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MEASUREMENT OF OXYGEN EFFECT AND BIOLOGICAL
- EFFECTIVENESS OF A 910-MeV HELIUM ION BEAM
USING CULTURED CELLS (T 1)
.MUDUNDI R. RAJU D. Sc > MADHVANATH GNANAPURANI M S.
BAMBINO MARTINS, M. Sc., JERRY HOWARD, M.S.
: and JOHN T LYMAN, ‘Ph. D
| 'A'B'ST.RAC,T -

The ‘deypth-duots.é. ,c'listrib.'ut'i_én °va;, a 910;-.Merv fribnoené:r g etic
'helium"'io'n_beam‘ is ’ﬁiodififed by using a»ri‘dvge fllter In fIne beét:m
path so."f]:Iat the régibn of maxi»murn_. dose is urIifqrm_ over a dis-
tarIce ‘c‘)f;'about 6 cm of water. . The biblogiciailv effectiveness and
oxygerI enhancemex.lt.‘_ratio (OER_) ‘at different depths within a
regtangﬁlar Lucite phantom are measured by using human kidney
cells‘(T 1). The results 1nd1cate that the blologlcal effectiveness
at the broad pea.k reg1on is about 1.3 to 1.4 compared with that at .
the bea_.m entrance, and the OER is found to be about 1.7to 1.9.
This significant reduétién in OER even wh‘eﬁ the beam is modified
to cover. 6 cm ofv-ti‘s'Sue may be of ra‘d-iot‘h.'e_ra.peut'ic interest in

treatment of deep seated tumors containing hypoxic cells.
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INT-RO.DU‘:CTION

In rad1at1on thera.py, ideally one. would 11ke to. dehver a

-tumorc1da1 dose to the tumor however, in pract1ce one is limited

by norma.l—t;ssue injury. Rad1at_10ns and__techmqu_es that help
in delivering more dose to the tumor with minimum dose to the

surrounding normal tissue could irhpro,ve the cure rates and

: reduce the comphcatmns due to normal t1ssue 1n3ury S1gn1f1cant

progress has been made by employmg penetratmg rad1at1ons
However, ,the use of heavy charged partlcles such as protons and

helium ions is not ver'}r extensive, although such radiations are

,promls1ng in 1mprov1ng radmtherapy results in pr1nC1ple and have

‘been ava.llable at a few places for many years. Th1s is probably

because these facﬂ;tre‘s (cylotrons) a}re not in radiotherapy

'departmenfs.

" The 'therapeutrc use of the 910-MeV helium jon beam from-
the 184-in. -synchrecyciotren at Berkeley has been rnainly‘for
pituifery irradiations Qf patiente.With ac'romegaiy, .diabetic‘retino-
pathy, Cushing's disease, or breasf cancer (1). When the ”narrow‘ '.
Bragg v'p‘eak is broadeued by means of a varia_ble absorber in the
beam, it is possible to use this bea_rri for -oth}e'rv 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



14—MeV-neutrons indicateetnat 'a s'rnal'l. fraction‘ of dose dne to
high- LET alpha part1c1es produced by 14 MeV neutrons in tissue

. is ma1nly respons1ble for reduc1ng the OER (3 4) .

| It is of 1nterest to f1nd out how a small fractmn of dose due
‘to hlgh LET components (low energy alpha partlcles) at the
broadened Bragg peak reg1on w0u1d affect the rad1ob1010g1ca1
propertles of therapeutic 1nte_.rest, snch as b1010g1ca1 effectlveness
and oxygen enﬁancernent ratio. . Snoh,measnrements will be helpful
in assessing the 'therapeutic‘c.apabili_ties of th1s Bear_n.

Oo.r preliminary .meas_uretnents of oxygen_effect at the
broadened Bragg peak' r:eg_'io'n'ovei' -a».'dep't'h of 3 cm indicated sig-
nificant reductmn in oxygen enhancernent ratlo (5) In tnis i'n‘vést—
1gat10n the 910 MeV he11um ion’ ‘beam is mod1f1ed so that the dose _
at the peak region is un1form over 6 cn_'i of_water, The o;ologmal
effecti;f_e'ness and.j OER over tnis berad-p.ea_l_( regi-on and at the

beam entrance are m‘evas‘ure‘dn
| MA'I"ER‘_IAL}S”'A_I_\III) M_ErrHoDs
Physical
The width of the lé_ra’g‘g oeak of .a monoenergetic vcharged
parti;lg beam is small when c'o.rnpat'ed with typi:oa_l »tul.rnor 'sizes;
.One teEi'xnique for modifying the ‘depth-dose dietribution of mono- .v

energe'tic charged particles to uniformly irradiate the treatment

volume is to use a ridge filter (6, 7).

-
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The ridge filter consists of a series of similar units, usually
made of a dense metal such as copper. These units are placed side
by side to form a comp_b's'ite 'filfé‘f whos:e'crl_'o_ss section_isvlarger than

the beam area. Each unit is eSSéntiéliy a StepWisé variable —thick-

‘ness absorber. The width of an individual step determines the

relative intensity, and thertdtal .thickxi'_eés of the step _détevr’rn'ines

j:he residual energy. The use of a ridge 'f‘ilv'ter‘ permits the simul-

taneous superposition of the depth-dose distributions of all the

' components required to pfo’dﬁce the-d_e_siréd depth-dose ;distribution.

As rhqre’ ¢omponents are used to approximate the désireddiétri—
bution, vth'ev number of steps increases and the cross section of the
in'diVidua.Al units more c.los‘ely #pproximates a smooth curve.

N The 910 MeV heliﬁrﬁ ion beam has a range of about 32 ¢cm in
w‘ater; thls energy is mué:h I;ighef' than is necéssary for radio-
thqrapeuiic applications.; "Suéh »high-energy héévy charged—parficle
beamg' .gi-ve a lower ratio of dose at the pé‘ak-td the entrance becai_;se
of multiple scattering effects and fhe_ loss of thevpartic_le'_s. before

they stop. The beam is first dve‘gra;déd..by a 3.2-cm-copper ab-

.sorbe'r..: ‘The residual energy of thé beam after passing through
‘copper is. 500 MeV. This residual beam is further modified by

‘using a ‘i‘idge'fi‘lter so that the peak of the depth-dose distribubtion

is broad enough to cp'ver 6 cm of water. In a Lucite phantom this
is efquiv'allent to about 5 cm. (6g/cm2 of Lucite).
. The design of the ridge filter is optimized by the use of a

computer program which can translate either an experirﬁental or
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a theoretical nérrow B‘ra.gg éﬁrve to the required curve with a
BrOadened'peak regic_)n.' Thé boutputv of thé;'c_'omputer ‘program if&
cludes _thé n_ecessary:in'forrnation for pﬁﬁching. é,pa;per. tape, ‘w.hi'ch
can be used with a pa..I.Jer—ta‘,pe;contrt.)lledvmillifxg machihe to. make
the ge_.q;;‘i_rve.d filter. The experimental measurements of the
modifi}_.e_d“‘depth-dose distributi(_)ﬁ a.gfee very well with the computer-"-
prédi&é_d cidsq distribﬁtion_ (8). Thev gompﬁter.printout.c;f the ridg.e
.filter'.uiéed in fhis ‘if;\;éstigatioﬂ is shown in Fig. .1,. and the exp'er—.
imenfai dete'rminatio.nvv_of thve>dept'h-d'ose distribution of _heiium

ion beam is shown in Fig. 2.

Humah k‘ivclney cells (T-1) were used in this investiga'tior»l.

The tiks sue culture tévchnviq'u.es 'employéa have already been de‘v-
scribéd(9", 10). Instead of feéder cells, enriched medicum contain-
ing 15% fetal calf seru'.m was uséd to vimprlové ‘the plating efficiency.
Cells in early 'lo.ga.rifilmic growth phase were pla'.te.a.d'in 35-mm
plastic. dishes in ap‘propria_te qurnbers 'sO tha;t éﬁrviving. ;:olonies-
would be about 100 in each dish. The di‘shles were placed in the
incubator at 37°C for 4 to 7 hours befor’e'_exﬁésure fo radiation.

| A sample loadiné wheel was us'ed’fbr‘rn'ourllt;,in’g the d;ishes.‘v
for irrvadiation(l 1). The med.ium was refnoved from the dishes
befor'e.art'hey were mounted in the wheel. Compi'essed air or
nitrogen with 5% carbon dio#ide saturated with water vapdr was
. admitted into the wheel and circulated over the dishes during

exposure. In the case of exposures in nitrogen, the cells were

3
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pir-e-ga",.éfé_v‘e.dA‘ifor at least 5m1nutesbefore exposure to radiation.
Dishesi goﬁta.if;ing éells -Wefe_expésed t6 diffefght_ doses of radi-
- ation ;t :three po_giﬁons ;narked 1, 2, and 3 in Fig. 2. Three to
foﬁlv'bc.i‘isl‘r‘;e.s wereve‘xiadse(.i fOr‘eaqh dose point. Twelve fd fifteen
days a,:fter"éxposul;e the colonies were stained with methyline blue.’
All‘the visible coloniés w,eie counted and the percehf sufrvi.val
cé,lculat'ed._ | | |

RESULTS AND DISCUSSION -

Figure 3. shows the .s”urvi"s'.ral curves b};tainéd for exposures
of the thrée positions in a Luéite phantom.. Biological effective-
ness cvom‘pared w1th thaf of entrance position (marked 1 in Fig. 2)
‘and OER .were calculated at 10% .survival_.

‘Tl‘ie biological effect at entr'ance, is very éifnilar to that of
cdnvenfional fadiation. ‘The_biolbgical effectiveness at positions 2
and 3 corﬁpared with position 1 is. 13 and 1.4 respectively. The
OER values at posifibns 1, 2, and 3 ai‘e 2.5, 1:.8, and 1.7 respec-
tively. These pr_eliminary results indicate that the‘re_ is a sig-"
nificant reduction in OER in the bfda-d peak r__egibn. This signifi-
cant re‘duction in OER even when the peak is .brovadened 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 of 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 ba_t the bro'a.de‘n'ed»Bradgg. pealt of a 9,10—Me\_f neiium ion“
beam,. When conipe..:red with that v.at the 'entranee' (1‘2_)A.

A nigh—energy helium ion bea..m:ha‘s a redidthe:rapeutic appli-
cation similar tothe'.t of high-energy protons because of its excel-
lent depth dose dlstrlbutlon character1st1cs in the treatment of =
deep seated tumors located near sen51t1ve and vital structures

urther, the s1gn1f1cant reduction in OER 1nd1cates an additional
advantage_ of h1gh-energy helium 1_on beams in treatlng.tumorsr
containing hypoxic cells. - The a'.noxic gain faetor'(darna.ge .to anoxic
cells when compared with oxygenated cells) for helium ion beam .
‘1s greater than conventmnal rad1at10n, ‘but sl1ghtly less than that
for fast-_neutrons. Unlike w1th neutrons, this galn factor is in the
region of interest only and the Ztype of darnag-e'-:t,o Vsurrounding nor -
mal tissue is similar to that of eenv.entional ra..di'a.tion° The anoxic
gain fa.cter for neutrons \fvhe_n ‘compar'ed with vconve_n‘tional radiation
gete reduced appreciably .'f_o'r' s_mdl_l fractions 'o,f. ,d.os'es (13). This
may peesibly befltrue for Hel_iurn ron Séams. " However, with the
excellent depth-dose distrinution and bea_,rn:vshapiingvthat can be
obtarned' for helium ion bearn, it is ’possibl.e. to. deliver large single
doses to the tumor region and spare the norrnal eurroundi_ng
tissue. Thus, helium iqn.beam‘rrn.ay be very effective in radio-
therapy Where large do'ses. of conventional radiation have been

found to be useful.
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FIGURE LEGENDS - | | o
Fig. 1. Ridgéfﬂ{e{.‘ . o .
Fig. 2. Modified depf_h-'do‘se distribution df a 910-MeV
heﬂlilumviorvx beam, showing the tlﬁee expoéure positions.
F1g3 Survival curves for T-l cells éx-éosed under aerobic
and anoxic conditions at the three positions marked 1, 2,

and 3 in Fig. 2. .
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apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process- disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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