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Development of Semi-Empirical Model for Radiochemical Reactions

damage.
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INTRODUCTION

The effect of ionizing radiation on cell killing has been
extensively observed and various empirical relations have
been used to describe the experimental findings. These
include = single-hit/single-target, single-hit/multi-target,
and linear quadratic models (1-3). Additionally, the
effects of radiosensitizer on cell killing such as hyper-
thermia and oxygen have been studied rigorously (4-10).
These studies have produced both experimental and
clinical evidences for the effectiveness of the radiation on
cell killing and the treatment of cancer. Nevertheless,
there are few analytical tools available to describe the
effects of radiation in biological systems. One option con-
sists of rigorous, sophisticated software codes that are
based on techniques such as Monte-Carlo or discrete ordi-
nates. Another option is the calculation of dose based on
estimation of absorbed energy. As an interim tool, the
fast running mathematical model of dynamics of radia-
tion interaction in tissue might be of use. More impor-
tantly, there is no such mathematical model to describe
the combined effects of radiation and heat.

A model had previously been developed at the MIT
Nuclear Reactor Laboratory that described the interaction
of radiation in tissue based on chemical effects of radia-
tion (11). This model was developed by writing equations
in space, time, and where appropriate, energy that de-
scribed both indirect and direct damages to DNA. These
equations were then simplified by the application of stan-

A mathematical model, which represents the radio-chemical reactions in water,
was developed to study the effect of the radio-chemical products on cell kiling.
The five differential equations were solved using dose rate equation and cell
survival as a function of dose was computed. The known chemical rate con-
stants were taken from the literature and unknown constants were determined
by curve fitting to an experimental data. Sensitivity studies were performed by
varying the rate constants and showed that the yield of H-radical had little effect
whereas the change in concentration of OH-radical and direct interaction re-
sulted in significant change on cell survival. The sensitivity studies showed good
agreement with the observed effects. In conclusion, we developed a math-
ematical model that could be used as a means for the estimation of radiation
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dard techniques from reactor physics analysis that al-
lowed the reduction of these equations to ordinary time-
dependent ones. A limitation of this model was that it
simplified the known chemical effects of radiation by
treating all indirect actions as a result of a single agent.
In addition, this model did not include the effect of oxy-
gen, which is known to be an important radio-sensitizer
on cell killing. The present study modified this model
to include all known chemical reactions explicitly.

The model is admittedly semi-empirical in that while
some of the rate constants as well as other parameters
adopted in the equations were taken from the data re-
ported in the literature, others were determined by curve
ficting to the experimental data. Therefore, the benefit
of this model lies in the fact that it can provide a means
to correlate the experimental observations. It reproduces
the observed effects and can be used to estimate the sen-
sitivity of these effects in regard to each chemical reaction
yield and chemical rate constant. As such, this model
may help the investigators to tailor their experiments to
identify factors that might provide a biological expla-
nation.

MATERIALS AND METHODS

A schematic diagram of the radiation interaction in a
biological system is illustrated in Fig. 1 (12). The radia-
tion interacts physically with biological tissue in less than



284

lonizing radiation + Biological System

l

Physical Interaction
(0-10™" sec)
lonization (Direct damage)

l

Chemical Interaction
(10-10° sec)
Indirect damage
Recombination

l

Biological Interaction
Cellular Effects (~Hours)
Acute Somatic Effects (~Days)
Long Term Genetic Effects (~Years)

R.J. Lee, H.S. Suh

(R*), respectively. The rate constants for each of the
reactions are described as symbol R. The equations (11),
(12), (14), (15), and (16) were not included in the cal-
culation because the goal was to study the effects of rate
constants in the absence of oxygen and to provide an
analytical model in describing cell survival at the chem-
ical stage of radiation interaction with matter.

The development of this model begins with a con-
sideration of indirect effects. Five differential equations
were written as functions of space, time, and energy that
represent indirect effects of radiation. These equations
were then simplified to a function of time only by using
mathematical methods from reactor physics such as one
group theory (11). These five differential equations were
based on the chemical reactions identified above.

Fig. 1. Time sequence of the effects of radiation on a bio-
logical system.

10" sec. The excited or ionized molecules are produced
at this stage. The chemical interactions, which include
the production of damaged organic molecules by radicals
and the recombination of radicals to form peroxide and
water, follow in subsequent 10 sec. The biological ef-
fects occur in a time scale of hours to years. These effects
include cell killing, acute somatic effects such as the
gastrointestinal symptoms, and genetic effects (13, 14).
In particular, the effect of the chemical rate constants
on cell survival was modeled. The radiochemical reactions
in water and organic molecules are summarized below

(14).

(G1) Radiation+H,O — H- (1)

Radiation+H,O — ¢"+H — H- )
(G2) Radiation+H,O — OH- 3)
(G3) Radiation+RH — R- (4)
(R1) OH-+OH- — H;0O, )
(R2) H-+H- — H, (6)
(R3) OH-+H- — H,O 7)
(R4 OH-+RH — R++H,0 (8)
(R5) H-<+RH — Re+H, 9)
(R6) H+<+R- — RH (Repair) (10)
R7) H-+0O, — HO;- (11)
(R8) HO,++HO,- — H,0,+0; (12)
R9) RH+H,0, — R (13)
(R10) RH+HO;" — R+ +H,0; (14)
(R11) R++0O; — RO, (damage fixation) (15)
(R12) RO, +RH — R¢+ROH (16)

In these reactions, G1, G2, G3 represents yield of
H-radicals, OH-radicals and damaged organic molecules

dOF]. 6. p-ROH-F-R{OH- IRH]
-Rs[OH-][H-] a7
—AH G, Ry fH - IRH)RAH- R R{H- T
-R;[OH-][H-] (18)
ABO] _p jon-F-riRHIHOJ 19)
— ARl G, 6RH]) ¢-ROH- IRH]-Ry{H-[RH]
+R¢[H" ][R+ ]-Ro[RH][H,O,] (20)
ARG, R 4R OH- IRHJR[H-IRH]

~R[H ][R+ +Ry[RH|[HO,] D)

In the equations, ¢ is photon flux (photons/cm’ sec)
and ¢, is the microscopic scatter cross section of organic
molecule (RH). Each differential equation indicates the
difference between the formation and the removal of a
chemical species and hence indicates the change in con-
centration of that species as a function of time. Cell sur-
vival as a function of radiation dose was then computed
to estimate the effects of each parameter on cell killing.
In the above equations, G1, G2, and G3 represent the
number of radicals produced per unit distance and the
variables R1 through R12 represent chemical rate con-
stants.

The dose delivered to cells by X-rays was calculated
from the following dose rate equation.

X-ray: Dése=[1.6><10‘8]><E><,um><%>< ¢ (22)

where Dose is dose rate (cGy/sec), E is photon energy
(MeV), um is energy absorption coefficient for tissue
(cm™), p is tissue density (g/cm’), and ¢ is photon flux
(photons/cm® sec).

To solve the above equations, the rate constants as
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Table 1. The summary of chemical constants used to evaluate
the proposed model for the prediction of the cell survival curve
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Table 2. The summary of the fitted rate constants to reproduce
the cell survival curves and to perform the sensitivity study

Symbol Reaction Constant (cm®/sec) Constants Reaction X-rays (250 kVp)
R1 OH+OH — H0» 1.8x10™ G1 (#/cm) OH radical yield 0.01
R2 H+H — H, 41x10™ G2 (#/cm) H radical yield 0.015
R3 H+OH — H0 8.3x107° G3 (#/cm) Cell killing by direct effect 0.01
R4 (cm®/sec) OH+DNA >> Damaged DNA 50x107"
R5 (cm®/sec) H+DNA >> Damaged DNA 1.0%10™
well as the other physical constants should be determined R6 (cm¥/sec) H-+Damaged DNA >> DNA repair  1.0x10™
precisely. However, such information is not available in R9 (cm¥sec)  H:0.+DNA >> Damaged DNA ~ 50x107"

all cases. The chemical rate constants that were taken
from the literature are listed in Table 1 (15,16). A
standard human (70 kg) consists of appromately 7 < 10"
cells. Thus, a figure of 1.0 10" cells/cm’® was used as
the initial DNA concentration. In order to determine the
flux to be used in the model, the effect of dose rate on
cell killing was considered. It is known that exposure at
a lower dose rate yields a higher cell survival for the same
total dose of low linear energy transfer (LET) radiation
(17-19). This is due to the ability of cells to repair the
radiation damage at a low dose rate. In order to avoid
this effect, a high dose rate of around 100 ¢Gy/min was
used for almost all of the experimental data that was
reviewed in this study. Studies also showed that there is
no dose rate effect if a high dose rate of 100 cGy/min
or above is used (20). Based on this value, the flux for
x-rays was calculated from the above equations and a flux
of 510" particles per second was chosen. Other con-
stants that were unknown were obtained by fitting the
equations to experimental data (21).

The sensitivity studies were then performed to evaluate
the effects of rate constants on cell killing. All known
constants were varied by a factor of 5 to 10. In addition
to the sensitivity study, a chemical reaction enhancement
ratio (CRER) was calculated as follows in order to eval-
uate the effects of the unknown constants on cell survival
in a more quantitative manner:

Do

(CRER), = D,

where Dy is the radiation dose required to produce a
given level of cell killing and Dy is the dose required to
produce the same level of cell killing when the rate
constant was increased by a factor of x.

RESULTS

Table 2 shows the rate constants obtained by fitting
the cell survival curves. Because the rate constant for the
H and H-radical reaction is faster than that for the OH
and OH-radical reaction by a factor of about two, as

shown in Table 1, the rate constant for the reaction
between H radicals and DNA was assumed to be faster
by a factor of two as compared to that between OH
radicals and DNA. A similar value for the rate constant
between damaged DNA and H-radical was used because
the experimental studies showed that there is little or no
repair if a high dose rate is used (20). Another reason
was that the chemical reaction between H-radical and
damaged DNA is not a significant repair mechanism.
Rather, a biological repair mechanism is dominant in cell
survival (20). Fig. 2 shows the result obtained by solving
the above differential equations with the selected con-
stants. With the values chosen, the cell survival curve
that was reported experimentally was reproduced.

The sensitivity studies provided the information about
the effects of rate constants on cell survival. The follow-
ings are the summary.

Yield of H-radical: There was no significant change in
the cell killing as predicted by the model when the yield
of the H-radical was increased (Fig. 3A).
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Fig. 2. The cell survival curve fitted with various rate con-
stants for cultured cells of human origin irradiated with 250
KVp X-rays (experimental data were obtained from Broerse
et al., 1968, Ref. 21).
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Fig. 3. The cell survival curves obtained by varying (A) H-radical yield and (B) OH-radical yield (open square is the fitted line

with experimental data).
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Fig. 4. The cell survival curves obtained by varying (A) damaged DNA yield by direct effect and (B) rate constant R4 for the
interaction between OH-radicals and DNA for 250 keV X-rays (open square is the fitted line with experimental data).

Yield of OH-radical: Fig. 3B shows the cell survival
curve as a function of OH-radicals. As shown in the
figure, there was a significant change in cell survival as
the creation of OH-radical increased.

Direct effects of radiation on DNA: Fig. 4A shows cell
survival curve as a function of absorbed dose. As the
direct interaction between radiation and DNA increased
cell survival decreased significantly. This phenomenon
can be explained using LET. As known, high LET ra-
diation produces more ionization per unit length and
accordingly, it produces more damage than low LET ra-
diation (20, 22-24).

Rate constant between OH-radicals and DNA: There are
noticeable increase in cell killing as the rate constant
between OH-radicals and DNA increased as shown in

Fig. 4B. The dose absorbed by each cell before 37% of
the cells are killed was 630 rad, 510 rad, and 400 rad
when the rate constants were 5X 107", 2.5x107"°, and
5SX 10", respectively.

Rate constant between H-radicals and DNA: The model
predicted similar trend to that for reaction between
OH-radicals and DNA. This might be due to the fact
that both radicals promote DNA damage by a similar
mechanism (Fig. SA).

Rate constant between H-radicals and Damaged DNA:
The interaction induced the chemical repair of DNA and
hence, as would be expected, the change of chemical rate
constant did not alter cell survival significantly (Fig. 5B).
Rate constant between peroxide and DNA: According to
the literature, peroxide is an active oxidizing agent and
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Fig. 5. The cell survival curves obtained by varying (A) rate constant R5 for the interaction between H-radicals and DNA and
(B) rate constant R6 for the interaction between H-radicals and damaged DNA for 250 keV X-rays (open square is the fitted line
with experimental data).
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Fig. 6. The cell survival curves obtained by varying rate con-

stant R9 for the interaction between H,O, and DNA for 250 keV
X-rays (open square is the fitted line with experimental data).

produces single break through the agency of OH-radical
(25-27). Fig. 6 illustrates the effect of peroxide.

The values for the CRER determined from the sen-
sitivity study are listed in Table 3. These values were
obtained increasing the known rate constants by a factor
of ten. The result shows that, at the highest survival level
(60%), maximum CRER of 3.5 minimum CRER of 1
were achieved when yield of damaged DNA and the rate
constant between H-radical and damaged DNA were
increased, respectively. Considering the overall survival
level, cell survival was affected significantly by OH-
radical yield and damaged DNA vyield. The CRER for
the interaction between H-radical and damaged DNA
was almost constant over the all range.

Cell survival (%) 60 35 10 3 1
H-radical yield 14 1.3 12 12 1.1
OH-radical vyield 2.4 2.6 29 29 2.9
Damaged DNA yield 3.5 3.0 24 2.1 2.0
OH- +DNA 1.8 1.8 17 1.6 15
H- +DNA 2.0 1.9 1.8 1.6 1.6
H-+Damaged DNA 1.0 1.0 1.0 1.0 0.9
H202+DNA 1.6 19 22 2.3 2.3
DISCUSSION

A mathematical model was developed for the under-
standing of indirect and direct effects of radiation with
matter. The radio-chemical process was modeled by as-
suming that free-radicals were produced by the interac-
tion of the incident radiation with water and were re-
moved either by peroxide formation or by damage repair
process. The enhancement of cell killing in the presence
of oxygen which include equations (11), (12), (14), (15),
and (16), was not investigated in this study because the
goal of this study was to evaluate the feasibility of using
the chemical reaction in explaining the cell survival. In
order for the reactions (11), (12), (14), (15) and (16) to
take place, oxygen has to be present at the time of
irradiation and depending upon the concentration of the
oxygen and temperature cell survival changes dramati-
cally (28). Therefore the effects of oxygen need to be
studied separately.

The examination of the validity of the model was per-
formed through sensitivity studies by varying radical
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yields and rate constants. The results of the calculation
demonstrated an increase in cell killing as the rate con-
stant increased in all cases, except H-radical yield and
the rate constant between H-radical and damaged DNA.
As shown in Fig. 3(A), there was little increase in cell
killing as the H-racial yield was increase by a factor of
5 and 10. This may be because H-radical fulfills two
roles. As described in equation (9), it may promote the
creation of damaged DNA. However, once the DNA is
damaged, the H-radical may lead to repair as shown by
equation (10). This observation is in line with the pre-
vious studies that under hypoxic conditions the OH-
radical is the major oxidizing species, whereas H-radical
acts as a reducing species at the pH of cells (29-31). Due
to the competing interaction between DNA damage and
damage repair processes by H-radical, there was little
effect on cell survival as the rate constants between H-
radical and damaged DNA increases. However, the trend
was consistent with the experimental data that as the
rate constant increased cell survival increased slightly
because the reaction represents repair process.

The significant increase in cell survival, as the yield
of OH-radical increases, could be explained using the two
important processes. First, the concentration of peroxide
increases as the number of density of OH-radical in-
creases, which results in more cell killing. Second, the
cell killing by the interaction between OH-radicals and
DNA increases as the OH-radical yield increases. As a
result, the OH-radicals may either cause damage to
DNA or combine with each other to form peroxide that
in turn, damages DNA. In this study, the former effect
was taken into consideration and it was showed that
DNA damage is dependent on the rate constant. This
result is comparable with the experimental data obtained
by Mark et al. (32). The strand break formation of
poly(A) and sDNA in aqueous solution as a function of
OH radical scavenger was stimulated and it was showed
that the single strand break formation increased with a
decrease of the scavenger concentration (25). Thus, the
model prediction is consistent with the current under-
standing. However, the degree of enhancement is less
than that observed for a change in the yield of OH-
radicals (as shown in Fig. 3B and Fig. 4B). This effect
indicates that some of the additional OH-radicals would
exert their influence through peroxide formation.

By the fact that the interaction between OH-radical
and DNA is regarded as direct interaction and high value
of CRER is obtained for OH-radical yield and damaged
DNA vyield, it could be concluded that the direct effect
is the dominant mechanism of the damage. However, as
cell survival decreases, other effects become increasingly
important. At the level of one percent of cell survival,
the dominant factors were hydroxyl radical and peroxide

R.J. Lee, H.S. Suh

followed by the direct effect.

The results for sensitivity study shown above indicated
that the predictions of the model were consistent with
physical data and demonstrated the feasibility of using
the model for radiochemical reactions. Accordingly, it
was concluded that the model could be used as a tool
to study the effects of radiation on cell killing and pos-
sibly the effects of radiosensitizers such as oxygen and
hyperthermia. Further work is needed to describe the
combined effects of radiation and oxygen to investigate
the effects of hyperthermia in cancer treatment.
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