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ABSTRACT

Most pion radiobiologicalwork in the past was done at low dose rates using

biological systems sensitive to small doeee. Biologics.1effects at the beam
.

entrance were found to be nearly the same as conventional radiations, al-

though some reports have iudicatcd a higher RBE. LET distribution at ths

peak of a nearly monoenergetic pion beam is not much different from faat

neutrons; therefore,one would expect similar biological responses, and the

results are conaiatentwith this hypothesis. The RBE at the psak for a

nearly nmnoenergetic pin beams is significmtly higher than at the entrance.

The RBE peak/RBE plat~au ratio ia decreased with increasing width of the

peak. The OER (x1.6) at the peak for a nearly monoenergetic pion beam is

alao eimilar to fast neutrons and is expected to increase with increasing

width of the peak. No OER data for broad peaks relevant to therapy are

available.

function of

tion at the

Preliminary meaauremsnts on radiosensitivityvariation aa a

cell cycle indicate that there is a alight reduction in varia-

plateau, compared to X-rays, and a significant reduction at tb.e

narrow peak. With the availability of increasing intensity of pion beams,

~re radiobiologicalwork relevant to radiotherapy is in progress at LCM

Alama, Vancouver, and Zurich.

Pion radiotherapy,RBE, OER



INTRODUCTION

A brief review of the biological effects of negative pions and so- recent

results obtained at Los Alams are presented in this report. Biophysical

●tudles of negative pions with reference to their use in radiotherapywere

started at Berkeley, California, and at CERN, Switzerland, soon afLer Fowler

and Perkins10 published their calculations proposiilg the use of negative pions

in radiotherapy. Thereafter, studies were also started in Great hr?.tainusing

the high-energy physics facility (NINROD) at Harwell. The radiobiologywork

24,26,27 ~i=n
performed at Betkeley, CERN, and NIMROD has been retiewed.

physice facilitieswith intensities suitable for radiotherapy applications

have been constructedrecently in Los Alams, Vancouver, and Zurich. A pion

collecting device with a large solid-angle collector that permits the use of

less Intense pion facilities and multiport irradiationwas built at Stanfard,

a similar dev.ce is also under construction in Zurich, and radiobiology

work is nw in progress at all of the above facilities. The dose rates at

which biological experiwnts were done at these facilities are shown in Table 1.

Higher intensities are expected at Los Alamos, Vancouver, and Zurich in the

near future.

The biological effects of negative pions in the pion stopping region depend

upon pion energy distribution. Figure lA shows depth-dose distributionsof

a nearly monoenergetic pion beam. Figures lB and lC show depth-dose distribu-

tions in which two beams with 5- and 10-cm peak widths were produced by using

1
a dynamic range shifter. It can be seen that the peak-to-entranceratio

decreaees with increasingwidth of the peak.

by star events decreases with increasing peak

The fraction of dose deposited

width, with a concomitant

-3-



reduction of LET. However, with

the dose fraction resulting from

eating somewhat for the decrease

that the per cent dose deposited

increasing peak width (or stopping volume),

neutrons produced by stars increases, compen-

in LET. Schillachi and Roeder
31

calculated

by neutrons from stars in t~e pion stopping

. VOIUS of 0.01, 0.1, and 1 liter were 2, 10, and 20%, respectively. The

physical aspects of pions must be taken into consideration in comparing the

biological effects of pions. The LET distributionof nearly monoenergetic

pious at the peak position is similar to that of fast neutrons currently used

in therapy with one major exception: in the case of pions, the LET distribu-

tion extrsndsto n~uchlower values than for neutrons.
27

The ener~ spread in pion beams used at Berkeley, CERN, and Zurich is quite

similar to curve A in Fig. 1. The beam used at NIKROD has a wider spread

and is nmre closely related to curve B, although the dose in the peak region

follows a mire nearly Gaussian distribution than the flat distribution shown

in Fig. lB.

PMTEAU MDI0310LOCY

The biological effects on different biological sygtcms measured at thn point

of beam entrance at various centers are shown in Table 2. The relative biolog-

ical effectiveness (RBE) at the beam entrance is nearly 1.0, although some results

indicate that it may he as high as 1.5 to 1.8. Further work is needed at.

higher pion dose rates to clarify the differences, if any, between conventional

radiations and pions at the beam entrance.

OXYCEN ENllANCENENTRATIO

Itajuet al. 22,25
reported an oxygen enhancement ratio (OER) of about 1.5 at

-4-
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the peak, and they also found
2a

tha~ the OER at

imately 1.4 times larger than at the pea!{uuing

Wii19tOll et al.
34

measured OER using a bean root

the beam entrance was app=ox-

macaualian cells in culture.

system and reported values of 2.o

60
at the plateau and 1.7 to 1.8 at the peak, compared LO 3.0 fo~ Co gamma rays.

These results are not totally inconsistent because the energy spread of the

beam used by Winston et LZL.
34 22,:~5

was much larger than that used by Raju et al.

PEAK RADIOB1OLOGY

Results of the biological effects at the peak position are shown in Table 3.

RBE values ranging from 1.4 to 5.4 were reported by the Berkeley and CERll groups.

The highest RBE value obtained at Berkeley was in ascites tumor cells. This

Bystem is highly dose-rate-dependent, and 5- to 7-day-old ascites tumor cells

are known to be hypoxic. Hence, this RBE value applies to hypoxic cell popula-

tions. The high RBE of 5.2 reported hy the CER!’!’group is just beyond the peak

where the dose fraction due to stars is higher than at the peak. The system

also utilized bean roots which are known to give higher RBE values compared to

mammalian systems. Mill et a2. 19
presented evidence for recovery when HeLa

cells were exposed at the plateau and peak but no evidence of recovery at the

23
post-peak position. Todd et al. also reported recovery at the peak.

Purrott21 repor’.edmeasurements for fractionated doses of pions on chromo-

some aberrations in human lymphocytes. He concluded that no significant

enhancement at the peak is expected, compared to the plateau, for fractionated

doses at dose levels corwnonlyused in radiotilerapy.

Coggle et a2.6 from Great Britain reported no significant difference in

biological effects (normal tissues in vivcj between the plateau and peak and

also provided evidence that the biological effects of pions are not signif-

icantly more effective than conventional radiations. The end points used were

-5-



th.m.icweight loss, (>ocyteand bone marrow cell survival, and induction of

macroscopic lens opacities. These sensitive end points are probably single-

event phenomena and, hence, may be insensitive to changes in LET. More radio-

biology work using picns at higher dose rates must be carried out utilizing

ramnalian systems sltchas the skin and gut.

The RBE of peak pions measured in Zurich ranged from 1.5 to 2.1 in mamma-

lfan systems. Recent data obtained by Professor Fritz-Niggli and her

associates (private conmumication) at a dose rate of 3 to 5 rads/min confirmed

the data shown in Table 2. RBE values obtained at Los Alamos are also in the

same range.

Considering the uncertainties in radiation dosimetry, radiation quallty,

and different radiobiological end points used at various centers, the results

are fairly consistent. In summary, the biological effects at the plateau

are nearly the same as for ccmventional radiations, and the RBE (* 2) at the

peak for r.earl,monoenergetic pions is significantly higher than at the

plateau. Additional studies involving pions should be carried out at higher

dose rates utilizing different peak widths and various mammalian systems rel-

evant to radiotherapy.

The radiobfology studies at Berkeley, CEl?X,and NIMROD have provided an

important contribution in making the expectations of potential pion application

more realistic. The work at Berkeley and CERN has been discontinued, a.L-

though work is still under way at NIMROD. Extensive radiobiological data are

expected from Los Alamos, Vancouver, and Zurich in the near future.

RECENT DATA FROM LOS ALAMOS

Most of the work in the past vas done using pion beams that produced narrow

peaks and at dose rates of less than 5 rads/min. We have recently conducted
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experiments

culture. A

Since the

using pion beams at dose rates of 10 to 20 rads/min with cells in

brief review of our recent results follows.

radiation quality of conventional radiations and fast neutrons

does not change significantly with depth of penetration, cell-survival curves

as a function of dose are conmonly measured. However, the radiation quality

for pions changes with energy spread in the beam and a?.sowith depth of beam

penetration. Measurement of cell survival as a function of depth for a range

of incident doses is very appropriate in such situations. Palcic and Skars-

32
gard proposed the use of gel to suspend cells for such measurements. Cell-

survival measurements as a function of depth using human kidney cells (Tl)

were made for a series of incident pion doses at the unmodulated peak and

at the 5- and 10-cm modulated peaks. The depth-dose distribution of these

beams is shown in Fig. 1. The procedure suggested by Palcic and Skarsgard was

employed to prepare the gelatin, and the method utilized to expose cells

suspended in gelatin and to plate cells was described previously by Raju zt

28
al. Figures 2, 3, and 4 show cell-survival data as a function of deFth

for three pion beams of different energy spread.

Enhanced cell killing at the peak ~-sclearly depicted for the narrow peak

and even for the 5-cm wide peak. However, cell Ailing at the entrance and

at the 10-cm wide peak tends to be nearly the sam. Within the peak region

for 5- and 10-cm wide peaks, cell killing is slightly enhanced with depth due

to the increasing dose fracticns from high LET with depth in the peak region.

It is necessary, therefore, to compensate for the difference by rodifying the

depth-dose di~tributici~. Such measurements are very valti?hle in

depth-dose distributions to Ilbtainuniform killing in the region

Cell-survival curves at .UY depth for any one of these beams can

shaping the

of interest.

be obtained

-7-



from these data. Figure 5 shows cell-survival curves derLved from the data

shown in Figs. 2 and 4 for a pion beam with narrow peak and for a p+on beam

at the 10-cm peak. Data for 250 kVp X-rays are also shown for comparison.

The RBE values

for the narrow

values for the

calculated at the 10% survival level at the plateau and peak

beam were approximately 1.0 and 1.9, respectively. The RBE

10-cm wide peak beam at the beam entrance, peak center, and

distal peak were 1.1, 1.2, and 1.4, respectively. Thus, the biological

effecrs at the peak, compared to the entrance, are reduced with increasing

width of the peak.

In another experiment, recovery of V79 cells between two fractionated expo-

sures separated by 2 hr was measured usin~ a narrow peak pion beam and X-rays.

Exponentially growing cells plated in a Falcon flask (25 cm2) were exposed

to pions and X-rays. Cells in the central 2-cm region in the flask where the

dose was nearly uniform were trypsinized and plated for colony formation, and

the results are showm in Fig. 6. The RBE calculated at 10% cell survival for

single doses.was only about 1.4 , which is much less than the value obtained

in gel experiments using T1 cells. In the gel experiments, cells were in a

0.75-cm diameter tube and were exposed, therefore,well within the 90% dose

contour. In the V79 cell experiment, cells were in a 2-cm diameter tube and

were exposed, therefore, to within the 90 to 70% dose contour. This discrepancy

points out clearly the problems in dosimetry where the target area is rel-

atively large and where the highest dose rate possible is obtained by focusing

the beam. These results indicate a significant

at the peak and is not unexpected, since nearly

LET.

recovery for pion expo~ures

70% of

No experimental data have been available in the past

in radiation sensitivity as a function of till cycle.

-8-
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1

obtained recently at Los Alamos using CNO cells for peak and plateau pions

(for the narrow peak) and for X-rays are shown in Fig. 7.

CHO cells synchronized at the G1/S boundary were obtained by using mitotic

29
selection and hydroxyurea techniques described previously. Falcon flasks

containing the cells were exposed to a fixed dose at different times after

release from hydroxyurea. Cells in the central portion of the flask (2-cnl

diameter] were trypsinized after exposure and plated for colony formation.

The magnitude of variation for X-rays was smaller than previously obtained.

Cell progressio:lon that particular day of the experiment was slower than

usual; therefore, cell synchrony was probably not as good as before. How-

ever, variations in radiosensitivity for X-rays as a function of cell cycle

were consistent with those reported in the literature. No dillerenccs in the

position of the radioresistant. peaks were observed compared to X-rays, and

variation was slightly less at the piateau compared to X-rays and was further

reduced at the peak.

-9-
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Table 1. Pion radiobiology

Location of Facility Dose rate (rads/min).

Berkeley, California -1

CERli,Switzerland -0.05

England -0.5 - 2.5

Zurich, Switzerland -1-4

Vancouver, British Columbia -2

Los Alamos, New Mexica -5 - 20

Stanford, California -0.5 - 1.5
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Table 2. Negative pion plateau radiobiology

Reference radiation
Biological ~ystem and dose rate ~- I’)oserate RBE OER Reference

.

Berkeley

Polypioidy induction in 60
Co; 5, 12.5, 20 r{hr 5 rlhr

ascitzs Zumor cells
(5 to ? days old;

England

Picia fuba 10 days growth radim gamm rays; 32 rihr - 15 rthr

1- 16

1.3 2 34
(3=50)

Frozen HeLa cells

HeLa cells

Chromosome aberrations
in human i:mphocytes

Thymic weight loss,
oocyte survival, bme
marrow survival, le-na
opacities

Zurich

Chinese hamster cells
(V79)

Los Alamos

Immunocoutpetentspleen
cells

.300kVp X-rays; 100 r/day, 10-65 r/hr
100 r/rein

60
Co gamma rays; 55, 195 z/hr 100-150 rihr

60
Co; 1!3r/hr 18-70 r/hr

50 r/m_in

bo
Co, 220 kVp X-rays, 14 MeV loo r/hr

X rays, 14 MeV electrons;
various dose rates:
12.5 r/hr to 400 ristic

2.5 radsfmin

1-

1.5 -

1.5 -
1.2-1.3

-1

1.1 -

20

18

15

6

7

60
Co, 5 rads/min *2 rads/mjn 1.8 - 5

L“— ----- . . . . . . . . ------ -...-.-~..--
. . . . . . . . . . . .



Table 3. Nzgative pion peak radiobiolo$yresults

Reference radiation
Biological system and dose rate n- Dose rate RBl? OER Reference

Berkeley

Abnormal anaphases in plat~au n- 5 r/hr 2.2-2.6 - 30
L%7Lzfaba .oot rceristems

Chromatid aberrations plateau n- 30 r/hr 3.8 1.8 12
in Vicia faba

Vicia faba 10-day
60C0 ~0 r,hr

9 30 r)hr -3 1.35-1.5 22
growth at room
temperature and 4°C

Arginine reversions
60

Co, 40 r/hr, 40 r/mln
in yeast

Proliferative capacity
60

Co, 5, 12.5 r/hr
of ascites tumor cells

(5 to 7 days old)

Polyploidy Induction in
60

Co, 5, 12.5, 20 r/hr
ascites tumor cells

(5 to 7 days)

Proliferative capacity
60
Co, 150 r/hr

of ascites tumor cells 45 r/rein
(2 days old)

Human kidney cells
60

Co, 1-40 r/rein
(frozen)

Human kidney cells
60

(room temperature)
C..,240 r/hr

Human lymphocytes
60

Co, 65 rihr-,60 rjmin

30-60 r/hr 1.4 1.9

5 r/hr 5.421.8 -

5 r/hr 2.5 -

30 r/hr 5.4*.6 -
2.95.5

30 r/hr 1.6 -

* 30 r/hr 2.2-2.4 1.5

z60 r/hr 2.0 -

23

8

16

9

4

25”

17

.-.. -—— .
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Table 3 (continued)

Xeference radiation
Biological system and dose rate m- Dose rate R8E OER Reference

_-— _

CERN

Spermatogonia

Vi& faba 10-day
growth (4”C)

England

7icia fa.ba 10-day
growth

Frczen HeLa cells

I Chromoso= aberrations
w in humn lymphocytesu
1

HeLa cells

Thymic weight loss,
oocyce survivai, bone
marrow survival, lens
opacities

hs Alamos

Human kidney cells

Human kidney cells

C3H mouse mammary
tuimr

Human skin reaction

:.-.munocampetent
spieen cells

gamma rays, X-rays
60C0 15 r,hr

s

Radium ganmm, 32 rlhr

300 kVp X-rays; MO r/day,
100 r/rein
60
Co, 184 r/hr

50 r/rein
60
Co, 55, 195 ~/hr

plateau
60

Co, 220 kVp X-rays, 14 MeV
X-rays, 14 MeV electrons
Various dose rates: 12.5 r/hr-
400 r/see

250 kVp X-rays, 200 r/rein

250 kVp X-rays, 23, 200 r/m.fn

250 kVp X-rays. 300 r/rein

140 kVp X-rays, 500 r/rein
60

Co, 5 rads/min

4 r/hr 3.7 -

3 rlhr 2.5-5.2 -

20-25 rlhr 2.5 1.7-1.8

10-65 r/hr 1.86 -

18-70 r/hr 2.1-2.3 -
1.4-1.5

40-150 r/hr 2.1 -
1.4

150 r/hr -1.0

5 r/rein ti.G 1.5 “
(compared with plateau)

5 K/rein 1.4-1.5 -

5 rlmin 1.75.2 -

5 r/rein 1.5 -

5 rlmin 2.2 -

2

3

34

20

15

18

6

2!+

33

13

14

5



Table 3 (contin-d)

Reference radiatio%
Biological system and dose rate ~- Dose rate RBE OER Reference

Zurich

Mouse embryos

Chromtid aberratio~

Inhibition of mitotic
activity in mouse
small intestine

Mutation induction in
I
# male germ cells
y (Drosophila)

V79 wnolayers

V79 spheroids

200 kVp X-rays, 1-2 rads/min 1-2 rads/min 2.1

200 kVp X-rays, 1-2 rads/min 1-2 rads/min -1.0
plateau, - 0.75 rad/min 1.7

plateau, - 0.75 rad/min 1-2 rads/min 1.5

200 kVp X-rays, 1-2 rads/m{.n 1-2 rads/min 0.4-1.8

60
Co, 360 radsfmfn 4 rads/min 1.8

60C0, 360 rads/min 4 rads/min 1.5

11

11

11

11

7

7



Fig. 1. Depth-dose distribution of negative pions. The 5- and 10-cm wide.

peaks were obtained by using a dynamic range shifter.
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Fig. 2. Per cent cell survival (human kidney) vs depth to various negative

pion doses at the peak position for a pion beam (narrow peak).
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Fig. 3. Per cent cell survival (hwnan kidney) vs depth to various negative

pion doses at the peak position for a 5-cm wide peak.
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Fig. 4. Per cent cell survival (hunw kidney) vs depth to vario~ negative

pin doses at the peak position for a 10-cm ‘.idepeak.
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Fig. 5. Pe~:cent cell survival vs dose at the plateau and peak for a narrow

peak beam, at the plateau and at the peak center, and peak distal for a 10-cm

wide peak. These data #ere obtained from the data shown in Figs. 2 and 4.
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Fig. 6. Per cent cell survival (V79) vs dose for single and two fractionated

exposures at the pion peak (liarrow)and for X-rays.
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Fig. 7. Per cent cell survival vs time after release from hydroxyurea for peak

pions (narrow peak) at 700 rads, plateau, plateau pions at 560 rads, and for X-

rays at 550 and 900 rads.
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