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Feola, Jose M., Lawrence, John H., and Welch, Graeme'P. Measure-

ment of the Effects of X Rays and Helium Ions on the Proliferative 

Capacity of Lymphoma Ascites Tumor Cells in vivo. 

Radiation Res. l!., pp • ( 1968). 

ABSTRACT 

Su~vival of lymphoma cells irradiated in special chambers under 

hypoxic and hyperoxic conditions has been used to calculate the oxygen 

enhancement ratio (OER) and the relative biological effectiveness (RBE). 

for X rays and He 4 ions of different LET. We have used 230-kV X rays 

(HVL = 1.6 mm Cur and the He 
4 

ions accelerated by the 184-inch synchro

cyclotron (LET's: 17 and 100 MeV-9m2/gm) and by the 88-inch sector-, 

focused cyclotron (LET's: 80 and 220 MeV-cm2/gm) to irradiate the 

lymphoma cells. The oxygen enhancement ratio (OER) for X rays is 

3.8:1: 0.9, and this value decreases constantly with increasing LET. 

For He
4 

ions of 220 MeV-cm2/gm the OER is 1.8:1:0.5. RBE's calcu:-

lated for both hypoxic and hyperoxic conditions are all close to 1.0, 

except for He 4 ions of high LET. The RBE for the He 4 ions from the 

184-inch synchrocyclotron at peak is 1.8:1: 0.5. This figure is of par-
I 

ticular interest in view of the extensive use of the Bragg peak in therapy. 

Comparing the OER for X rays with that for '~e4 ions at ~eak (2.1:1:0.7), 

a gain factor of 1.8:1: 1.0 is obtained. This gives an estimate of the de-

crease in the oxygen effect. Theoretical values of the gain factor for 

total destruction of the anoxic cells range from 2.5 to 3.5. 

* * * * l!c:* 

KEY WORDS: OER, RBE, X rays, helium ions, Ascites, lymphoma 
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INTRODUCTION 

Although the greater biological effectiveness of heavy particles 

over electromagnetic radiation has been studied by J., H. Lawrence 

in normal tissues (1-3), as well as in neoplasms in animals (3 -6), the 

need for a better understanding of the mechanisms of action of densely 

ionizing radiation, as well as the necessity of more precise measure-

ment of the decrease of the oxygen effect with increasing linear energy 

transfer (LET), stimulated the initiation of a research program aiming 

at the clarification of these problems. 

Studies of the biological effects of heavy ions on ascites tumor 

cells are particularly interesting because, unlike cultured cells, they 

are grown in vivo. In addition, parallel studies can sometimes be done 

by growing the same kind of cells in vitro as well as in vivo. 

Quantitative studies of mammalian ceflular radiobiology were 

limited to the precise techniques of culture in vitro until the methods 

first reported by Hewitt (7) and Hewitt and Wilson (8) allowed for mea-

surement in vivo of cell Viability by using cell dilution techniques. 

Preliminary work done in this laboratory showed a greater RBE 

'for the 910-MeV helium ions at the Bragg peak than the same particles 

at the plateau region2( 9). Also, there was an indication that the oxygen 

effect was reduced to some extent, and the need for more quantitative 
, 

studie s was pointed out. 

In the experiments reported here, improvements in the techniques 

used before have allowed us to make quantitative determinations of the 

oxygen enhancement ratio (OER) and the RBE of helium ions of different 

LET's. Our efforts in this direction are justified in view of the extensive 

use of helium ions in therapy (10-12). 
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MATERIALS AND METHODS 

.. The Tumor 

A murine lymphoma (near diploid, s = 41) was used in the experi- . 

ments reported here. This tumor line was obtained from Dr. D. B. 

Amos (13), and has been kept in ascites form by transplantation into 

A/Heston mice. This tumor "takes" in genetically closely related 

strains of mice such as A/Heston, LAF l' A/JAX, and CAF l' In these 

experiments we have used only LAF 1 female mice 12 to 16 weeks old 

and weighing 20 to 22 gm. The tumor-forming ability of the lymphoma 

cells (LU2), as defined by the TD50 (the number of cells that produces 

SO% of tumors withiri8 weeks~foll'owing intraperitoneal· injeCtion), has not 

changed in four years. It is: TDSO = 10:1: 4 cells (standard deviation 

indicated). 

The Irradiation Chamber 

Figure 1 shows a cross section of a sample holder. Six were used 

and irradiated sequentially with the aid of a remotely controlled sample 

. 37· 
wheel. Each sample of -71 mm (-1.8 X 10 cells per chamber) was 

injected with a syringe through the O.OS-mm dialyzing paper cover into 

a 3.0-cm-diam by O.i-mm-deep depression in the Lucite holder, and a 

1./2 -mil Mylar cover was placed over it. Neoprene "0" rings held the 

Mylar and dialyzing paper in place and sealed t~e cover to the holder. 

. 
For anoxic irradiations nitrogen gas was passed through a bubbler 

• 

and flow gauge to a manifold to which six 4-foot lengths of 1/2 -mm glass C 

capillary were attached. The flow rates from the capillaries were 

checked for independence, then the capillaries were individually con-

nected to the sample holders with small plastic tubing. At a flow rate 
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of 50 ml/min, the sy:stem flushed out in about 1 min, and then the gas 

changed in each holder two to three times per minute. Twenty minutes 

were allowed for the oxygen in the samples to clear before the irradia-

tions began. 

For the hyperoxic irradiations pure oxygen was used and the same 

procedure was followed as described for hypoxic irradiations. 

We have tried to keep the total flushing time for both hyperoxic 

and hypoxic irradiations at about 30 min, includ"ing the irradiation time. 

This was difficult in some cases when some technical problem arose 

after the flushing had been started. 

irradiations with the S8-Inch Sector -Focused Cyclotron 

Irradiations with helium ions of 118 MeV initial energy were done 

at the 88-inch sector-focused cyclotron at the Lawrence Radiation Labo,., 

ratory. At the irradiation ,position, 60 feet from the, cyclotron, the 

beam was brought to a focus with a quadrupole magnet. Then, in order 

to cover the sample uniformly, a 0.05 mm Al scattering foil was put 

into the beam 29 feet upstream from the target position. The maximum 

nonuniformity of this beam was approximately 5%, as determined by a 

diametrical scan with a 1- by i-mm diode. 

Full beam energy of 118 MeV was used for the low-LET irradia

tions at 80 MeV _cm2 /gm. The low beam energy required for high LET 

irradiations was obtained by absorption in Lucite. Two remotely con-

trolled wheels containing 1-1/2 -inch-diam absorption disc s were used 

first to obtain the Bragg curve, Fig. 3. Then the thickness which left 

a residual range of 0.09 gm/cm2 was placed in the beam to give an LET 

2 
of 220 MeV -cm /gm at the sample. From the slope of the Bragg curve 
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cutoff and the sample thickness, it is estimated that the LET ranged 

. Z 
from ZOO to .z60 MeV -cm /gm. 

Doses were measured with a nitrogen-filled parallel-plate trans-

mission ionization chamber with 61.1. aluminized Mylar electrodes. The 

electrodes were separated by Z mm, and a 1-cm-diam.circle was 

scratched on the aluminum surface of one of them to separate electri-

cally the collecting electrode from its guard ring. The chamber's 

dimensions were measured with an optical comparator, and the dose 

corresponding to a microcoulomb of charge was calculated (14). A 

capacitor box and electrometer measured each irradiation's accumu-

lated charge, from which the dose delivered was then determined. 

The dose rate at the plateau region was 2800 rad/min with a ,: 

standard deviation of ZOO rad/min and a standard error of 110 rad/min. 

Extreme values of the dose rate were 2610 and 3100 rad/min. At the 

peak the average dose rate was 930 rad/min with a standard deviation 

of 800 rad/min and a standard error of 250 rad/min. Extreme values 

were 180 and 1990 rad/min. 

Irradiations with X Rays and with the Helium Ions 
Accelerated by the. 184-Inch Synchrocyclotron 

X-ray irradiations were done with a 250-kV Philips machine, 

operating at 230 kV and 15 mAo Filtration of 1 mm Al and 0~·25 mm Cu 

was used. and the HVL in Cu was determined to be 1.4 mm. At 30-cm 

TSD, the dose ra.te was 210 ± 10 R/min. Doses were measured with a 

ZSO-R Victoreen ionization chamber which had been recently calibrated 

by the National Bureau of Standards. 

The 184-inch synchrocyclotron was used for irradiations with 

910-MeV helium ions at the plateau region (LET = 17 MeV-cm2/gm) 

,.-, 
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and at the Bragg-peak region. The latter condition required 54 mm of 
. . 

copper absorber. 

Raju has studied the energy distribution at the Bragg-peak position 

by using a 5-mm-thick, silicon detector. 3 Figure 2 shows the energy 

distribution as well as the LET distribution. The average energy is 

S5 MeV, and the average LET is 100 MeV-cm2/gm. 

Dose rates have varied between 300 and 700 rad/min, with an 

average value of 540 rad/min and a standard deviation of 100 rad/min. 

Dose were measured as described above for the SS-in. cyclotron. 

The Assay. 

Seven days prior to the irradiations, LAF 1 mice were injected 

with 106 L#2 cells. Thirty minutes before irradiation time these 

animals were sacrificed, and the tumor cells contained in the ascitic 

fluid were then placed in the thin chamber s by injection with a syringe.' 

The chambers were flushed for 20 min, and the irradiations performed 

under a constant flow of either nitrogen or oxygen. The cells from each 

chamber were recovered and placed in test tubes which contained 2 ml 

of tissue culture medium 199 (TC-199). Counting was done with the 

hemocytometer, and serial dilutions were prepared for injection. For 

each dose, as well as for controls, five groups 6f 10 animals each were 

intraperitoneally injected with 0.1 ml of fluid containing the different 
. 

concentrations of cells. Factors of 5 were used between dilutions. 

Injected mice were kept in plastic .cages housing five 

mice each, and the animals were examined for tumors twice a week 

for a period of eight weeks. 
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Surviving Fraction, Mean Lethal Dose, and RBE 

The percentage of animals taking the tumor at each level of cell 

inoculation allowed calcuiation of the TDSO (the number of cells that 

causes tumors in 50% of the mice). Because of the low precision of 

'. the accumulation method of Reed and'Muench (15) and the serious 

doubts raised regarding its appropriateness (16, 17), the Litchfield 

and Wilcoxon's method (.18) was used to obtain the TDSO's and their 

950/0 confidence interval, with occasional contr<:>l of results by means 

of probit analysis 4 (19). 

The ratios of the TDSO for the control group to those for the 

different doses of radiation gave the surviving fractions (S. F.). Plots 

of surviving fractions as a function of dose gave the survival curves. 

Straight lines fit well most of the experimental curves. When shoulders 

are present, the extrapolation numbers range from 1.2 to 1.5. 

The mean lethal dose, DO' was used to estimate the RBE. The 

mean lethal dose is the dose in rads required to reduce to 0.37 the sur-

viving fraction in the exponential region of survival curves. 

The Gain Factor 

The gain factor is defined as the ratio of the oxygen enhancement 

factor for X rays to that for helium ions. This factor indicates how 

much one "gains" by using the different helium ions when treating anoxic 
. . 

cells. For equal injury to well-oxygenated tissues, the effect on anoxic 

cells is increased as if the dose to these cells only had been increased 

in the ratio given by the gain factor (20). 
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RESULTS 

X-Ray Irradiations 

Figure 4 shows the survival curves obtained by irradiation with 

X rays. The mean lethal dose is indicated in the figure, and all results 

have been summarized in Table I. 

The mean lethal dose under hypoxic conditions was 380 ± 50 rads, 

and under hyperoxic conditions it was 100 ± 10 rads. The ratio of these 

two values gave an oxygen enhancement ratio of 3.8 ± 0.9 as indicated in 

the seventh column of Table I. 

Points on both curves at the same dose level indicate values ob

tained in independent experiments. They show the degree of reproduc

ibility.that can be obtained when experimental conditions are well con

trolled. In the case of X rays, all laboratory procedures, irradiations, 

and injections were performed in the same building. When the irradia....; 

tions were performed with the 184-inch synchrocyclotron or with the 

88 -inch sector -focused cyclotron, the timing of the experiments was 

more difficult, and greater variability was expected and actually ob

served. 

Irradiations Performed with Helium Ions 

184-inch synchrocyclotron: Figure 5 shows the survival curves 

obtained by irradiation of the lymphoma cells under hyperoxic and 

hypoxic conditions in the plateau region of the 910-MeV helium ions. 

For the hypoxic irradiation DO is 330 ± 50 rad; for the hyperoxic irradia

tion DO is 130 ± 30 rad. The ratio of these two quantities gave an OER 

of 2.5 ± 1.0. 
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RBE's were estimated from the ratios of the mean lethal dose 

for X rays to that of the helium ions both under hypoxic and hyperoxic 

conditions. The values for 910-MeV helium ions were obtained the 

following way: 

RBE (N
2

) = 380±50j 330±50 = 1.2±0.3 (column 8, Table I) 

RBE (02) = 100±10 / 130±30 = 0.8±0.3 (column 9, Table I). 

Finally, the gain factor was obtained as the ratio of the oxygen enhance-

ment ratio for X rays to that for the helium ions. In the case we are 

exemplifying, the gain factor is 

"GF = 3.8 ± 0.9 / 2.5 ± 1.0= 1.5 ± 1.0 (last column, Table I). 

Survival curves for t4e Bragg peak of these particles are shown in 

Fig. 6, and the estimated values of DO' OER, RBE, and GF are given 

in Table I. The energy and LET are the averages found by Raju3 as 

shown in Fig. 2. 

88-inch sector-focused cyclotron: Figure- 7 shows survival curves 

obtained by irradiation of th~ lymphoma cells in the plateau region at 

an energy of 118 MeV, and Fig. 8 shows the survival curves obtained 

by irradiation at the Bragg peak. The shape of the Bragg curve for 

these particles can be seen in Fig. 3. Results have been summarized 

in Table 1. 

DISCUSSION 

The end-point of these studies was the tumor-forming ability of 

the lymphoma cells. No matter by which mechanisms the tumor-forming 

ability was impaired, it showed up in the slope of the .survi val curve s. 

When the irradiations were performed under hyperoxic conditions, the 

same dose of different kinds of radiation impaired the tumor-forming 

,. 



-9- UCRL-17954 

ability to the same proportion, within the limits of the experimental 

errors. 

The presence of oxygen seems to make the impairment of the 

tumor-forming ability a function only of the dose given. On the other 

hand, survival curves obtained under hypoxic conditions showed a clear 

dependency on the LET of the helium ions used, in spite of the short 

span of the LET's explored-in these experiments. The RBE's and gain 

factors calculated for the helium ions quantitatively showed the greater 

effectiveness of the Bragg peak as compared with the plateau and X 

rays, as well as the partial overcoming of the oxygen effect. 

The assay we have used "certainly measures the net result of a 

number of radiation-initiated processes, all of which can lead ultimately 

to the failure of a cell to carry out unlimited proliferation" (21). 

Qualitative differences between the action of alpha particles and 

X rays on lymphoma cells in vitro have been pointed out by Alexander 

(22). He also thought it was unlikely that DNA synthesis was involved 

in the events leading to cell death, since DNA continued to be made at 

the normal rate for many hours by the irradiated cultures. 

Bacq and Alexander have indicated that "the fact that oxygen en

hances the biological damage of radiations with low LET could arise 

from the fact that an isolated ionization initiates an autoxidation chain. 

thereby breaking these barriers which are made up in part of phospho

lipids in the same way as do several ionizations close together" (23). 

This would explain why the mean lethal dose under hyperoxic conditions 

-is the same regardless of the type of radiation used. In all cases enough 

damage is produced, although by different mechanisms, to result in 
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similar impairment of the proliferative capacity. The fact that densely 

ionizing radiation has a higher RBE than C060 ga~ma rays has already 

been shown by Loughman et al. for these lymphoma cells using poly

ploidy induction as an end point (24), and by Feola et·al. (25) using the 

same methods and end point as in this paper. This increasing RBE 

with increasing LET showed up when the irradiations took place under 

hypoxia. In the absence of oxygen, helium ions are more effective, 

not only in causing chromosome damage, but also in producing mal-

function of the cell membrane, damage to the organelles, release of 

proteolytic. enzymes, etc. All these effects would impair the ability of 

the cell to proliferate, and then w.ould be measured in an assay for loss 

of proliferative capacity (21.). 

Small shoulders are present in some of the survival curves. The 

extrapolation number goes from 1.2 to 1.8 in those cases, in agreement 

with nearly shoulderless survival curves obtained by Bush and Bruce' 

(26) and Silini and Maruyama (27) with lymphoma cells. 

Comparison of the mean lethal doses obtained by us by irradiating 

in vitro with values reported in the literature for in vitro and in vivo 

irradiations gives good agreement for hypoxic conditions. Berry and 

Andrews (28) reported a value of DO = 365 rads for the P-388 lympho

cytic leukemia, Belli and Andrews (29) obtained a DO of 415 R for the 

P-388 lymphocytic leukemia irradiated in vivo as an ascites 7-day-old 

tumor, and Silini and Maruyama (27) gave a DO of 437 R for the LSA 

ascites lymphoma irradiated in the C57BL dead mice. 

Mendelsohn has pointed out the small spread observed for different 

tumors and techniques, and has given an average value of 358 R for 

anoxic cell s (30). 
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Regarding the hyperoxic irradiations, Mendelsohn gave an aver

age value of DO = 131 R, which compares well with the value obtained 

by us with X rays (DO = 100 ± 10 rads). One must be careful, however, 

in comparing results, that hyperoxic conditions were really obtained 

in each experiment. 

The valu.e of DO = 160 rads reported by Berry and Andrews (28) 

was obtained by injection of hydrogen peroxide prior to irradiation. 

This value, as well as the one reported by Silini and Maruyama (27) 

of DO = 170 R for in situ irradiations, seems to indicate that the cells 

were not well-oxygenated. This seems to be clear by comparing with 

the value reported by Belli and Andrews (29) for the 1-day-old tumor, 

namely, DO = 110 ± 11 rads (SD), which agrees well with ours. When 

the irradiation is performed under vigorous bubbling of oxygen (95% 02' 

5% CO
2

), as in the experiments done by Bush and Bruce (26) irradiat-; 

ing lymphoma cells in suspension and assaying by the spleen-colony 

method, the conditions are closer to those in our chambers. And so 

we report the mean lethal dose for C060 ,(-ray irradiations: DO = 

114 ± 4 rads. 

ConSidering the complexity of the factors involved, we think all 

these results are in essential agreement, and they point out the need of 

measuring the oxygen pressure in vivo as well as in vitro. The care-

ful work of Deschner and Gray (31) has shown the difficulties of this 

task, as well as its potential in radiation research, especially for 

measurements in the ascitic fluid. 

We have done some preliminary experiments to correlate p02 

measurements with mean lethal dose. We have done these measure-
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ments in vivo introducing a Beckman microelectrode housed in an 18-

gauge needle into the peritoneal cavity instead of taking samples of the 

ascitic .£luid (27). Calibration at four points at 37°C gave a straight 

line in most cases. A survival curve for a 7-day-old tumor is shown 

in Fig. 9. The DO =260 ± 40 rads indicated that some oxygen was 

present, since. the mean lethal dose for anoxic cells is higher. How

ever, the value of 21.0± 7.0 mm Hg obtained by measuring 10 animals 

with tumors of the same age seems .slightly high, and we are in the 

process of repeating these experiments in tumors from 3 to 8 days old •. 

The ()xygen-enhancement ratio is known to decrease with increas

ing LET (32--35), and consequently the gain factor increases. The 

range· of gain factors obtained by us (1.5 to 2.1) is of the same order as 

values reported by other workers who used fast neutrons in their exper

iments (33 -36)~ 

The method used by us was not sensiti veeno~gh to show differ

ences due to dose rate, and the same was true regarding survival under 

hyperoxia. Differences may exist, as has been shown with more pre

cise techniques (37,38) •. The RBE values reported here are in the 

range expected on the basis of previous work done in this laboratory 

with mammalian cells in vitro (37), and with techniques similar to 

ours (9,39). 

CONCLUSIONS 

Somebody has said that all experimental work should be considered 

preliminary and reported as such. We think this is true, at least for 

this paper. We are especially interested in the Bragg peak of the 
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910-MeV beam, because of its intensive ,use in therapy, and because of 

the need to clarify the role of the high-LET components in the RBE and 

GF obtained. Experiments are under way to compare the effects of 
• 

this beam on lymphoma cells with the effects on an aneuploid ascites 

tumor. 

ACKNOWLEDGMENT 

We wish to thank Miss Alice Beckmann and Miss Henriette C. 

Cozza for their technical assistance in this project. 



-14- UCRL-17954 

REFERENCES' 

1. J. H. Lawrence and E. O. Lawrence, The biological action of 

neutron rays. Proc. Nat. Acad. Sci. 22, 124-233 ( 1936). - -,- --- ---
2. J. H. Lawrence and R. Tennant, The comparative effects of neu-

·.·trons and X rays on the whole body. J. Exp. Med. 66, 667-688. 

( 1937). 

, ,3. J. H. Lawrence, P. C. Aebersold, and E. O. Lawrence, The 

comparative effects of X rays and neutrons on normal and tumor 

tissue. Proc. Nat. Acad. Sci~ 22, 543-557 (1936). - - --. ---
4. 'J. H. Lawrence, R. Horn, and L. C. Strong, Radiation studies on 

mammary carcinoma of mice. Yale J'. Bioi. Med. 10, 145 -154 

( 1938). 

S.D. Axelrod, P. C. Aebersold, and J. H. Lawrence, Comparative 

effects of neutrons and X rays on 3 tumors irradiated "in vitro". 

Proc. Soc. Exp. BioI. Med. 48, 251-256 (1941). ----------
. 6. P. C. Aebersold and J. H. Lawrence, Physiological effects of 

neutron rays. Ann. Rev. Physiol. 4, 25 -48 ( 1942). ---- -- -
7. H. B. Hewitt, Studies of the dissemination and quantitative trans-

plantation of a lymphocytic leukemia of CBA mice. Brit. J. 

Cancer £, 378-401 (1958). 

8. H. B. Hewitt and C. W. Wil son, A survival curve for mammalian 

leuk~emia ~ells irradiated in vivo (Implications for the treatment 

of mouse leukaemia by whole -body irradiation). Brit. J. Cancer 

£, 69-75 (1959). 

9. K. Sillesen, J. H. Lawrence, and J. T. Lyman, Heavy-particle 

ionization (He, Li, B, Ne) and the proliferative capacity of 



-15- UCRL-17954 

'neoplastic cells "in vivo". Acta Isotopica~, 107-126 (1963). 

1.0. J. H. Lawrence and C. A. Tobias, Heavy particles in medicine. 

In Progress in Atomic Medicine, Chapter 6, Grune and Stratton, 

Inc., New York, 1965. 

11. C. A. Tobias and P. W. Todd, Heavy charged particles in cancer 

therapy. Nat. Cancer Inst. Monograph No. 24, 1965. 

1.2. J. H. Lawrence and C. A. Tobias, Heavy particles in therapy. 

In Modern Trends in Radiotherapy (T. J. Deeley and C. A. P. 

Wood, eds.), Chapter 15, Butterworths, London, 1967. 

13. D. B. Amos, Serological differences between comparable diploid 

and tetraploid lines of three mouse ascites tumors. Ann. N. Y. 

Acad. Sci. 63, 706-710 (1956). -- --
14. A. C. Birge, H. O. Anger, and C. A. Tobias, Heavy charged 

beams. In Radiation Dosimetry (0. J. Hine and G. L. Brownell, 

eds.), Academic Press, New York, 1956, pp. 623. 

15. L. J. Reed and H. Muench, A simple method of estimating fifty 

percent end points, Amer. J. Hygiene 27, 493-497 (1938). 
- --

16. D. J. Finney, Statistical Method in Biological Assay, 2nd. Ed., 

Hafner Publishing Co. , . New York, 1964. 

17. G. G. Meynell, Inherently low precision of infectivity titrations 

using a quantal response. Biometrics~, 149-163 (1957). 

18. J. T. Litchfield and F. Wilcoxon, A simplified method of evaluat-. 
ing dose -effect experiments. J. Pharmac. Exp. Therapy~, 

99-113 (1949). 

19. D. J. Finney, Probit Analysis, 2nd Ed., Cambridge University 

Press, Cambridge, 1962. 



.. 1.6.;. UCRL-1. 7954 

20. J. F. Fowler and R~ L. Morgan, Pre-therapeutic experiments 

t', . 
with the fast neutron beam from the Medical Research Council 

Cyclotron, VIII, General Review. Brit. J. Radiol. 36, 115-121. --
( 1963). " 

21 •. , G. F. Whitmore and J. E. Till, Quantitation of cellular radio-

biological responses. Ann. Rev. Nuc1. Sci . .!i, 347-374 (1964). 

'. 22. P. Alexander, Qualitative differences between the action of cr and 

X rays on lymphoma cells in vitro. Brit. J. Radio!. 35, 361 (1.962). --- --
23. Z. M. Bacq and P. Alexander, Fundamentals of Radiobiology, 

Pergamon Press, New York, 1.961, p. 97 • 

. 24. W. D. Loughman, J. M. Feola, M. R. Raju, and H. S. Winchell, 

RBE of .rr- beams in the Bragg-peak region using polyploidy 

induction in mammalian cells irradiated in vivo. To be published 

in Rad. Res. 

25. J. M. Feola, C. Richman, M. R. Raju, S. B. Curtis, and J. H. 

Lawrence, Effect of negative pions on the proliferative capacity 

of ascites tumor cells (lymphoma) grown in vivo. To be published 

in Rad. Res. 

26. R. S. Bush and W. R. Bruce, The radiation sensitivity of trans-

planted lymphoma cells as determined by the, spleen colony method. 

Rad. Res. '21', 612-621 (1964). -- -- -. 
27. G. Silini and Y. Maruyama, Studie s of the LSA ascites lymphoma 

of C57BL mice. 1. Transplantation characteristics and radio-

sensitivity of cells during serial passages. J. Nat. Cancer lnst. 

35, 841-849 (1965). 



.. 

-17- UCRL-17954 

28. R. J. Berry and J. R. Andrews, Quantitatiye studies of radiation 

effects on cell reproductive capacity in a mammalian transplantable 

tumor system in vivo. Ann. N. Y. Acad. Sci. ~, 1001-1008 (1961). 

29. J. A. Belli and J. R. Andrews, Relationship between tumor growth 

and radiosensitivity. J. Nat. Cancer Inst. 31, 689-703 (1963). --- ----
. 30. M. L. Mendelsohn, Radiation effects in tumors. In Radiation 

Research (G. Silini, ed.), North-Holland Publishing Co., Amster-',/L'" 

dam, 1967,pp. 659 -675. 

31. E. E. Deschner and L. H. Gray, Influence of oxygen tension on 

X-ray-induced chromosomal damage in Ehrlich ascites tumor 

cells irradiated in vitro and in vivo. Rad •. Res. 11, 115 -146 (1959). -- --- -- -- -
32. T. Alper, Effects on subcellular units and free -living cells. In 

Mechanisms in Radiobiology (M. Errera and A. Forssberg, eds.), 

Chapter 5, Academic Press, N. Y., 1961, p. 382. 

33. D. K. Bewley and S. Hornsey, Radiobiological experiments with 

fast neutrons, with reference to the possible value of neutron 

therapy. In'Biological Effects of Neutron and Proton Irradiations, 

Vol. II, IAEA, Vienna, 1964, pp. 173-183. 

34. J. F. Fowler, Neutrons in radiotherapy: Slow neutrons, fast 

neutrons and other heavy particles. In Biological Effects of 

Neutron and Proton Irradiations, Vol. II, IAEA, Vienna, 1964, 

pp. 185 -214. 

35. J. F. Fowler, Radiation biology as applied to radiotherapy. In 

Current'Topics in Radiation Research, Vol. II (M. Ebert and A. 

Ho'Ward, eds. ).' North-Holland Publishing Co., Amsterdam, 1966. 

pp. 332. 



-18- UCRL-17954 

36. . S .. Hornsey and a; Silini, Comparisons of the effects of x-rays 

and cyclotron neutrons on mouse ascites tumours, mouse testis 

and chick embryos. Brit. J. Rad. 36, 92-97 (1963). --.. - -- --
37. P. W. Todd, Reversible and irreversible effects of densely ionizing .. 

radiations upon the reproductive capacity of cultured human cells. 

Med. College Virginia Quarterly:', 2 -14 (1966). 

38. G. W. Barendsen. Mechanism of action of different ionizing radia-· 

tions on the proliferative capacity of mammalian cells. In 

Theoretical and Experimental Biophysics (A. Cole, ed.), M. 

Dekker, Inc., N. Y., 1967, pp. 167-231. 

39. R. J. Berry, liS mall clones" in irradiated tumour cells in vivo. 

Brit. J. Radiol. ~, 285 -291 ( 1967). 



.. 

. 

-19- UCRL-17954 

FOOTNOTES 

1. This work was don~ under the auspices of the U. S. Atomic 

Energy Commission, American Cancer Society, and Office of 

Naval Research. 

2. Y. Schmidlin, J. H. Lawrence, K. Sillesen, G. Welch, and J. 

Lyman, Effect of heavy particles on the proliferative capacity of 

ascites tumor cells (lymphoma) grown in vivo. In Semiannual 

Report, Biology and Medicine, Donner Laboratory, University of 

California, UCRL-11833, 1964, pp. 80-94. 

3. M. R. Raju, Heavy particle studies with silicon detectors, 

UCRL-16534, 1965 •. 

4. W. J. Dixon, ed., Biomedical Computer Programs, University 

of California at Los Angeles, BMD 03S, 1964, p. 357 . 



TABLE I 

Effects of helium ions and X rays on lymphoma cells irradiated in vitro and grown in vivo' 

LET 
Number D DO D (N )b,c RBE RBE 

Acceler- MeV-cm2 of 
0 o 2 . 'Caih cd (N
2

) (°2) DO{02) (N )c (02)c 
ator Radiation gm ___ animal sa 2 factor' .. -
250-kV 230-kV 15-30 1500 380:1:50 100:1: 10 3.8:1: 0.9 f . f 
X rays X rays 

184-inch 910-MeV 17 500 330:1: 50 130:1: ~o 2.5:1: 1.0 1.2:1: 0.3 0.8:1: 0.3 1.5:1:1.0 
synchro- He ions, 
cyclotron plateau 

184-inch 85 -MeV fOO
e . 1000 210:1: 30 100:1: 20 2.1:1:0.7 1. 8:1: 0.5 1.0:1: 0.3 1.8±1.0 

synchro- He ions, 
cyclotron peakd 

I 

88-inch 118-MeV 80 1000 330:1: 70 115:1: 25 2.0:1: 1. 2 1.2:1: 0.4 0.9:1: 0.3 1.9:1:1.1 N 
0 

cyclotron He ions, I 

plateau 

88-inch 36-MeV 220 . 1000 220:1: 20 110:1:20 1. 8:1: 0.5 1.9:1:0.4 0.9:1:0.3 2.1:1: 1 .. 1 
cyclotron He ions, 

near peak 

a Each experiment involves about 250 mice. 
b - . 

Oxygen enhancement ratio~ 
c 
Errors have been propagated. 

d The ratio of the oxygen enhancement factor for X rays to that for helium ions. C 

e Averages of energy and LET distributions are indicated. 
() 

:::a 
):-4 
I 
~ 
-..J 
.;D 
U1 
oJ:o. 
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FIGURE LEGENDS 

Fig. 1.. Irradiation chamber~ The lymphoma cells are irradiated 

under a 0.05 -mm dialyzing paper cover. A 1.3 -1-1 Mylar cover is 

placed on top. 

Fig. 2. Distribut,ion of helium-ion energy and LET at the Bragg peak 

of the 910-MeV helium-ion beam. 

Fig. 3. Bragg curve of 118-MeV helium ions accelerated by the 88-

inch sector -focused cyclotron. 

Fig •. 4. Lymphoma cells irradiated with 230-kV X.rays.under hypoxic 

and hyperoxic conditions. Standard deviations are shown. Points 

at the same dose level show degree of reproducibility obtained. 

DO( N2) = 380 ± 50 rads; n = 1.0. 

DO(02) = 100 ± 10 rads; n = 1.8. 

In all figures, open circles indicate hypoxic conditions, and dots 

show hyperoxic conditions. 

Fig. 5. Survival of lymphoma cells irradiated with the 910-MeV He 4 

ions accelerated by the 184-inch synchrocyclotron at Berkeley. 

n( N 2) = 1.0; n( ° 2) = 1. 7. 

Fig. 6. Effects of He 4 ions accelerated by the 184-inch synchro-

cyclotron on the lymphoma cells when it-radiated at the Bragg-peak 

region (average energy 85 MeV). n(N2 ) = n(02) = 1.0. 

Fig. 7. Survival of lymphoma cells irradiated with 118-MeV He
4 

ions 

accelerated by the 88-inch sector-focused cyclotron at Berkeley. 
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Fig. 8.· Survival of lymphoma cells irradiated at the Bragg-peak 

region of the He 4 ions accelerated by the 88-inch sector-focused 

cyclotron. n{ NZ) = n{OZ) = 1.0. 

Fig. 9. Survival of lymphoma cells irradiated in vivo (7 -day old 

tumor) as compared with the irradiations performed in vitro. 

n (in vivo) = 1.Z. 

. . .~ . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 




