitro is made at 7
Gy for fresh and conditioned media andVCOmpared in Figures 7 and 8. Figure 7

shows- the time course of the lesions in each mEdidm; and Figure 8 shows' the-

- 10 -



Conventional Delayed Plating Experiment

Assumption: 3 hr of repair time
"on the plate"

TTTTT

0.1
D= 4Cy

C-medium

Fractional survival

T T TT1TIr l IIIIH\FI

0.0l

s
-

0.00| l' N | l
- 0 2 4 6 8
Delayed plating time/hr

Figure &. Cell survival as a function of delayed plating time in '"conditioned
medium" after an absorbed dose of & Gy, assuming 3 hours of repair occurs in
the petri dish after plating. This may represent the situation in many

conventional experiments measuring the repair of PLD. (XBL 837-10635)

- 11 -



D=4 Cy

Ng +N¢

C-medium

Number of lesions/cell

2 4 6 8 10 12
Time after irradiation/hr-

Figure_é; The time course of the mean numbers of lethal (nC) and potentially

lethal (nB) lesions in "conditioned" medium as calculated from Equations (11)
and (12) for an absorbed dose of 4 Gy. The increase of 0. with time indicates

the occurrance of misrepaif. (XBL 837-10636)
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Addition of Repair Inhibitor

|.O

-
E _ /
o
S O.lE
= N D=40Gy
= i
2
= i
2
i C-medium

ooofb— L 0t 00y ]
0 _
Repair time/ hr

Figure 6. The time course of the cell survival in '"conditioned" medium for an -
absorbed dose of 4 Gy, and corresponding directly to the lesion productionm,
repair, and misrepair shown in Figure 5. This would be the result of an ideal

repair inhibitor experiment. (XBL 837-10637)
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- | | 7 Gy
N | EAT cells

anchon pomt |
(G, /S border?)

o

F-medium

IS

C medlum

Number of lesions /cell

0 2 4 6 8 0 2
Effective repair time/hr

,Figure 7. A comparison. of the tlme course of the mean numbers of lethal (nc)
_ and . potentlally lethal (n, g) lesions in C, condltloned " (dashed line) and F,
fresh, or . growth medium (solld line) after an absorbed dose of 7 Gy. A.
flxatlon p01nt 1s assumed after 3 hours in fresh medium, i.e. , all remalnlng

potentlally lethal elsions are fixed and become lethal at that point.
- (XBL 837-10638)
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Cell Survival vs. Time

.0g
- 7 Gy
S OlE —
Czi " E | . + + L
< - + X==""C-medium
0 i - ,-Fa"’ -
= 0.0l +ﬂ o 9 °F-medium 0
e T E |
S = Data from G. Iliakis
2 :  Radiat. Res.86,77-90(1981)
W 4+ '
0.00l + C-medium
¢ F-medium
o EAT cells
0.000] | A N R N N SRR NN N B
0 2 4 6 8 10 |12
Time post irradiation before drug is given/ hr
Figure 8. Cell survival as a function of time in "conditioned" (dashed curve)

or fresh (solid curve) medium after an absorbed dose of 7 Gy. Compafison is
made with experimental data from Ehrlich ascites tumor cells (Iliakis, 1981).

(XBL 837-10639)
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‘calculated survival compared with experimental data obtained by Iliakis. using.

‘BrefaAvas-ﬁhe repair inhibiting-drug (1981).

For.a split doselegperiment with interval_At»between doses, Dl.and D,, we
é§some that the oewllesions produced by the second dose add to'the remaining
1esion$ not'yetvrepaifed-from thevfifst dose and produce.aenew total number of
i_Leeiooe=perfceii. -If_;ﬁe‘Ceflsvane olated immeoiatelyj,the survival equation

becomes’

S(D D At) = exp [ “n_(n.(n, D ,At) + n, D

2 B B AB'1’ AB 20t )

- n, (n (n At:) +n (17)

e e acP I AC 27" )]‘

.‘";Héfé;L}ePaif i37§£¢ufriﬁg»b¢£h witﬁihithé;eépgi¢ in;érva}; At,- and after
-;piatfngooecufs doridé a_time £,

Flgure 9 glves the tlme course of 1331ons in condltloned medium (top) and
fresh medlum (bottom) for ‘a spllt‘dose experiment with a five-hour lnterfel
ibecweenodosesg #toiepolear%that~after=three:houfs in fresh mediﬁh; the time
intefval dose oot affecej:oe final'éurinal _ The difference in sufvival in the
‘two medie as é functlon of epllt dose 1neerva1 is seen by comparlng Flgures 10

'and 11: For ‘the 2 Gy + 2 Gy Spllt dose chosen; 11tt1e dlfference is noted

- 16 -



Split-dose Recovery

2Gy+5hr +2Gy

C-med_ium

o
> ne
e " T~
S m— . nB
im,o lncl i | ' | 1 | ] } }
©
— ‘4 [
E nc*‘”sf F-medium
2

2 Ne

ng
0 LY [ |
@) 2 4 6 8 {O | 2

Time from first ilrrad‘io'rion / hr

Figure 9. Time course of the mean number of lethal (nC) and potentially

lethal (nB) lesions for a split dose recovery experiment in "conditioned"

medium (top) and in fresh medium (bottom).

The experiment assumes an absorbed

dose of 2 Gy is followed by a repair period of 5 hours followed by another

absorbed dose of 2 Gy. (XBL 836-3802)
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1.Op - —
Split-dose recovery

2Gy+time + 2 Gy

9

ER N
-

b

=

5

b

'O

S

é; :

R

2 0.0l

T T T T T \1 T TTTTT

C-medium

: N T N N R T B B
O'OOIO’ 2 4 6 8 o 12

Y'Splif'dose interval / hr

Figure 10. Cell survival as a function of repair interval for an absorbed dose

of 2 Gy followed by 2 Gy in '"conditioned" medium. (XBL 837-10640)
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1.0
- Split-dose recovery
L —
_ | 2 Gy+time+2 Gy
S O.lE —
> -
5 _
- -
- |
C e
0
S 0.0l
n =
- ‘F-medium
0.00I 1 | | l | | ] l | L |
O 2 4 6 8 IO 2

Split-dose interval /hr

Figure 11. Cell survival as a function of repair interval for an absorbed dose

of 2 Gy followed by 2 Gy followed by 2 Gy in fresh medium. (XBL 837-10641)
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‘{COﬁCLUéION B

The'iesianwthatware repaired (and mfstepeired)'iﬁieachytypeﬁefﬁeXperiment'
,degp;ibed:ebove (delayed ‘plating ahd-split dose) are assumed to be the:seﬁe.
'Thus, in this medel tﬁe same (potentially lethal).lesiope Cauee botp‘éupiethal«
and potentlally lethal damage as defined in ICRU Report 30 (1979) 1 A erueiel..

con51derat10n 1n the expression of the damage is the k1nd of medium in whlch

w

.the;eells are plaeed dur;ng the repair perlod;_.Fresh or gpowth medium
gF—mediﬁmD is-assumed to cause fixation of damage.after about 3 hours, while no-

- fixation (only-misrepair) occurs insconditioned”medium:(C+medium).
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‘Potentially lethal damage: damage, the lethal expression of which may be
modified'by alterations in postirradiation conditions; sublethal démage:

cellular7damage;‘the<accumuletion of which'may lead to lethality.
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