
• 

Presented at the Radiological Society 
of North America, Inc., November 29-
December 4, 1970, Chicago, Ill. 

MEASUREMENT OF OXYGEN EFFECT AND 

UCRL-20190 
Preprint 

HEL~~O~~g~c;-~A~~~I~~r~~~~~R~~ ~i~i~~71) 

Mudundi R. Raju, Madhvanath Gnanapurani, 
Bambino Martins, Jerry Howard, and John T. Lyman 

November 1970 

AEC Contract No. W -7405-eng-48 

LAWRENCE RADIATIC>N I ~A HCYR~rORY 
UNIVERSITY of ~AT~IFORNTA RERK.El~EY 

~ 
() 

~ 
t" 
I 
N 
0 ,_. 

"' 0 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



    i            ii



• 
·.• 

• 

• 

-iii-

MEASUREMENT OF OXYGEN EFFECT AND BIOLOGICAL. 
EFFECTIVENESS OF A 910-MeV HELIUM IO:N BEAM 

USING CULTURED CELLS (T-1) 

MUDUNDI R. RAJU; D.Sc., MA.DHVANATH GNANAPURANI, M.S. 
BAMBINO MARTINS, M. Sc., JERRY HOWARD, M.S., 

and JOHN T. LYMAN, Ph.D. 

ABSTRACT 

The depth-dose distribution of a 9lO.,.MeV monoenergetic 

helium ion beam is modified by using a ridge filter in the beam 

path so that the region of maximum dose is uniform over a dis-

tance of about 6 em of water. The biologica1 effectiveness and 

oxygen enhancement ratio ( OER) at different depths within a 

rectangular Lucite phantom are measured by using human kidney 

cells (T-1). The results indicate that the biological effectiveness 

at the broad peak region is about 1.3 to 1.4 compared with that at 

the beam entrance, and the OER is found to be about 1. 7 to 1.9. 

This significant reduction in OER even when the beam is modified 

to cover 6 em of tissue may be of radiotherapeutic interest in 

treatment of deep seated tumors containing h}rpoxic cells . 
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INTRODUCTION 

In radiation therapy, ideally one would iike to deliver a 

ttimorcidal dose to the tumor; however, in practice one is. limited 

by normal-tissue injury. Radiations andtechniques that help 

in delivering more dose to the tumor with minimum dose to the 

surrounding normal tissue could j.mprove the cure rates and 

. reduce the complications due to normal-tissue injury~ Significant 

progress .has been made by employing penetrating radiations. 

However, the use of heavy charged particles such as protons and 

helium ions is not very extensive, although such radiations are 

promising in improving radiotherapy results. in principle and h~:we 

been available at a few places for many years~ This is probably 

because these facilities (cylotrons) are not in radiotherapy 

departments. 

The therapeutic use of the 910-MeV helium ion beam from 

the 184-in. - synchrocyclotron at Berkeley has been mainly for 

pituitary irradiations of patients with acromegaiy, diabetic retina

pathy, ·Cushing's disease, or breast cancer (1 ). When the narrow 

Bragg ·peak is broadened by means of a variable absorber in the 

beam, it is possible to use this beam for other radiotherapeutic 

applications. Since, in such cases, the dose contribution due to 

high-LET components at the broadened Bragg-peak region is 

small, it was felt that such a beam may not be useful in overcom

ing the oxygen effect considerably (2). However, the experi

mental determination of the oxygen enhancement ratio of 1.6 for 
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14-MeV neutrons indicates that a small fraction of dose due to 

high-LET alpha particles produced by 14-MeV .neutrons in tissue 
< • • • 

is mainly responsible for ·reducing the OER (3, 4). 

It is .of interest to find out how ~ small fraction. of dose due 

to higb:-LET components (low-energy alpha particles) at the 

broadened Bragg-peak region would affect the r~diobiological 

properties of therapeutic interest, such as biological effectiveness 

and oxygen enhancement ratio. Such.measurernents will be helpful 

in <u&e&liling the therapeutic ca.po.bilities of this l;JcA.iu. . . . 

Our preliminary measurements of oxygen effect at the 

broadened Bragg peak region over a depth of 3 em indicated sig-

nificant reduction in oxygen enhancement ratio ( 5). In this invest-

igation tP,e 91 0-MeV helium. ion beam is modified so that the dose 

at the peak region is uniform ove~ h c.ni of. w::~.t.~r. ThP. oinlngir.al 

effectiveness and OER over this broad-peak region and at the 

beam entrance are measured. 

MA'l'ERIALS AND METHODS 

Physical. 

The width of the .Ora.gg !Jt::C:Lk uf a Inunoenergetic charged 

particle beam is small when compared with typical tumor sizes. 

One technique for modifying the depth-dose distribution of mono-

energetic charged particles to uniformly irradiate the treatment 

volume is to use a ridge filter (6, 7). 
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The ridge filter cons.ists .of a series of similar units, usually 

made of a derise metal such as- copper. These units are placed side 

by side tb form a composite filter whose cross section is larger than 
. . 

the beam area. Each unit is essentially a stepwise variable-thick-

ness absorber. The width of an individual step determines the 

relative._intensity, and the total thickness of the step determines 

the residual energy. The use of a ridge filter permits the simul

taneous superposition of the depth-dose distributions of all the 

components required to produce the desired depth-dose distribution. 

As more components are used to· ~pproximate the desired distri-

bution, the number of steps increases and the cross section of the 

individual units more closely approximates a smooth curve. 

The 910 MeV helium ion beam has a range of about 32 em in 

water; this energy is much higher than is necessary for radio-

therapeutic applications. Such high-energy heavy charged-particle 

beams give a lower ratio of dose at the peak·to the entrance because 

of n.1.ultiplt! scattering effects and the_ loss of the particles before 

they stop. The bearri is firstdegraded by a 3.2-C:m·copper ab-

. sorber. The residual energy of the beam af_ter.passing through 

copper is 500 MeV. This residual beam is further modified by 

using a ridge filter so that the peak of the depth-dose distribution 
.. 

is broad enough to cover 6 em of water. In a Lucite phantom this 
. . 2 

is equivalent to about 5 em (6g/cm of Lucite). 

The design of the ridge filter is optimized by the use of a 

computer program which can translate either an experimental or 
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a theoretical narrow Bragg curve to the. required curve with a 

broadened peak region. The output of the computer program in-

eludes the necessary information for punching a paper tape, which 

can be used with a paper-tape-controlled milling machine to make 

the required filter. The experimental measurements of the 

modifie.d depth-dose distribution agree very well with the computer-·. 

predicted dose. distribution (8). The compute! printout of the ridge 

filter used in this investigation is shown in Fig. 1, and the exper~ 

imental dete~mination of the depth-dose distril;mtion of helium 

ion beam is shown in Fig. 2. 

Biological 

Huni.a:n kidney c~lls (T-1) were used in this investigation. 

The tissue culture techniques employed have already been de-

scribed(9, 10). Instead of feeder cells, enriched medicum c:ontain-
. . . 

ing 15% fetal calf serum was used to improve the plating efficiency. 

Cells in early logarithmic growth phase w.ere plated in 35-mm 

plastic dishes in appropriate numbers so that surviving colonies 

would be about 100 in each dish. The dishes were placed in the 

1ncubator at .3 I"C for·4·to 7 huur~:; llefu.t·~ ~Apu=-ul'c to ra.diatio11. 

A sample loading wheel was used for rriounting the dishes 

for irradiation( 11). The medium was removed from the dishes 

before they were mounted in the wheel. Compressed air or 

nitrogen with 5o/o carbon dioxide saturated with water vapor was 

admitted into the wheel and circulated o·ver the dishes during 

exposure. In the case of exposures in nitrogen, the cells were 
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p'regassed:·for at least 5 minuteii b~fore ~xi;>o"s~re to radiation. 

Dishes contai:rii1;1g cells were exposed to different doses of radi

ation at three positions marked 1, 2, and 3 in Fig. 2. Three to 

four dishes were exposed for each dos.e point .. Twelve to fifteen 

days after exposure the colonies were stained with methyline blue~ 

I 

All the visible colonies were counted and the percent survival 

calculated. 

RESULTS AND DISCUSSION 

Figure 3 shows the survival curves obtained for exposures 

of the three positions in a Lucite phantom. Biological effective-

ness compared with that of entrance position (marked 1 in Fig. 2) 

and OER were calculated at 1 Oo/o survival. 

The biological effect at entrance is very similar to that of 

conventional radiation. The biological effectiveness at positions 2 

and 3 compared with position 1 is 1.3 and 1.4 respectively. The 

OER values at positions 1, 2, and 3 are 2.5, 1.8, and 1. 7 respec-

tively .. These preliminary results indicate that there is a sig-

nificant reduction in OER in the broad peak region. This signifi-

cant reduction in OER even when the peak is broadened to cover 

6 cm·of water is rather unexpected, in the same way an OER of 

1.6 was for 14-MeV neutrons. 

The trend of variation of RBE and OER over the peak region 

can be expected from variation o:f LET, which increases with 

depth. Early experiments with anoxic mammalian tumor cells 

studied in vivo indicate that dose response was significantly 
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altered at the broadened Bragg peak of a 910-MeV helium ion 

beam,. when compared w"ith that at the entrance ( 12). 

A high-, energy. helium ion beam has a radiotherapeutic appli-

cation similar to that of high-energy protons because of its excel

lent depth-dose distribution characteristics in the treatment of 
. . . . ' 

dee-p-seated tumors. located near seri~i~ive and vital structures. 

Further, ·the significant reduction in OER indicates an additional 

advantage of high-energy helium ion beams in treating tumors 

containi~g hypoxic cells. The anoxic gain factor· (damage to anoxic 

cells when compared with oxygenated cells) for helium ion beam 
' ' . ' 

is greater than conventional radiation, but slightly less than that 

for fast neutrons. Unl*e with neutrons, this gain factor is in the 

region oi interest only and ~he type of damage to surrounding nur

mal tissue is similar to that of conventional radiation. The anoxic 

gain factor for neutrons when compar.ed with conventional radiation 

gets red~ced appreciably for s.mall fra.ctions of .doses ( 13). This 

may possibly be true for helium ion beams. · Huwevet·, wilh lhe 

excellent. depth-dose distribution and beam shaping that can be 

obtained for helium ion beam, it is possible to deliver large single 

do&es to the tumor region. and sp.~.l:'e the no:rm;tl snrronnrline 

tissue. Thus, helium ion .beam may be v.ery effective in radio-

therapy where large doses of conventional radiation have beE:m 

found to be useful. 
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·FIGURE LEGENDS 
'-

Fig. 1.. Ridge filter . 
• 

Fig. 2. Modified depth-dosfil distribuJion of.~ 9l.O..:MeV 

helium. ion beam, .showi,ng the three exposure positions. 

Fig. 3. Survival curves for T -1 cells exposed under aerobic 

and anoxic conditions .at the three positions marked 1, 2, 

and 3 in Fig. 2. ·· 
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