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. of ascites tumor cells (lymphbma) in_ vivo. Radiation Res. |, PP - ,

ABSTRACT

We have atter‘npi‘:ed to determine the relative bioloéical effective--
ness (RBE) of negétixie pions in the Bragg-peak r.egion as compared to
the plateau region and to gamma rays. We irra.di:ated LAF1 mice, bearing
5-day-old lymphoma ascites tumoxrs, in the peak and plateau regions of a
90-MeV pion beam ‘for 40 hours in temperature-controlled holders. The
animals were then sacrificed; lymphoma cells were withdrawn and titrated
into adult female LAF 1 mice. The proliferative capa.cify of the irradiated
fumor cells was evaluated after 8 weeks by Observing ti'ze percentage of
_ animé.ls,developing ascites tumors. Surviving fraé;tidns were then calculated

from LD..'s of control and irradiated animals, . Radiation doses in the

50

plateau region were measured with LiF dosimeters calibrated against

-

cobalt-60 gamma rays. We calculated peak doses from those at the plateau, |
using a measured average peak-to-plateau ionization ratio of 4.5." Doses in
the plateau region ranged from 145 to 250 rads; doses in the peak region
ranged from 220 to 380 rads. The survival curve for cells irradiated in

the peak region gave a D0 of 65 = 15 rads., The plateau points were not
reliable. . A replicate experiment was performed using Co'6.o y-rays, yielding:
a survival-curve Do of 3‘50 + 50 rads. If the y-ray D0 is taken as a baseline,

an RBE of 5.4 * 1,8 is obtained for negative pions in the peak region, based

on the ratio of peak-region D0 to Co60 DO'
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INTRODUCTION

It has been sugggsted?” 4 (1-3) that negative pions (v mesons)
might have applications in radiotherapy if a beam of sufficient intensity
could be made available, Negative pioﬁs have the unusual property of
being cé.ptured by atomic nuclei when they come to rest in matter. In
tissue, pion capture by the light elements (carbon, nitrogen, and oxygen)
results in nuclear disintegrva'tion and a yield of short-range but highly
ionizing charged particles, mostly a-particles and protons. - This additional
energy enhances the high ionization density produced by the Bragg peak
at the end of a chargéd particle's range. Furthérmore, by choosing pion
energy properly,. we can stop pions at a preselected distapce within the
volﬁme to be treated, In the following discussion, the initial low-ionizing

portion of the pion's path will be called the ""plateau" region and the in-

. creased ionization at the end of the pion's range will be called the "peak!

region.

Studies of the therapeutic possibilities of negative pions have been

.carried out in this Labora.toi'y3 (3). The results indicate that further in-

~vestigations, of increased refinement, should be made., The proliferative

capacity of murine lymphoma cells grown and irradiated in vivo and

in vitro has been investigated in this Laboratory for a number of years
with X-rays, a-particles, and various heavy ions, under various conditions.
of oxygenation5(i). The study of this system has progressed to a stage
where an attempt can.be made to estimate quantitatively the effects of

pions in tissue despite the low dose rates now available. Initial work in

this Laboratory, 6,7 on the lymphoma cell system in mice, demonstrated
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a peak-plateau difference in the cytological effects produced by negative-
pion beams. These expériments were later extenéled8 using a plant-cell
system. .‘y__g_gj.g_f_g.hg. roots were exposed to a negative-pion beam, and
significant peak-to-plateau dif‘ferences were found for growth rate of the
roots after irradiation, for anaphase a.br‘lormalities' , and for cells con-
taining micronuclei. These results, coupled v;/ith improved dosimetry (5),
stimulated the experiments réported here.

MATERIALS AND METHODS

Four types of experiments were pei:formed: A) Pion effects
in vivo with environmental control; B) Co60 replication of Experiment A;
C) Pion effects in vivo without environmental control; and D) Acute
'X'-ra.y irradiation in vivo. - |

Experiment A: Pion effects in vivo with environmental control.

Full descriptions of the apparatus associated with the 184-inch
sy'rnchrocyclotron, and methods of using it to prqduée the 90-MeV pion
beam, have already been reborted3’ 4 (3). The beam-transport system
consists of a small qﬁadrupole focusing magnet, a beam-bending magnet,
and a large quadrupole focusing magnet that delivers the beam from the
cyclotron tank to the meson cave. In these-eicperiments, the final focusing
magnet was made part of a secona shielding wall placed in the cave to
pn,cotect the counting e‘quipment from ambient neutrons. The complete
experi.mental setup is shown in Fig. 1.

Two wooden boxes with Luci‘te ends provided environmental con-
trol, one for the mice to be irradiated in the beam, and the other for con-
trol mice. The temperature of the air circulating through the boxes was
continuously recorded, and kept at 21.,5+0.5°C by a t};e_rmostaf wit_h

heater and blowers.
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T}'xe mice were placed_in Lucite hdlders, each built to hold 8
mice., The dimensions of the holders were 54X98X106 :;nm; - the mice
" were placéd'in cylindrical holes 24 mm in diameter and 75 mm long,
with small lateral holes for ventilaj;ion. One group of 8 mice was placed
in the plateau region of the negative-pion beam, one group in the peak
reg;ion, and one group we;.s used as a control. The mice were of the
'LAFi- strain,, 15 weeks old, firom Jackson Laboratory, Bar Harbor,
- Maine, They were fed wet food during irradiation and had four equally .
spaced 1-hour rest periods for drying, eating and drinking at will. -
. Figure 2 is a photograph of the arrangement inside the temperature-—c;n-
trolled irradiation box. The negative-pion beam entered from the right
. and passed first through the gas ionization-chamber monitor (96% argon
-+ 49, COZ)’ then through 3 i;lches of Lucite absorber and holder to the
" - tplateau'* mice. . After passing through 4 more inches of Lucite, the
- beam entered the "peak' holder. This thickness was determined with a
lithium-drifted silicon detector, 9 "The Jordan dosimeter was placed be-
hind 1/2 inch of Lucite adjacent to the last holder and served as a second
moénitor and dose-rate meter. " This monitor was frequently checked from
the control room via closed-circuit television. The holder with the con~
trol mice is also shown in Fig. 2, In the actual experiment, this holder
was in’ a separate, temperature-controlled box away from the beam.

. Five days before beginning irradiation, all the mice were injected
intraperitoneally with L{éz lymphoma cells, whose tumor-forming \ability
has not changed in the last three years.

The total irradiation time, excluding the 1-hour rest periods,

was 40 hours. . At the end of the irra:dia.tion, the animals were sacrificed
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and peritoneal ascites fluid with lymphoma cells was withdrawn. In
this part of the study, five plateau-region mice and ﬁv;a peak-reéion_
mice were used The cells were counted and injected intraperitoneally
at various dllutlons into 740 healthy adult female LAF, recipient mice.
Cells from four control mice were pooled from two groups of two animals
- each, and handled i;n the ‘same way as the. experimental mice. The re~
maining experimental mice were used for cytological studies (6). The
recipiént: mice were divided: into groups of ten animals .each, and each
member of.a group received an identical injection. Each group, however,
received a different concentration of cells, we evaluated the cells®! pro-
liferative capacity at the end of 8 weeks b-} noting the percentage of
animals developing ascitic tumors in each group. The LD50 (the
:nurnbel" of cells necessary to produce tumors in 50% of thé animals) and
95%-confidence intervals were calculated by the method of Litchfield and
vWilcox.on (7). Finally, sﬁr;viving fractions were calculated by forming
the ratio of LD50 of-the control mice to that of each of the irradiated
mice.

Radia.tion doses were measured with LiF dosimeters (Co60 cali-
bration), dlstrlbuted in front and in back of the mouse holder in the plateau
reglon. Since the LET of the pions in the plateau region is less than
4 keV/ &, LiF dos:.metry was appllca.ble. The situation in the peak region
was more cornpl:.ca’ced9 (5). Here the pion beam was a mixture of high-
and low-LET radiatiqns. Peak-region doses were calculated from those
in the plateau region, -using an avérage peak-to-plateau ionization ratio
of 1.5. This ratio was estimated from measurements made through the

peak and plateau regions with a silicon detector. Some uncertainties in
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’ the; mea.'surement still exist and are being investigated, but we believe
" that ionization in the pé'ak region is adequately measured by 'the silicon
detector. The total doses in the plateau region ranged from 145 to.250
r.é,ds, and the doses in the peak.region range;d from'ZZO to 380 rads.

Experiment Bi® Co60 replication of Experiment A,

Since it is difficult to perfofm a parallel experiment with }é-rays
because of the long irradiation times required, an experimént was done
using Co60 gamma rays. Two dose rates were u'sed: 5 and 12.5 rad/hr.
The animals, all bearing 5-day-old tumors at the beginning of the experi~
ment, were kept in the holders for the same lenéth of time as in the pion
-experiment to keep the stress the same. The irradiation times varied
with the dose used. Four animals were used as controls, and two were
ifradiated at each of the foliowing doses: 100, 150, 200, 300, 400, and
500.rads. The irradiated 1ymphoma'. cells were injected into 410 female
LA.Ei mice af. various dilutions, and the surviving fractions were de-
termined as already described. |

Experiment C: Pion effects in vivo without environmental control.

~

This experiment, preliminary to Experiment-A and without ‘en—
vironmental control, was designed to detect the effect of hypoxia'i(_é_)-:on
_the surviving fraction of cells irradiated in vivo in the plateau and peak
- regions. Four mice were exposed in each pion-beam region; two had ‘
’ 3-da.y-:old tumors (supposedly Well—oxygegated), and two had 7-day-old
tumors (supposedly :':.nore hy_po;cic)., The irradiated cells were injected

into 540 LAF, female mice at various dilutions as described above,
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Experiment D:: Acute X-ray irradiation in vivo.

In order to compa.ré the effect of acute X-ray irradiation with
‘Mchronic! Co60 'irrad_iation, animals bearing 7-day-old tumors were
irradiated with 220 kV X-rays (H.VL = 1.4 mm Cu) at a dose rate of
. 450 rads/min. Doses of 100, 250, 400, 500, and 750 rads were given,
' and the proéedure described above Was.followéd; 350 female LAF1

mice were injected at various dilutions.
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RESULTS

Experiments A and B.

The resﬁlting surviving fractions in the\peak and plateau regions
and in the low-dose-rate Co60. exg;ériment are given in Fig. 3. ,Incon-
sistent.: data from the plateau;region irradiation prevente.d a reliable de-
- . termination of dose dependence of the surviving fraction in this region.

The peak region and Co6'0 data yielded sufficiently consistent results so

that estimations of D0 could be'made. . (Do is called the mean lethal dose

and it is the dose in rads required to reduce the proportion of surviving

cells from 1 to 0.37 in the exponential region of survival curves)., The

s

computed DO values are:

Dy (peak) = 65 = 15 rads; - Do(c;o(’o)_'= 350 % 50 rads.
The RBE -for the rriesqns at peak based on these values is:
DO(Co6O) S
. RBE = —56-(?12—)*-— = 5,4:!:1.8 .

Experiment C.

-

Unpublished &ata ébtained in this laboratég'y,indi.cate that the lack

". of environmental control in this experiment would make quazitita.tive evalua~ .
- tions somewhat unreliable. Itwas found that:, tl‘lere W;,s no significant difference
‘between results from 3-day-old ("normal") and 7~da2y-—old (relatively
hypoxic) tumors. On the other hand, a significant difference between

the surviving fractions obta,inéd from pion irradiation in the peak and
plateau regions encouraged the design of the environmentally controlled

Experiment A,

i
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Experiment D,

The value obfa'ined for DO in acute X-ray irradiaﬂtion in vivo is
280+50 rads, Comparison of this value with acute X-ray in vitro values
of 40515 rads f.or the hyperoxic case and 375+45 rads for the anoxic
case, recently measured in this laboratory,(_‘g'_;q indicates the in vivo_
7-day-old tumor cells are c0nsider%.bly less well-oxygenated than the
hyperoxic in vitro cells..In fact, the in vivo D, lies closer to the in vitro
anoxic DO than the average of the hyperoxic and anoxic values (240 rads).
These results are consistent with the observation that tumors, especially

well-advanced ones, contain poorly oxygenated cells.,

DISCUSSION
Tile study of the action of negative pions on mammalian cells
grown in vivo is difficulf to carry out due to the low dose-rates available
at present:}. In the pion plateau region, the average dose-rate of 5 rads
per hour in this experiment requires long irradiation times to cause
: measurable biologicai &amage. For long irradiation episodes, the
animals must be confined and therefore are under stress, Duriz;g irradi=
ation, the cell population unde¥goes many poorly understood dynamic
processes and a certain amount.of recovery and repair, , Technical
pro'blems in keeping a biological system anoxic for the required time
make pion-beam study of the oxygen effect extremely difficult.
Despite the uncertainties arising from these uncontrollable fa.ci:ors,

"the results give a clear indication that the peak region of the pion beam is
more effective than the plateau region in inhibiting 'the proliferative capacity

of these lymphoma cells. In addition, peak-region irradiation inhibits

bt o o 2 e
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the proliferative capacity significantly'inore than low-dose-rate Co60

. gamma rays do. The ratio of D 's from the Co®? data and from the

0
pion peak-region data gives an RBE of 5.4+4.8 in the peak.region relative
to gamma rays. The size of the error here indicates that considerable

uncertainty exists in the determination of the D,.'s, as is seen in Fig. 3.

0.
If an RBE of 0.8 is assumed for gamma rays relative to X-rays, as has
been reported (9,40, 14), the RBE becomes 4:3+4.8 relative to X~-rays.

' In eva.lﬁaﬁng this type of radiation for cancer thera.py;', we note
that the RBE measured at such low dose~rates need. not equal the RBE
at the necessarily higher therapeutic dose-fates." ‘The damage caused '
by the low-LET co®0 gamma .ra3'rs will probably be considerably more
repairable than the damage caused by the high'- LET components of the
' pion beam in the peak region. .Recovery from gamma irradiation during'
a low~dose~-rate experiment would méﬁfest itself by increasing the

gamma-~ray D This would increase the RBE over that expected in

0

higher~dose-rate experiments when there is less time for repair. Thus, -

the D, ratio, which is RBE, would .decrea.se.

0
: Althogéh the results in.the plateau region are inconclusive be~

cause.of the inconsistency c;f the data, the average LET in this region is

expe;:ted to be between 0.2 and 0,3 keV/p and so should be. ;10 more

effeci;ive thar.l X~ or'gamma rayslin causing biological damage. . An experi-

" ment must be ‘performed to substantiate this, however, Loughman has

. indicated this may be true for certain nonlethal radiation effects (6).

In c0nc}usion, we have shown that the peak region of a pion beam

is considerably more effective than an equivalent dose of gamma rays in

inhibiting the proliferative capacity of lymphoma cells in vivo. This

e d A
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result implies that there is a biologically significant cpmpéneni; of high-
LET radiation in the peak region of a pion beam, as predicted by calcu-

lation ’(_2_, 42). This in turn 'implies that the oxygen-enhancement ratio

" will be low, making the peak-region.radiation of a pion beam more

effective than conventional radiation in killing the anoxic cells found in
tumors (12). More experimentation is indicated before the evaluation of

this new type of radiation is decisive, but it appears at present that

' negative pions have interesting possibilities in tumor ra.dioth'erapy. :
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FIGURE CAPTIONS |
FJ.g 1. . Sche_:ma.tic view of aﬁpa.ratus for production and fo'cusing of the
© @ beam. The position of the ionization chambexr, J ordan dosim'f'

eter, a.nci mice holders can be seen in the ‘meson cave.

Fig.. 2. Photograph showing the arrangement inside-;:he ‘temperature-
controlled irradiation box.

Fig. \3.' Survival curves of lymphoma éeils irradiated in vivo with a
beam of negative pions and with (_3060 y-rays under similar con-

ditions. Circles show plateau points.
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7. M.<FEOLA, C. RICHMAN, M. R. RAJU, S. B. CURTIS, and
J. H. LAWRENCE Effect of negative plons on the proliferative capacity

of ascites tumor cells (lymphoma) in vivo. Radiation Res. , Pp. ’

ABSTRACT

We have attempted to determine the relative biological effective-
ness (RBE) of negative pions in the Bragg-peak r;agion as compared to
the plateau région and to gamma rays. We jirradiated LA.Fi mice, bearing
g—day—old lymphoma a.’scites tumors, in the peak‘a.nd plateau regions of a
90-MeV pion beam for 40 hours in f;e_rnperature-controlled holders. The
animals were then sacrificed; lymphoma cells were withdrawn and titrated
into adult female LAF, mice. The proliferative capacity of the irradiated
tumor cells was evaluated after 8 weeks by observing the percentage of
animals developing ascites tumors. Surviving fractions were then calculated
from LDSO' s of control and irradiated animals. . Radiation doses in the
plateau region were measured with LiF dosimeters calibrated against
cobalt-60 gamma rays. We calculated peak doses from those at the plateau,
using a m‘easured average peak-to-plateau ionization ratio of 14.5. Doses in
the plateau region ranged from 145 to 250 rads; doses in the peak region
ranged from 220 to 380 rads. The survival curve for cells jrradiated in
the peak reglon gave a Dg of 65 = 15 rads. The plateau points were not
reliable. A replicate experiment was performed using Co60 y-rays, yielding
a survival-curve D, of 350 * 50 rads. If the y-ray D0 is taken as a baseline,

an RBE of 5.4 1.8 is obtained for negative pions in the peak region, based

on the ratio of peak-region DO to Co60 DO'
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 behalf 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.




