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Feola, J M. » Raju, M. R., Richman,' C., and Lawrence, J. H

. The RBE of Negat1ve Pions in 2- Day Old Ascites Tumors.

'Radiation Res. pp. - (1 970).

ABSTRACT |
. j A prevmus report gave the relative blologfcal effectiveness (RBE)
of a 90 MeV negative pion beam at the peak of the depth dose distribution
compa_red with 6000 rays, for a 5 day -old tumor, the value was found to
be 5."4:'1:1'.8. In the 1nvest1gat10n presented here, the RBE of negatwe pions
- was measured for a 2-day-old lymphoma. |
Pa'rt_ial pressure of oa:ygen (pOZ) was measured rin'y_i_Y_o_ with a

microelectrode. The 5- day- old tumors were found to be hypox1c the
2-day old tumors showed a pO2 of about 7. 0 mm Hg

The dose rate of pions at the peak pos1t1on was increased in thls
experlment to about 25-30 rads/hr by focusmg the beam The resultmg |
. beam was_ small, and only one mouse at‘a time could be lr‘_rad1ated. M1ce
were expo_s ed to doses ranginé between 60 an‘d" 150 rads. After irradiation,
mice we're sacrificed, c'ells withdrawn and counted and serial dilutions
prepared from each irradiated mouse and from nonirradiated controls.
Each concentrat1on ‘was 1n_]ected 1ntraper1toneally into a group of 10 female-
LAF1 'm1ce;- at the end of 8 weeks the TD50 (the number of tumor cells
neededto'dproduce 50% takes)_for each assay was»evaluated. The rat1os
of the 'l‘l)so for controls to the TDSO' for the different doses gave the
surviving fractions, from wh1ch the survival curve was drawn A curve

with a axall shoulder was obtmned: D 76 rads, and D = 44 rads.

Do = Q

By comparing with survival 'obtained by irradiation with OCo y rays at
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150 rads/hr, the ‘RBE was estimated to be 5.4%0.6; but this value was
only 2.9+0.5 when the estimate was made on the basis of 60Co y-ray

irradiations at a dose rate of 45 rads/min.

3 3¢ 3¢ e s e s sfe e g e ke e el e sfese sk sie ke ek ok

KEY WORDS: RBE, negative pions, ascites, lymphoma. -
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INTRODUCTION

The relative biological effectiveness (RBE) for negative pions

(r7) at the peak of depth-dose distribution on 5-day-old lymphoma ascites

tumor cells has been reported. The RBE was fo‘und to be 5.4 when pro-

liferative .capacity was used as a biolqgical end point (1), and 25\ when
polyi:loid_y_ induction was the end point (2). 3

The potential use of ™~ in ‘_futdre, cancer .théra‘py motivated us to
do as many ex.perimehts és fea‘éible \;vith the-béa;m available at the 184-
inch syﬁchrocyclotron'at Berkeley. In the se:ig_s .o'f experiments re-
ported here attempts were made to obtain more information about the
RBE, and to gdin sofne insight into thé oxygen enhahcement ratio (OER).

MATERIALS AND METHODS
"Five-day-old ascites tumor cells iridlu,ced by an inoculum of 1'06

célls were used in previous expe.z;iments'._ An unfocused pion.beam was
used. and, hence, eight mice'-_cduld'-be‘ eXpred at a time. The pi‘on.ex-:
p}osvure's were a;s long as 40 hours, ‘which_rrvlade the t_umdré almost 7 days
old by the end of the irradiation. i

Measurements of the partial pressure of oxygen (pOZ) ig_irivo

~showed that 5-day old tumors were hypoxic and, in most cases, anoxic.

Two- and 73-day-old tumors, even with an inoculum of '.107_cells', always’

showed that dxygen was available to the cells..

‘ Two-day—old'tumoi‘s__ (inoculum: 107/'cé1_1's) were used in the in-
vestigation reported here to measure the RBE and to get some information’

60

on tl.le‘_ OER for these cells in vivo. Experiments were also done with =~ Co "’
y-rays at a dose rate equivalent to the pion dose rate multiplied by 5.0

(round value of previously determined RBE) for comparison. In addition,
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acute exposures of 60Co y-rays, as well as 910-MeV helium ions, were
also used to study the effects of dosé rates on this system.
"The v~ beam had a contamination of 25% electrons and 10% muoné. ‘
The dose rate of the beam was increased by focusing it to give 25-30 rads/hr
over a useful cylindrical volume of 2.5.cm diameter and 5.0 cm héight. The ‘
depth-dose distribution of the beam was measured by using a small tissue-
equivalent ionization chamber (0.75 ml) filléd with air; this distribution is
shown in Fig. 1.
A cylindrical holder was made of 1.5-mm—£hick Lucite, with an
outside diameter of 2.5 crn. A mouse could be confined within the desired
height of'5 cm (or less) by »means.vof a piston. | Several holes in the holder
provided good ventiiation for the mouse. Thg arrows in Fig. 41 mark the
limits of the position of the cylindrical holder during irradiation. One
mouse could be irradiated at é time; due to cyclotroﬁ time limitations,
the mice weré exposed at ohly three dose poinfs. Figure 2 sths the
'schematic setup\for exposures. The cylindriéai holder was placea at the
peak of the depth—dos_e distribution; in the position of beam maximum
[located by determining the horizontal and verticai beam profiles with.
a small tissue-equivalent ionization chamber (3)]. For each exposure
thé variatioﬁ in dose received by the tumor was estimated to be no more
than 20% . The holder was rotated at 10 rev_olutions per minuté during
irradiation. |
The procedure and end point were the same as previously described ©

(1), namely, the in vivo irradiation of ascites tumors, and the test for

tumor-forming ability of the cells when injected into normal mice.
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LAF female 'rnice (Jackson Labo’ratbf’y; ‘B'ar Harbor, Maine)

- were 1nJected mtrapentoneally with 1.0'7 lymphoma cells (our des1gnat10n, '

L-2) 2 daye pr1or to’ 1rrad1at10n time; they were placed in the holder and,

irradiated, one at a time, for 3, 4, and 6’hour'_s.'. Neither food nor water

~was given during irradiation. Control experiments were carr1ed out

eimilaflff except for the 60, y-ray exposures, for which we used dif-
ferent"holdersb in order to have four animals ‘pe1v- dose; the rnice- were
ccnfin:e'.d in é. similar .encloeure', but they wefe'ncf iofated

Control and irradiated animals were sacrlflced with ethef, cells ‘
were w1thdrawn and counted W1th the hemocytometer, and fivefold d11ut1ons

were prepare_d for serial injection into LAF1 female mice, 12 to 16 weeks

old, weighing 203 g. Ten ‘ani'rnals were used for each dilution, and five -

dilutions used for each assay. The tumor " vtake” was evaluated at 'the )

end of 8 weeks, and the TD50 (the number of cells necessary to produce

tumors in 50% of the m1ce) was est1mated by L1tchf1e1d and W11coxon s

method (4). Th1s method and the use of the TDSO as an end pomt .have

been discussed most recently by Elkind and Wh1tmore (5), Hewitt et al (6),

‘and Kallman (7). The ratios of the TD50 for the control group to the

TDSO"S obtained for each irvradiated group gave the surviving fractwns .

from which the survival curve was drawn. Curve fitting was done by eye,"

~and provpagation' ,o.f errors for the TDSO‘ratios ga.ve asymmetrical 95% ‘

confidence.-intervals for the surviving fractions. ‘Since only one experi-
ment was done, an estirnat'e_ of the standard error was obtained by taking
one-fourth of the 95% confidence interval for each surviving fraction (8, 9).

The mean lethal dose, DO’ the dose required to reduce survival from 1

‘to 0.37 in the exponential region of'surviv‘ai curves, was then estimated
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from the graphs, as well as the standard error. The RBE was estimated

on the basis of 0.1 survival, and also as the ra_tio of Do's. ,

Survival after 60C9 X-ray exposure was compared by using a dose
.rate of 150 rads/hr, based on a :oundejd value of 5.0 fof the RBE; mice
carrying 2-day-old tumors were then irradiated foi' the same length“ of
time as with the pion béam‘, except for thé 1000- and 1500-rad'points,
for which we used a dose rate of 500 rads/hr. Four mice per dose were
uséd in ccnfrol e‘xperimerits, the cells were pooled after saérifice,». and
then the prdcedure described before for dilutio‘ns'v and injections wés fol-
lowed.

Acu’ce exposures wi;;h 60Co y;r'ays we_ré made at a dése rate of
45 rads/min. Roe.ntgens_we're converted to fads by use of a factor 0.96
(10, Table IV.1).

Acute exposures with 9.10;MeV “He jons were made at the 184-
inch syﬁchrocyclotrOn; in this case, the mice were enclosed in the same
holder as in the pion experifnént and‘ir‘radiatéd one at a time. : The avérage
dosé rate was about 275 rads/min. |

The partial pres.sﬁre of oxygen _i_r_x_bz_i__v__o_was' measured with a
~Beckman pQ microelectrode. The microglectrode was inserted into -

y 2 .
the perifonea.l cavity of mice carrying tumors 61‘ the same ége as the
irradiated ones, by means of an 18-gauge hollow needle. The micro-
electrode had Been calibrated with mixtures of oxygen and nitrogen, and
the calibration was linear frorﬁ 21% down to 0.25% o_xyger;, the mipimuni
concentration we could read on the maximﬁm—sensitivity scale of the in-

strument. This is in the region of interest, since a sharp rise in radio-

s,ensitiirity takes place for oxygen concentrations in the range of 0.2 to
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6.6% (11). Normal mice e.nd mice carrying fr.om. 1-day-old to .8-.d-a§r-4
) old lymph:ptrla aecites tu..rvnorx_s hatre been me'asurve‘;l; 20 mice per p_oint
' wei'e used, and.all measurements graphically l'ecoi'ded. Table I shows .b
values pertlnent to this report Changes in pO, between the second

2 2 i
;and th1rd day (10 cells 1noculum) are of part1cu1ar 1nterest because of

pO

-levels of pO between 2 and 5 mm Hg the rad1osens1t1v1ty of ascites .
tumor cells is known to change rap1d1y (11) |

| ' RESULTS AND DISCUSSION

Res.ults have been'summarized in Table II along with the -fesults' '
obtamed in our prev1eus report (1) ‘

F1gure 3 shows the survival curve followmg 1rrad1at1on with m~
at the B_ragg' pe‘é.k. Although it may seem redundant, we have indicatéd
the value of the extrapeletion number as well»"é.e theivélue of the ‘quasi_
thres:'holdv dose, Dq,' in all-figure's. In order to l'each 0.1 level of sur-
vival, we ha.ve p;:l_onged the l1ne ‘beyond expenmental values, with the
reasonable assumption that exponent1al surv1va1 would follow the three
expe rimental points that fitted a straight line. |

" The small shoulder in this survival curvve (D, = 44 rads) may be.

due to the low-LET cornvpo“nents of the beam. The -s:l;ulder is much
broad_e_f in the 60.Co y-ray survival curve (Fig. 4, DQ = 400 rads); th1_s:
curve was obtained at a dqse rate of 150 rads/hr, e-;:ept the two higheet A
doses, for which we ueecl 500 'ré.ds/hr in order to keep the experiment .v
within the same time limits as the pion’e:_cperiment. This Qalue of DQ,

about 10 times as large as DQ for m°, seems to indicate faster recovery' :

from ivrra‘diation with y-rays.
Fig_u_.re" 5 shows the survival curve for acute irradiation

with 60Co' Y-rays, at a dose rate of 45 rads/m_in; the -
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extrapolation number (n = 1.5) is not s'ignificantly_' different from the
value obtained with w . DQ is only 1/5 that for low-dose-rate y-rays,

but almost twice as great as the value for . mesons.

Figure 6 shows the results obtained with 910-MeV 4He ions. We

have fitted the points to a straight line, but on the basis of this experiment

it would be difficult to say whether or not the éxtrapolation number is 1.0.
Consequently, we have written a question mark on Table II

Figure 7 summarizes all these experiments, and it é_hows the

limited range of doses covered in our Tr--meson exi)erirne‘nt. '

| - With the acute’irradiations '(Figs. 5 a"nd'.(;),.fhé shoulder-s_ éeem
to be smaller. The fitting is not good enough to make comparis on-s with
Berry's _subrvival curves (12). He found.that shoulderé are present in the
high-doser'-vrate curves and not in the low-dose-rate ones.

The RBE for pions has been estimated By comparing results ob-
tained at a 60Co dose rate equivalent to that of the. pion. beam, and also ét
a higher dose rate, as used in radiotilerapy. In the first ca..‘s_e,‘ 0.1 sur-
vival Was used; the RBE then was RBE =’ 5.4:t0.6.

The assumption can be made that the D(') for the w~ should not

change appreciably with dose rate. The RBE estifnated on the basis of

0

The OER cannot be estimated from survival curves obtained at

the D 's was RBE = 2,9+0.5,

different tumor ages (5,7,13, 14). In a 2-day-old tumor the cells are in
the beginning of the log phase, and in a 5-déy-01d tumor they are entering
the stationary phase. The fact that there is oxygen present in the 2- and
3-day-old tumors does not necessarily mean that‘thwe celis are fully

oxygenated. This is indicated by the D, value of 220 rads obtained with
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withv60Co y-ray exposures. This value agrees with Belli and Andrew's
results for 2-day-old ascites tumors (14).
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FIGURE LEGENDS

Fig. 1. Depth dose of T~ beam. Arrows indicate limits of position of
mouse holder.

Fig. 2. Schematic setﬁp for exposures of mice carrying 2-day-old
ascites tumors.

Fig. 3. Survival of lyrﬁphoma ascites tumor cells after irvradiation with
negative pions in the Bragg peak as shown in Fig. 1. The dose rate
was 25-30 rads/hr. |

Fig. 4. Survival of lymphoma ascites tumor cells irradiated in vivo with

6OCo,y-ra.ys at a dose rate of 150 rads/hr. The two highest doses
were obtained. at a dose fate of 500 rads/hr.

Fig. 5. Survival of lymphoma ascites tumor cells exposed in vivo_
vs}ith 60Co y-rays at a dose rate of 45 rads/min.

Fig. 6. Survival of lymphoma ascites tumor cells irradiated in vivo
with 910-MeV *He ions at a dose rate of 275 rads/min.

Fig. 7. Survival of 2-day-old lymphoma ascites turnbrs after low- and

high-dose-rate irradiations with v, 60 y—rays,I and 4He ions.




Table I. In vivo pO
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measurements (mm Hg + SD).

2
Inoculum
 Tumor age S v 7
(Ascites lymphoma) 10" cells » 10 cells
2-day 9.0£3.0 7.2£3.0
‘3-day ~ 5.4%2.8 o 3.2%1.6 |
 S5-day 1.0£1.0 <0.25
 6-day <0.25 = eeeeee-

- Normal (no tumor): 41.2+9.1




. .
Table II. Summary of results obtained on the survival of lymphoma
ascites tumor cells after irradiation with different ionizing radiations.

5.0 and 12.5 rads/hr

Experirﬁent Radiation source 0.1 survival - RBE = Survival cur_vé RBE
No. and date and dose rate ~ (rads) - (0.1 surv.) characteristics (Ratio of Do's)
TWO-DAY-OLD LYMPHOMA ASCITES TUMORS
22 m Bragg peak 220 5.4+0.6 D, = 7624 rads 2.9£0.5
6-27-68 25-30 rads/hr (extended line .n =1.8 '
intercept) DQ: 44 rads
25-43 6_OCo'y-r.ays 1180 - = 1.0 Dy = 350+40 rads
- 7-18-68 150-500 rads/hr n = 3.2
11-26-68 : DQ= 400 rads
30 .6OC6 y-rays _ 600 D0 = 22030 rads = 1.0
8-14-68 45 rads/min n =1.5 '
DQ= 80 rads -
| v
24 *He ions; 910 MeV 500 D, = 210440 rads :
7-15-68 - (184 -inch synchro- n =1.0(?)
cyclotron) -
275 rads/min o : . S _
» FIVE-DAY-OLD LYMPHOMA ASCITES TUMORS
17 m Bragg peak 150 5.4%1.8 D, =65+15 rads ~ 5.4x1.8
3-18-66 5.0 rads/hr : _ n =1.0
35 : 6OCO y-rays : 806 = 1,0 ' D0 = 350+50 rads = 1.0 :
7-7-66 n- =1.0 ' o

la}
| ]

*A99g L0881-TYDN
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