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ABSTRACT 

Asynchronous Chinese hamster V79 cells were irradiated at the Berkeley 

Bevalac with Bragg-peak neon ions alone, or in combination with x-rays. We 

·found that the single-dose survival curve for cells exposed to neon ions can 

be described by an exponential function of dose and that no cellular repair 

can be detected for neon ions with two-dose, fractionated exposures over a 

fractionation interval of a few hours at 37°C. However, we showed that when 

cells were irradiated with a priming dose of neon ions followed shortly by 

graded x-ray doses, there was a reduction in the shoulder (Dq) of the subsequent 

x-ray survival curve. Conversely, when cells were irradiated with a priming 

dose of x-rays followed shortly by graded neon-ion doses, the neon-ion survival 

curve had a steeper slope, or a lower D
0 

value. These effects appear to increase 

with the size of the priming dose. These results suggest that the high-LET 

charged particles and x-rays each produce damage which appears to interact. 

• Furthermore, experiments with selective fractionation intervals indicate that 

the interaction effects described diminish with time, suggesting that cells 

are capable of repairing damage which is produced by the high-LET and the low

LET radiation. 
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INTRODUCTION 

A survival curve of mammalian cells irradiated with ionizing radiation 

is usually described by two components: an exponential component, which de

scribes killing effect due to a single-hit mechanism, and a multihit component 

which deals with inactivation that has been attributed to accumulation of radia

tion damage (1-5). For radiations of high linear energy transfer (LET), the 

exponential component dominates the shape of the whole survival curve (6,7). 

Barendsen•s early work demonstrated that human kidney cells irradiated 

with alpha particles of a few MeV in energy yielded an exponential survival 

curve and that no repair of radiation damage was evident with split-dose ir

radiation (7). Todd subsequently reported similar results with the same cell 

line but irradiated with low-energy heavy ions (8). Furthermore, Barendsen 

et !l· showed that the cell killing from alpha particles was independent of 

that caused by x-ray damage for cells exposed to both radiations (9,10). Together 

these observations have been interpreted to mean that high-LET radiation produces 

no sublethal radiation damage (10,11). The hypothesis of biological independence 

between low-LET and high-LET radiation has since been applied to a number of 

theoretical treatments where mixed radiation effects were considered (12,13). 

However, the hypothesis that high-LET radiation produces no sublethal 

damage apparently cannot be generalized to fast neutrons. Several investigators, 

fncluding one of the authors (F.N.), have demonstrated that fast neutrons de

livered within a few minutes before or after x-rays killed cells more effectively 

than what was expected based on the assumption of the independent action of 

each radiation (14-18). It has also been shown in a number of cell systems 

that at least some of the neutron-induced damage that interacts with x-ray-induced 

• 
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damage is repairable (15,17,18). In all these experiments, however, the neutron 

survival curves showed significant shoulders, which suggest that accumulation 

of sublethal damage is involved in cell killing by fast neutrons. 

We have now extended our previous work with fast neutrons (17) to high

energy heavy ions produced at the Berkeley Bevalac in order to further test 

whether high-LET radiation produces a type of damage that cells can repair. 

For this study, we selected a neon-ion beam that yielded an exponential survival 

curve for V79 Chinese hamster cells and showed no detectable two-dose repair 

over a few hours. Survival data are presented for cells irradiated with neon 

ions and x-rays, singly or in combination, and the hypothesis of independence 

of the two radiations in cell killing is evaluated. Selected interradiation 

incubation intervals were chosen to study the repairability of the damage caused 

by the high-lET and the low-LET radiations. Preliminary reports of this study 

have been published (19,20). 
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MATERIALS AND METHODS 

Cell Culture and Experimental Design 

Chinese hamster V79 cells (originally obtained from Dr. R.B. Painter of 

the University of California, San Francisco) were maintained in exponential 

growth phase in large plastic T-flasks incubated in a humid atmosphere of 5% 

co2 in air at 37°C. The growth medium was Minimum Essential Eagles' medium 

(Gibco) supplemented with 12.8% fetal calf serum and the antibiotics potassium 

penicillin G (0.04 g/1), streptomycin sulfate (0.04 g/1), gentamycin (0.09 g/1), 

and Fungizone (0.002 g/1). Under these conditions, the cells exhibited a mean 

population doubling time of about 10 hours. Routine tests using autoradiography 

and also a fluorescent staining technique (21) indicated the cultured cells 

were free of mycoplasma. 

For each experiment cells from the stock culture were trypsinized and 

a 11 owed to grow in p 1 asti c petri dishes ( 35 mm in diameter) for about 38 to 

40 hours to a ce 11 density of 2 to 5 x 105 ce 11 s/ dish. The samp 1 es were then 

transported to a cell cuiture room at the Bevalac accelerator, or to one which 

was adjacent to the x-ray facility. 

The distance between the Bevalac and the x-ray facility is approximately 

one mile. To slow down the biochemical and biological reactions during the 

time necessary to travel between the two facilities, the samples were cooled 

to ice temperatures (-4°C) shortly before irradiation and they were kept at 

ice temperatures after the exposure to the first radiation until they received 

the irradiation from the second modality. Other cell samples that were irradiated 

with only x-rays or only heavy ions were treated similarly. Low-temperature 

incubation postirradiation may affect repair or expression of potentially lethal 
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damage (22, 23). Control experiments showed that the transient cooling, which 

lasted usually less than 30 min and not more than one hour, did not alter the 

radioresponse of the V79 cells to either radiation compared to that without 

ice treatment. The samples prepared for repair studies were incubated at 37°C 

in a co2 incubator between exposures. After the irradiations were completed, 

the samples were brought back to 37°C and assayed for colony formation by tryp

sinization procedures. After the appropriate dilutions in fresh medium, the 

irradiated and unirradiated cells were grown under standard culture conditions 

for 6 to 7 days. Following staining, the visible colonies were counted and 

the surviving cell fraction corresponding to each radiatiDn dose was calculated. 

Usually 3 to 4 dishes were used for each experimental point, and 6 to 8 for 

the controls. Control plating efficiencies were characteristically between 

70% and 90%. While some experiments were replicated at least once, repeats 

of every experiment were not always possible because of the limitati"ons on 

particle beam time. Therefore, we have designed each experiment to be as 

complete' as possible so as to allow sufficient data for statistical analysis. 

Irradiation Procedures 

The cells were irradiated with a nearly monoenergetic neon-ion beam accel

erated at the Berkeley Bevalac with an initial energy of 425 MeV/amu. A vari

able water column was used to provide stopping neon particles at a position 

which was at a range equivalent to 0.20 em of water upstream of the Bragg peak 

as designated in Figure 1. Lead scattering foils (1.749 g/cm2 thick) were used 

to ensure ±5% dose uniformity over the entire petri dish to which the cells 

were attached. The mean residual energy of the neon particles at this position 

was approximately 31 MeV/amu. Since nuclear fragments of the primary beam were 

generated as the particles slowed down in the water column, we have estimated 
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Berkeley BEVALAC 

425 MeV/amu 

Neon ions 

LBL-F 

DEPTH IN WATER {em) 

XBL 785-3121 

The Bragg ionization curve of the i~Ne ions produced at the BEVALAC. LBL-F 
denotes the position where monolayers of cells were irradiated with the charged 
particles. 
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that 75% of the dose was due to high-LET i~Ne particles (mean LEToo = 284 keV/~m), 

approximately 22% of the dose due to high- and medium-LET heavy nuclear fragments 

(mean LEToo= 58 keV/~m), and a small fraction of about 3% of the dose was due 

to relatively low-LET fast protons, fast neutrons and helium ions. As a result, 

the mean LET of the total beam excluding protons, neutrons and helium ions was 

approximately 234 keV/~m averaged over a track segment of 0.05 em in water. 1 

The neon dose rate was usually 500 to 600 rad/min, and the doses were delivered 

at approximately 15 pulses/min with an average flux density of 1 x 106 

particles/cm2/pulse. The details of heavy-ion dosimetry have been described 

by Blakely et ll· (6). Briefly, the absorbed dose was monitored by a parallel 

plate ionization chamber located between the incident beam and the sample. 

The absorbed dose thus measured was usually cross checked with a calibrated 

tissue-equivalent chamber (EGG Model No. IC-17A) by positioning the chamber 

at the location of the sample. The monolayer samples were irradiated in a 

vertical position perpendicular to the horizontal beam. The incident beam 

passed through the culture dish to the cells which were covered by a moisture 

layer of medium. For such a geometry, the absorbed dose had a correction factor 

of 1.18 due to additional slowing down of the particles in the air space between 

the central wires of the ion chamber and the sample, across the walls of the 

ionization chamber, and the thickness of the polystyrene surface of the culture 

dish. 

X-rays were obtained from a Philips 250-kV generator operated at 225 kVp 

and 15 rnA, with a filtration of 0.35-mm Cu and a half-layer v.alue of 1.00-mm 

Cu. The samples were placed on a horizontal rotating lucite base, and the 

attached cells were irradiated with a vertical beam through the polystyrene 

1For this particle beam, S. B. Curtis of this laboratory calculated a dose-average 
LET of 171 keV/~m, a track average LET00 of 30 keV/~m, and a medi'an-average LEToo 
of l75 keV/~m. In his calculations, a dose contribution from protons, neutrons, 
and helium ions was included. 
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dish cover, and a thin layer of medium. The corrected x-ray dose rate was 

usually 270 rad/min, as measured with a Victoreen dosimeter. Most x-ray or 

neon-ion exposures were completed within a few minutes. 

Survival Curve Fittings and Statistical Analysis 

All the survival curves were least-square fitted by computer to the data 

points according to the single-hit multitarget formula (24}: 

-D!D1 S = ze [ ( 
-D/D2)n l 1 - 1 - e (1) 

where the surviving fraction S is expressed in terms of four variables: D1, 

D2, n, and z. The inactivation coefficients D1 and D2 of the single-hit term 

and the multitarget term, respectively, are related to the final slope or the 

mean lethal dose D
0 

(25) by the relationship: 

D -1 = -1 + D -1 o D1 2 (2) 

The fourth parameter z allows the fitting at the origin to deviate from 100% 

survival for the best-fit, and n is the extrapolation number. While nonlinear 

least squares fitting programs could be used, we found the best fits in two 

separate steps. The entire fitting procedure started from a "repair saturation 11 

model in the form described by Green and Burki (26): 

s = r + 1 (3) 
. DID 
r + e 0 

which permits one to determine the best value of r and D
0

• The parameter n 

was calculated from the relationship: 
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r + 1 = n (4) 

Having obtained the best-fit value of n, the second step was to determine the 

values of o1, o2 and z in equation (1) by a least-squares procedure, assuming 

that equation (2) holds. 

The value of the quasi-threshold dose Dq (25) was then calculated according 

to: 

(5) 

' 

The values of n, D and D · are given in Tables 1 ahd 2 for survival measured 
. 0 q 

with each radiation and for the various combinations of neon ions and x-rays. 

The errors shown in these tables represent 50% confidence limits. When Dq > 

0, the errors in Dq were obtained by assuming that the two variables 0
0 

and 

n are independent and the term for covariance is negligible. When Dq = 0, the 

error in Dq was due to random statistical fluctuation of the colony numbers 

in 4 to 6 replicated dishes. 
• 
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RESULTS 

Single Doses: X-Rays or Neon Ions 

Figure 2 shows the surviving fraction of V79 cells expressed as a function 

of the absorbed dose of x-rays or neon ions. The data were pooled from two 

to three experiments performed over a three-month period. The x-ray survival 

curve was characterized by a shoulder region and an exponential tail, resulting 

in a mean lethal dose D
0 

of 221 rad and a Dq of 295 rad (see Table 1). The 

survival' curve for cells irradiated with neon ions near the Bragg peak (see 

Figure 1) was statistically indistinguishable from an exponential one and was 

characterized by a D
0 

of 120 rad (see Table 1). Hence, the charged-particle 

beam is much more effective in cell killing than the x-rays at all survival 

levels. For example, at 10% survival, the relative biological effectiveness 

(RBE) of these charged particles is about 2.9 relative to the x-rays. 

Fractionated Doses: Neon Ions 

Repair of sublethal damage of V79 cells has been well demonstrated for 

x-rays with dose-fractionation or split-dose irradiation over a few hours (2) • 

We first tested the question as to whether or not high-LET neon ions produce 

sublethal or repairable damage by using split-dose experiments (Figure 3}. 

There is no indication of repair when cells were irradiated with two equal doses 

given 2.5 hours apart. In fact, the split-dose irradiation appeared to be 

slightly more effective in cell killing compared to single-dose exposures. 

Interestingly, similar results have been found with high-energy Bragg-peak 

carbon and argon ions {27). 

Combined Doses: Neon Ions and X-Rays 

To test whether or not the low and high-LET radiations act independently 
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DOSE 

2 4 6 

(Gray) 

8 10 12 14 

V79 
-N Q! 1 

XBL791-3021 

Survival data of V79 cells exposed to single doses of 425 MeV/amu i~Ne ions, 
or 225 kVp x-rays. The survival curves are the best fits to the data points 
obtained by the procedure described in the text. The survival-curve parameters 
of these curves are given in Table 1. ~ denotes averaged cell multiplicity. 
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Split doses 
(2.5 hr, 37°C} 

N ~1 

PE = 76.1 °/o 

425 MeV /amu Ne 
LBL-F 

· Single doses 

XBL79l-3016 

Survival data of V79 oe1,1s exposed to single and split doses of i~Ne ions. 
Th~ survival curves were fitted to the data by an exponential dose-survival 
relationship. The error bars are the standard deviation of the mean to account 
for the statistical fluctuations in the number of colonies formed in four re
plicated dishes. Pr means average plating efficiency. 
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in inhibiting colony forming ability, we irradiated cells with a single dose 

of neon ions and followed that with graded doses of x-rays. The time between 

radiation treatments was· short, and the cells were kept at ice temperatures 

(see MATERIALS AND METHODS). Another experiment was done in the reverse sequence, 

i.e., with a single dose of x-rays followed by graded doses of neon ions. 

In Figure 4, a family of x-ray survival curves was plotted for cells which 

received (starting from the top of the figure) a priming neon dose of 0 rad, 

94 rad, 236 rad, 330 rad, or 413 rad. Table 1 shows the survival~curve para-

meters derived from these curves. These data indicated that neon-ion ir~adiation 

can reduce the Dq or the shoulder of the subsequent x-ray response, whereas 

the D
0 

is affected to a much lesser extent. 

Figure 5 depicts the survival data for the radiation treatments given in 

the reverse order; two neon survival curves are shown, one after a priming x-

ray dose of 500 rad and the other after 800 rad. Note that the shape of the 

neon survival curves remained essentially exponential whether or not the cells 

were given a priming dose of x-rays, but the D
0 

value of the curves decreased 

with the size of the priming x-ray dose. 

Temporal Dependence Between Combined-Radiation Treatments 

The increase in survival with increased incubation time between exposures 

may be used as a measure of the amount of damage repaired after the first radia

tion dose. Due to limitations of available beam time, however, we have only 

studied two incubation intervals, 3 hours and 24 hours. 
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TABLE 1: The parameters of the V79 cell survival curves best-fitted to the 

single-hit multitarget formula (equation 1) or to a simple exponential function 

for the various radiation treatments. The experimental data are shown in Figures 

2 and 4. 

SURVIVAL-CURVE PARAMETERS 

RADIATION 
TREATMENTS n D

0 
( rad) Dq ( rad) 

** + * (3.6) Neon ' 1.0 (0.2) 120.0 0.0 ( 20.0) 

X-rays 3.8 (2.1) 220.8 (9.5) 294.7 (106.3) 

94 rad neon 2.5 (0.3) 263.4 (4.3) 241.3 ( 30. 7) 
+ x-rays 

236 rad neon 2.5 (0.5) 227.1 (6.1) 208.1 ( 34.6) 
+ x-rays 

330 rad neon 2.6 (0.2) 224.6 (7.0) 214.6 ( 6.5) 
+ x-rays 

413 rad neon LO (0.1) 266.9 (3.4) 0.0 ( 30.0) 
+ x-rays** 

* Figures in parentheses are 50% confidence limits 

** Data were fitted to a simple exponential function: S = ze-D/Do 

+we have also fitted these neon survival data to the linear-quadratic function: 
2 

S = ze-(aD + SD ). The best fit shows that a= 8.61 x 10-3 rad-1, and 

S = -0.51 x 10-6 rad-2• 
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TABLE 2: The parameters of the V79 cell survival curves best-fitted to the 

single-hit multitarget formula (equation 1) or to a simple exponential function 

for the various radiation protocols. The experimental data are shown in Figure 6. 

SURVIVAL-CURVE PARAMETERS 
RADIATION 
TREATMENTS n D

0 
(rad) 

236 rad neon 2.0 (0.2)* 274.2 {5,0) 
+ 0 hr + x-rays 

236 rad neon 2.5 {0.4) 247.1 (3.5) 
+ 3 hr + x-rays 

' 
236 rad neon 3.9 {0.9) 272.6 (6.6) 
+ 24 hr + x-rays 

413 rad neon 1.0 (0.1) 265.1 (2.4) 
+ 0 hr + x-rays** 

413 rad neon 2.1 (0.3) 260.5 (4.0) 
+ 3 hr + x-rays 

*Figures in parentheses are 50% confidence limits. 
-DID 

**Data were fitted to a simple exponential function: S = ze 0 

Dq (rad) 

186.4 {24.6) 

337.8 (31.4) 

372.9 (51. 3) 

0.0 ( 31.0) 

190.2 {30.2) 
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Figure 4 
Survival data of V-79 cells irradiated first with a pr1m1ng dose of neon ions 
as indicated, and subsequently with graded doses of x-rays. Cells were incu
bated at ice temperatures shortly before neon-ion irradiation and between neon
ion and x-irradiation. The survival curves are the best fits to the data points 
obtained by the procedure described in the text. The curve with no data point 
is the x-ray survival curve taken from Figure 2. The parameters of these curves 
are given in Table 1. N denotes averaged cell multiplicity. 
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NEON DOSE (Gray) 
2 3 4 5 6 

N e~ I 

PE = 82.5% 

Ne only 

D0 = 123 rod 

7 

800 rod x- rays+ Ne 
D0 = 76 rod 

8 

XBL79l-3023 

...... 

Survival data of V79 cells plotted as a function of the neon-ion dose. Data 
for the two lower survival curves were obtained when cells were first irradiated 
with a priming x-ray dose shortly before graded doses of neon ions. Cultures 
were maintained at ice temperatures shortly before x-irradiation and between 
x- and neon-ion irradiation. Each survival curve represents the best-fit of 
the data to an exponential dose-survival relationship. The dotted curves are 

reproductions of the neon-ion-only curve normalized with respect to the surviving 
fraction due to 500 and 800 rad x-rays. They are given to indicate what would 
be expected if the doses of x-rays and neon ions killed cells independently. 
Other details are as in Figures 3 and 4. 
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Figure 6 shows the effect of incubation at 37°C immediately following 

single doses of neon ions on the subsequent x-ray survival response. The s 

survival-curve parameters derived from the data are shown in Table 2. It can 

be seen that 3 hours of incubation after a priming neon-ion dose is sufficient 

to allow a significant increase in the Dq of the subsequent x-ray curve. Obser

vations that demonstrate this prompt return of the x-ray shoulder have also 

been reported in combined radiation experiments where fast-neutron radiation 

was followed by x-rays (17). We have also noted that the increase in the shoulder 

of the subsequent x-ray curve was greater for the 24-hour fractionation interval 

than the 3-hour interval. This is similar to what has been shown with x-rays 

alone (2). In addition, the relative amount of shoulder that had recovered 

in 3 hours appeared to be greater after the large neon-ion dose (413 rad) than 

after the small neon-ion dose (236 rad). This dose-dependent effect on repair 

is similar to what is measured after split-doses of x-rays (28}. Finally, it 

can be noted from Table 2 that the x-ray survival curve parameters for 236 rad 

neon + 0 hr + x-rays are similar to the parameters measured for 413 rad neon 

+ 3 hr + x-rays. 

' 

Figure 7 shows an analogous experiment with the reverse radiation sequence. 

For comparison, the survival data due to neon-ions alone were also shown. The 

combined-radiation schemes included 0, 3, and 24-hour incubati6n intervals at 

37°C between a single x-ray dose of 800 rad and graded neon-ion doses. The 

neon survival curves demonstrated only a small increase in D
0 

(~8%} from 0 to 

3 hours following 800 rad of x-rays; the increase in D
0 

was greater (-26%} 24 

hours after the same x-ray dose. In other words, the effect of this 'x-ray dose 

on the reduction in D
0 

for subsequent neon-ion responses diminished with the 

incubation time from -29% (0 hour) to -23% (3 hours) to -10% (24 hours). This 
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/ 

TOTAL DOSE {Gray) 
2 4 6 8 10 12 14 

V79 

236rad Ne 

~ Ne dose +Graded X-ray doses 

Ne only 

FRANK NGO 
XBL791-3018 

Survival data of V79 cells irradiated with neon ions alone, or with graded doses 
of x-rays at various time intervals after single doses of neon ions. The times 
indicated represent the incubation intervals at 37°C between the neon-ion and 
x-ray exposures. For the 0 hour interval, the cultures were handled by the 
same procedures described in Figure 4. The survival-curve parameters from the 
best fits for the mixed-radiation curves are given in Table 2. 
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V79 

N~l 

PE= 78.4% 

3hr, 00 = 91 rod 

XBL791-3017 

Survival data of V79 cells irradiated with neon ions, with or without a preceding 
dose (800 rad) of x-rays. The times indicated are the incubation intervals 
at 37°C between the x-ray and neon-ion exposures. For 0 hour, the cultures 
were handled by the same procedures described in Figure 4. Each survival curve 
and its associated D

0 
value represent the best-fit of the data to an exponential 

dose-survival function. The dashed curve is a translation of the neon-only 
survival curve normalized with respect to the surviving fraction due to 800 
rad x-rays. Thus, this curve shows what might be expected when there is no 
longer an interaction between the two radiation treatments. Error·bars represent 
the standard error of the mean. 
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gradual loss of the x-ray effect. on the cells • response to neon ions implies 

that the x-ray-induced damage for the interaction is also a repairable type, 

although the repair processes may be slow. 

Methods of Analysis 

Several methods can be used to analyze the present survival·data resulting 

from the effects of combined low- and high-LET radiations. In an attempt to 

. assess the effect~ of interaction we have analyzed our data with the method 

used by Dewey et ~· .{29), and also with the isobologram analysis of Steel et 

.~. (30). The details of these analyses will be described in a second paper. 

Assume that the surviving fractions for a population of cells after a dose 

of neon ions {One) or a dose of x-rays {Ox) are S(Dne) an.d S(Dx), respectively. 

When the same cell population is sequentially irradiated with the same doses 

of neon ions and x-rays, the survival results can be placed into three possible 

classes with respect to interaction: 

1~ Protective when 

2. Independent when 

3. Synergistic when 

We chose to use these terms with no further assumption made with regard to the 
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mechanism(s) underlying each of the categories. With these classifications 

in mind, we present our analysis of the data using the following two methods. 

The effects of combined radiation on the survival parameters: DQ and D~~ 

The survival parameters D0 , Dq, and n have been mathematically defined in relation 

to the single-hit multitarget formula (see MATERIALS AND METHODS), and Elkind 

and Whitmore have discussed the biophysical interpretation of these parameters 

(25). In the present analysis, we have limited ourselves to examining the 

changes in D
0 

and Dq as an indication of the effect of the sequential exposures 

to low-LET and high-LET radiation modalities. 

In Figure 8, the dashed lines indicate a hypothetical situation where the 

survival parameters, 0
0 

or Dq, resulting from a combined exposure are independent 

of a priming dose of the first type of radiation. The data were taken from 
• 

the best-fit values given in Tables 1 and 2 for the results shown in Figures 

4 and 5. As demonstrated in Figure 8, the high-LET particles have no consistent 

effect on the final slope (00 ) of the subsequent x-ray survival curve (panel 

a); the major effect is on the shoulder size (Dq) which appears to be reduced 

with increasing priming neon dose (panel b) in a manner similar to the effect 

when the priming neon doses are replaced by x-ray doses (the dashed-dotted 

curve). Panel (b) also demonstrates that the effect of the high-LET radiation 

diminishes considerably when there is a 3-hour incubation time between treatments. 

Hence, the two sets of data in panel (b) suggest that the high-LET particles 

produce sublethal damage which is similar to that produced by.x-rays. In this 

terminology there is a synergism between neon ions and x-rays. 



';' '"·~~ 
:! 

-23-

(a) 

4 

->. 
(.9 ·-

en 
>-
0 

-r----
~ 

I Independent 
)( 

,....--, 
C" 

0 
'---' 

4 

3 

2 ..;... 

(b) 

....... ....-.f~Ne+3hr+x ___ \ _____ _ 
\ 
\i 

• x+Ohr+x 
"'<" ............... 

0 
. '----

0----~----~----~--~~ a· 0 0 2 4 6 2 4 6 8 
PRIMING NEON DOSE (Gy) 

2~-----~----~--~----~~ I I I I I I I I 

(c) ~ (d) 
(.9 -(1)011-~---- _ ...... _-~-a--

z ,....--, ,....--, 
0 C" 

£ 0 o~-_,_~ --4L....----'-~-----~~---.~ £-I o.____ .... ~ _ ____,j4...___ .... ~-____,j~____. 
PRIMING X-RAY DOSE {Gy) 

XBLSOI-3024 
Figure 8 
An analysis of the effects of combined x-ray and neon-ion irradiation on the 
survival-curve parameters using the data shown in Tables 1 and 2. The horizontal 
dashed lines shown in each panel depict what would be expected if the actions 
of x-rays and neon ions are independent. Panels (a) and (b) illustrate the 
effects on the D

0 
and.Dq, respectively, of the x-ray survival curve as a function 

of priming neon-ion dose. In panel (b), the dashed-dotted curve depicts what 
would be anticipated if the priming neon doses are replaced by x-rays. In panel 
(b), the effects are also shown when there was a 3-hour incubation time between 
the neon-ion and x-irradiations (semi-filled squares). Error bars shown represent 
50% confidence limits. Panels (e) and (d) illustrate the effects on the D

0 
and Dq, repectively, of the neon survival curve as a function of the priming 
x-ray dose. 
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As demonstrated in panels (c) and (d) of Figure 8, and also in Figure 5, 

the effect of an increasing priming x-ray dose on the neon-ion survival curve 

is reflected by a small but consistent decrease in 0
0

; no effect on Dq is evident. 

This observation indicates that cells which have been damaged by x-rays have 

a greater probability of being killed ~Y subsequent neon particles via a single

hit process than cells which were not previously damaged by x-rays. This effect, 

again, indicates synergism between damage from neon ions and x-rays. 

A comparison of the effectiveness of low-LET and high-LET radiations in 

producing remnant uncommitted lesions. In the context of the repair-misrepair 

model (20), we proposed that the final expression of cell killing is a conse-

quence of competitive repair and misrepair processes of the initial lesions 

caused by ionizing radiation. We called these initial lesions 11 Uncommitted 

lesions 11 or nun lesions because until some time has passed, there is no way 

of determining whether or not the cell could repair the lesions. As repair 

progresses, the number of U lesions per cell is reduced with time. U lesions 

that remain in a cell after some time has elapsed are called remnant U lesions 

(Ur). The dual-radiation experiments described can be used to compare the 

effectiveness of the neon ions and x-rays in producing Ur lesions. This is 

illustrated by the following analyses. If a dose of neon ions (One ) produces 
s 

the same killing effect to survival level S as a dose of x-rays (Dx ), which 
s 

of these produces more Ur lesions? The RBE for cell killing is by definition: 

(6) 
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Assume now that following an initial dose of neon ions, One , various x
s 

ray doses, Ox, are given. The 11 killing-equivalent dose .. Deq is: 

= (RBEs • Dne ) + D 
S X 

(7) 

In the left panel of Figure 9, we have replotted the neon-plus-x-ray survival 

data given in Figure 4 as a function of the killing-equivalent dose. The priming 

neon-ion doses were 0, 94, 236, 330 and 413 rad, whereas the equivalent x-ray 

doses were 0, 413, 745, 950, and 1060 rad, respectively. Note that 413 rad · 

of x-rays produced more Ur lesions than 94 rad of neon ions, in spite of the 

fact that the killing effect by the neon and x-ray doses is the same. This 

is true for each neon-plus-x-ray curve shown. Thus, at all killing-equivalent 

doses studied, x-rays are more effective than neon ions in producing Ur lesions 

in cells. 

The same set of data (Figure 4) may be used to determine whether an absorbed 

dose of neon ions, Dne , produces more Ur lesions than the same absorbed dose 
d 

of x-rays, Dx • The analysis is shown in the right panel of Figure 9. Here 
d 

the equivalent dose is described by: 

Deq = 0ne + 0x (8) 
' a 

and the equivalent survival is given by: 

\(0ne ) 
seq = d 5mix (Deq) • (9) 

5ne( 0ne ) 
d 

(;:.'., 

., ... 
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In the left-hand panel comparisons are made at the same surviving levels, and 
in the right-hand panel comparisons are made at the same absorbed doses. The 
data are taken from Figure 4. 
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The experimental mixed-radiation survival points lie somewhat above the 

x-ray-only curve despite the normalization made on survival. Thus, this graph 

shows that per unit of absorbed dose, neon ions are about the same or slightly 

less effective than x-rays in producing ur lesions. 

From this analysis, we may conclude that although neon ions are several 

times more effective than x-rays for cell killing (Figure 2), they are the same 

or slightly less effective than x-rays for producing remnant lesions (Figure 

9). 
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DISCUSSION 

Evidence of Repairable Damage 

The primary purpose of this study was to determine whether or not a high

energy neon-ion beam which yields ·an exponential survival-dose response produces 

a repairable type of damage in cells. We have presented experimental evidence 

that shows the effects of neon ions and x-rays on cell killing are not inde

pendent, but synergistic. In order to more clearly illustrate the synergism 

that' we observe, we have plotted in Figure 10 the survival curves f~om a "mixed" 

high and low LET beams where the cells receive 50% of the dose from neon ions 

and 50% of the dose from x-rays. In this case, the LET mixture is therefore 

the same at each dose level. The calculated survival curve was constructed 

assuming that the two radiation modalities act independently. The observed 

. survival curve clearly lies below the calculated one indicating that there is 

indeed a synergistic effect. Synergism is also observed when the mixture of 

high and low LET dose contribution is not 50/50 (Figures 4 and 5). These effects, 

in turn, suggests that neon ions produce damage which interacts with x-ray-induced 

damage, and vice versa. 

We have further demonstrated that the synergistic effect decreased as cells 

were allowed time to repair between irradiations. The loss of synergism with 

time suggests that the damage caused by the first radiation is repairable in 

the cells. This includes the damage produced either by the neon ions or by 

x-rays. While we cannot exclude the possibility that the damage differs for 

the two radiation modalities, the results suggest that the neon-induced damage 

has some functional properties similar to x-ray sublethal damage. 
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The radioresponse of V79 cells for a hypothetical mixed beam consisting of equal 

physical dose contributions of x-rays and neon ions, and having a calculated 
mean dose-average LET of 118 keV/~m. The dotted survival curve was constructed 

from calculations based on the x-ray-only and neon-ions-only survival curves 
shown and on the assumption that x-rays and neon ions act independently. This 

is compared to the observed curve which is derived from data shown in Figure 
4. The survival curves due to x-rays only and neon-ion only are taken from 

Figure 2. 
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Radiation Sequence 

In the experiments described in Figures 4 and 5, cells were kept at 4°C 

between treatments and we assumed that this condition was similar to the situation 

where cells are simultaneously exposed to low-LET and high-LET radiations. 

In this case, one assumes that the sequence of treatments is immaterial. A 

comparison of the data given in Figures 4 and 5 indicates that within experimental 

uncertainties this is true at lower doses. For example, the survival measurements 

were identical when cells were irradiated with graded neon-ion doses prior to 

or after 500 rad of x-rays. However, at higher doses (e.g., 800 rad x-rays 

and graded neon doses), it appears that x-rays given first were more effective 

than the opposite sequence. Further work is underway to study this result. 

Effects of Partial Synchronization on the Interpretation of Synergism 

Since asynchronous populations were used in the present experiments, one 
• 

could argue that the primary dose might kill different percentages of cells 

in each of the cell cycle stages and leave a partially synchronized population 

for the second dose which is delivered at ice temperatures a few minutes later. 

The results of the second irradiation would not, then, be applicable to an 

11 asynchronous 11 population. Dewey, for example, recently addressed this view 

{31). If this is the case, the effect we observed would be the difference 

between a synergistic effect and the effect due to 11 partial synchronization .. 

caused by the primary dose. However, based on the cell-cycle age response 

curves of V79 cells for x-rays (32), and high-energy charged particles (33), 

including our work with neon ions (34), one would expect that the effect of 

partial synchrony would lead to an underestimation of the effect of synergism. 
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An opposing view is that, for cells exposed to two radiations simultaneously 

or with a few minutes time interval between the exposures, there is no demonstrable 

change in the cell-age density distribution of cells compared to that of the 

asynchronous condition that existed prior to irradiation. At ice temperatures 

lesions from neon ions and x-rays are 11 pooled 11 with no changes occuring in the 

cell-division stages. Furthermore, it is impossible to demonstrate at the time 

of exposure which cells have received a killing dose or which cells will survive. 

· The lethal process occurs in a time interval of several hours at normal temper

atures (higher than ice temperature) and lethality is usually expressed during 

or after attempted mitoses. It is an important statement of the repair-misrepair 

model (20) that initial radiation lesions are 11 uncommitted 11 until a repair 

process has occurred that commits the cells to a definite fate. 

Our experiments, as reported here, do not furnish conclusive proof for 

either of these two views; however, whether or not the effects of partial 

synchronization prove to be important to the interpretation of our results, 

we are still led to the ~onclusion that there is a synergistic effect between 

neon ions and x-rays. 

We now turn to the combined radiation experiments with dose-fractionation 

intervals. A factor that may affect survival in these experiments is a change 

of cell-age composition from that of an unirradiated population at the time 

when the second radiation was administered. The change can be brought about 

by division delay, and accumulation of cells in G2 and M stages following a 

priming dose. Both division delay and G2 + M block have been shown to be dose 

dependent and more effective after high-LET than after low-LET radiation (35,36). 

However, according to our split-dose neon-plus-x and x-plus-x experiments on 
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cell survival ~Ngo, unpublished), and independent evidence from DNA density 

distribution analysis (36), this effect does not appear to be significant for 

3-hour or 24-hour fractionation intervals for the V79 cell line used. Hence, 

the survival increase observed over these specific times can be attributed 

principally to repair of radiation damage inflicted by the first radiation dose. 

Comparisons with Other Studies 

Our findings differ from the results of Barendsen's earlier work (9) which 

suggested that x-rays and alpha particles act independently in cell killing. 

The possibility that the difference is due to the different cell types used 

is unlikely since we also observed a similar effect on the T-1 human kidney 

cells (Ngo, unpublished). We note, however, that there are major differences 

in the radiological characteristics of alpha particles and neon ions. According 

to theoretical calculations (37,38,39), the alpha particle track endings represent 

very high energy densities in a very small core, about 0.4 nm in radi~s, ac

companied by short range delta-rays. The high-energy neon particles have a 

core radius of approximately 2.5 nm which is engulfed by delta-rays with an 

average radius of 9.3 x 103 nm. In addition, nuclear fragments are produced 

in the neon tracks. Consequently, the heavy ions have a broader spectrum of 

LET distribution which extends from 0.2 to about 1000 keV/~m, compared to the 

narrower LET distribution of stopping alpha particles with an LET range of 40 

to 240 keV/~m. These physical differences may account for the observed biological 

differences. 

Katz and Sharma (40) have theorized that the interaction effects demon

strated in fast neutron-x-ray experiments (15) are due to damage produced solely 

by the low-LET component. However, this hypothesis does not appear to be 
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compatible with the interaction effects we measured for neon ions and x-rays 

since the dose of the heavy ion beam had only a few percentage of the low-LET 

component. We suspect that some of the repairable damage is also produced by 

dense ionization events. Indeed, Lloyd et ~· recently showed that while 

individual alpha particles can kill single cells, not every particle passing 

through the ce,ll nucleus has a killing effect (41). Interpreted in light of 

the present paper, some of these nonkilling particles may produce repairable 

lesions. 

Theoretical considerations led Rossi (42) to suggest that repair of sub

lethal damage is the same per unit of absorbed dose regardless of radiation 

quality or LET. The x-ray and neutron work by Ngo et ~· (43), and the neon 

split-dose results presented here indicate that this hypothesis is not generally 

applicable. Our present results suggest that perhaps repair of sublethal 

damage, as measured by dose-fractionation experiments, is LET dependent, but 

that the efficiency of sublethal damage production, per se, may be only weakly 

dependent on radiation quality. Further particle beam work is necessary to 

substantiate this conclusion. 

The exponential dose-effect relationship has been of considerable interest 

in radiation biology. Recently Elkind has examined the initial part of the 

survival curve for low-LET radiation and suggested that the existence of an 

exponential dose-effect curve does not necessarily mean that the damage cannot 

be modified (44). The present study extends this concept by_providing direct 

evidence with high-LET radiation and mammalian cells. 
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Mechanisms for the Interaction Effect 

At least three mechanisms could be attributed t~ the synergistic inter

action observed. First, the sublethal lesions produced by the neon-ion beam 

and x-rays may undergo physical interactions which may result in lethal lesions. 

This mechanism is similar to the cooperative interaction of lesions for high

LET radiation-induced lethal effects suggested by Tobias (45), and the inter

action of sublesions which lie within some small distance of each other proposed 

by Kellerer and Rossi (46). A second mechanism may involve the inhibition of 

repair. Presumably, the damage caused by one radiation may affect the repair 

of damage produced by another radiation. The idea of misrepair (20,47) and 

saturation of repair (48-51) has been discussed by a number of investigators. 

A third mechanism is that lethality occurs because at a critical point for the 

cell to survive, e.g., at postirradiation mitosis, too many lesions remain to 

be repaired correctly. Hence, this mechanism may be called saturation of 

damage. Finally, the possibility cannot be ruled out that all three or any 

combination of these mechanisms may exist simultaneously in the cell. 

Mixed-Beam Radiotherapy 

Radiotherapy using a low-LET radiation source combined with fast neutrons 

is in progress at a number of< centers (52-54). Two-port (parallel-opposed) 

exposures have potential use for future particle radiotherapy (55). In this 

case, tumors are irradiated with a mixed radiation field. Additional basic 

studies on the interaction of low and high-LET radiation modalities will help 

predict and explain possible clinical advantages or disadvantages associated 

with this new approach to radiotherapy. 
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Two rather general implications may be inferred from the present study. 

First, a therapeutic gain may be anticipated due to the synergistic effect if 

the overlapping fields of low-LET and high-LET radiations can be localized to 

the tumor target region under treatment. Second, interradiation time will be 

a factor which determines the efficiency of the interaction. 

In conventional clinical practice, a dose per fraction of 200 gamma-ray 

equivalent rad is usually used; whether significant increases in cell killing 

are obtained with mixed low~ and high-LET radiation at this dose range remains 

to be determined. More importantly, whether there is a differential effect 

between normal tissues and tumors requires further exploration. 

CONCLUSIONS 

In conclusion, the experiments performed in this study show that: 

1. High-energy heavy charged particles can produce repairable damage in mam

malian cells even though the single dose survival curve is an exponential 

one, and even though repair is not evident by classical dose-fractionation 

experiments using high-LET heavy ions alone. 

2. Combined exposures to low-LET and high-LET radiations can cause a syner

gistic effect in cell killing. 
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