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ABSTRACT

Accelerated heavy partic1esvare candidates for use in cancer therapy.

The primary purpose of this investigation was to study the dose-effect rela-
tiohships for asyhchronous huhan kidney T-1 cells at various values of residual
range for monoenergetic beams of carbon (400 MeV/amu), neon (425 MeV/amu),

and argon (570 MeV/amu). The "track segment" method of exposure was used

to minimize variations in the distribution of energy transfer events; secondary
fragments produced by the particles in their passage through matter were,
however, unavoidably included. |

Cell éurviva] was measured under aerobic and hypoxic conditions over
a range of mean LET_ from 10 keV/um to 600 keV/um. Survival curves were
characterized by an exponential and a nonlinear component. Using three current
models for cellular inactivation, including the linear-quadratic model, we
found that the linear inactivation coefficient increased dramatically with
increasing particle charge and decreasing particle velocity. The quadratic
coefficient was also found to be dependent on LET.

Dose and mean LET, by themselves were not sufficient to characterize
cellular responses. Three variables are needed: fluence; particle velocity;
and particle charge or other equivalent quantities, such as dose, mean LETw,
and charge. An analysis was made for the dependence of the inactivation cross
section of the exponential survival term on the velocity parameter . In
an aerobic environment, the cros§ section varied as 24/84. In an hypoxic

4,.4.6

/8 The total energy transfer

environment this cross section varied as Z
is a function of 22/82 (neglecting a slowly varying logarithmic term) The

radial distribution of transferred energy is a function of 32 only, and is



independent of Z. Therefore, the Z4'6

dependence is an indication of the
importance of radial track structure.

The aerobic relative biological effectiveness values (RBE) measured at
10% survival (+95% C.I.) ranged from 1.1 +0.2 to 2.6 0.4 for the carbon beam,
1.5 £0.2 to 2.9 +0.3 for the neon beam, and 2.1 *0.4 to 2.7 +0.3 for the argon
beam. Hypoxié RBE values were greater than the aerobic RBEs for all of the
beams, especially at Tow doses where survival is greater than 10%.

The maximum aerobic and hypoxic RBEs were obtained for the neon beam
at an LET of approximateiy 140 keV/um. The increase in RBE with LET appears
to be independent of particle charge up to about 100 keV/um; however, above
100 keV/um, neon and argon RBE curves separate for the same mean LETo. The
separation of the curves beyond 100 keV/um may be a result of either the
velocity dependence of the cell killing effect and/or due to the presence
of greater fragmentation contributions in the argon beam.

The oxygen enhancement ratio (OER)‘at 10% survival drops from 2.9 +0.3
at Tow LET to a Timitihg 1.2 £0.1 in the Bragg peak of the neon and argon
beams. The lowest OER measured for carbon was 1.6 +0.5. For the argon beam
the OER was lower than 2.0 for the last 5 cm of range and lower than 1.5 for
the Tast 2 c¢m of range. |

Although normal and tumor cells are known to have a range of biological
properties, the RBE and OER results (and the LET, velocity, and charge depen-
dence of these effects) presented here are basic to a fundamental understanding

of the biological effects of charged particles. In addition, the data are

relevant to future therapeutic uses of heavy ions.
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INTRODUCTION

In this paper we present survival data on human»kidney cells exposed to
monoenergetic beams of high-energy carbon, neon,‘and argon ions accelerated
at the Berkeley Bevalac. The experiments were carried out using particles with
ranges up to 24 cm. The mean LETe» was varied between 10 keV/um and 600 keV/um
under aerqbic and hypoxic conditions. The dependence of cell survival para-
meters has been analyzed as a function of particle velocity (8) and atomic
number {(Z).

Following the early observation of differences in fhe'effects of alpha
and beta rays by Chambers and Russ (1), and Zirkle's introduction of the
concept of biological effectiveness (2), there has been considerable confir-
mation that densely ionizing radiations are more effective in producing certain
biological effects than sparsely ionizing radiations. Most of the early work
was done on a variety of microorganisms, but more recently the validity of
this conclusion has been demonstrated for mammalian systems with end points
including cell lethality (3-9), division delay (10-12), chromosome aberrations
(5, 13-15), carcinoegenesis (16), cell transformation (17,18), point mutations
(9, 19,20), and the production of double-strand scissions in mammalian cell
DNA (21,22).

Studies with high-LET radiations have suggested that there are at least
two different modes of action of ijonizing radiations: one has a strong depen-
dence on Tinear energy transfer (LET) with single-hit kinetics, and the other a
weak dependence on LET with higher order kinetics. Using low-energy, accelerated
heavy particles and the "track segment" method, it was demonstrated that at
‘constant particle velocity the single-hit component of radiobio1ogica1 effects

strongly depends on the square of the atomic charge of the particles (3).



Thus, with respect to cell killing and barring saturation effects, particles
with high Z are more effective than particles of Tow Z at the same velocity
and the same dose. At high LET and high atomic number, the relative biological
effectiveness (RBE), increases and the radiobiological oxygen effect decreases.
For example, Barendsen et al. using helium ions (23), and Todd,.using Tow-
energy accelerated heavy ions (3), both demonstrated that the oxygen enhancement
ratio (OER) for human kidney cells decreased to near unity at very high LET.
However, these investigations covered only a limited range of particle velocities
because of accelerator limitations.

Based on these early experimental results and theoretical considerations,
Tobias and Todd (24) noted three characteristics of heavy-ion beams that made
them potentially useful for clinical applications. First, the physical depth-
dose distribution of heavy-ion beams is more advantageous than low-LET modalities
for maximum effectiveness at depth with minimum entrance and exit dose. Second,
stopping particles have an increased biological effectiveness compared to
Tow-LET radiations. ‘Aﬁd third, the high ionization density of stopping particles
reduces the oxygen effect, thereby decreasing the radioprotection of hypoxic
cells.

Recent studies which established that high-LET radiations diminish ceil
age response and reduce fractionation effects have provided further support
for using heavy ions for therapy (25,26). It is also likely fhat some aneuploid
and hyperploid tumor cells are more sensitive to high-LET particle damage
than are normal diploid cells (27,28). Some preliminary studies show that
high-LET particles decrease the radioresistance of cells in spheroid culture
compared to single-cell systems, a factor that might be due to altered environ-
mental conditions or communication (29) between ceils of the spheroid. Both

of these effects might be operative for noncycling cells.



Several studies are underway at the Bevalac accelerator that use a dis-
tribution ofbkinetic energies produced by extending the Bragg peak of an
accelerated heavy-ion beam for therapeutic.purposes (30-33). Since the effects
of secondary fragments are minimized in monoenergetic beams, it was desirable
to conduct experiments in the more homogeneous particle fields that are
available using the unmodified Bragg curves. In this paper, RBE and OER values
based on detailed survival data are reported and evaluated as a function of
particle range, rate of energy loss, and particle velocity for monocenergetic
heavy-ion beams of carbon, neon, and argon. In addition, the physical dosi-
metric features of these beams have been characterized. The results of the
pretherapeutic program generally justify and support earlier proposals made

with respect to the potential clinical usefulness of heavy-ion beams (34).






MATERIALS AND METHODS

Experimental Design

Cells and Culture Methods

1 (35) were used because of the abundance of data

Human kidney T-1 cells
on their responses to x rays, gamma rays, neutrons, and most importantly,
Tow-energy accelerated heavy ions (3,23). The cells were cultured as mono-
layers in T flasks (Falcon Plastics) in Eagle's minimum essentia] medium with
Earle's salts supp]ehented with 12.8% fetal bovine serum and the following
antibiotics: potassium-penicillin G (0.04 g/1), streptomycin sulfate (0.04 g/1),
gentamycin (0.0979/1), and Fungizone (0.002 g/1). The flasks were maintained
at 37°C in a humidified atmosbhere of air with 5%’002. Stock cultures were
transferred every three or four days so that the cells were maintained in
exponential growth. Under these conditions, the mean population doubling
time was about 22 hours. The concentration of glutamine was doubled for
experimental cu1tufés. |

In preparation for each experiment, a 0.2-ml volume of 1.7 x 105 exponen-
tially growing cells was'p1ated in a circular area approximately 2 cm in
diameter at the center of specia] glass petri dishes. After the cells attached
to the bottom of the dish, they were covered with 1 ml of culture medium.

The cells were irradiated between 12 and 24 hours after they were plated onto
the glass dishes. After exposure, the cells Were trypsinized, resuspended,
counted, plated, and incubated at 37°C for 10 to 12 days. Colony-forming
ability was scored by staining the cultures with 1.0% methylene blue, and

clones containing at Tleast 100 cells were scored as survivors. Colony counts

on four or more plastic petri dishes were averaged for each data point. FEight



or more dishes were used for control and high-dose samples. Colony counts
per dish were usually in the 50 to 300 range, and plating efficiencies usually

were 60% to 70%.

Exposure Chamber and Gas Delivery Procedure

The dose along the Bragg ionization curve near the peak varies greatly
with small changes in absorber thickness, even changes as small as 0.01 g/cm2.
Thus, in order to position the cells accurately in the beam at various residual-
range values, the cells were grown as monolayers on a support of uniform thick-

ness. Special sealed aluminum and glass chambers2 with fitted glass petri

‘dishes {35 mm in diameter and a bottom surface 0.02-cm thick) were built to

facilitate control of the interior gas milieu (see Figure 1).

Each chamber was equipped with a gas pressure gauge. For the actual
exposure, each chamber (loaded with cells on the petri dish) was filled with
the appropriate gas mixture and sealed somewhat higher than ambient pressure
(25 to 38 cm of water). Small gas leaks not sufficient to appreciably change
the internal positive pressure would therefore force nitrogen to leak out
rather than air to leak in.

The glass petri dishes were secured in the chamber with a teflon-type
plastic (viton) o-ring, and a set of brass}and a]uminum rings that were
threaded for the chamber. The medium was completely aspirated from each dish;
and 0.3 ml of fresh medium was added just before loading to buffer and preserve
the moist condition of the cells during gassing;

The internal volume of the petri dish within the gassing chamber was

approximately 12.5 cc. The chamber was attached to a coiled, copper tube

from a manifold that the gas passed through after being humidified (see Figure 1).
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Figure 1:

Exposure chamber and gas delivery procedure. Humidified gas (95% air + 5% CO2
for aerobic ‘exposures and 95% nitrogen + 5% CO2 for hypoxic exposures) is
flushed through OER chambers by means of a manifold. The chamber is sealed

at exhaust valve C and inlet valve B with a slight positive pressure (25 to

38 cm of water) just prior to irradiation. The chamber is designed with a

by-pass loop (A-C) which is used for pretesting the integrity of the chamber.
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The gas delivery apparatus was flushed for at least an hour with nitrogen
gas before the chambers were attached. During gassing the chambers were 1in
a horizontal position, and shaken frequently and gently so that the cells
were continually covered with a thin film of medium.

The gas mixtures used in the experiments were either 95% air with 5%
COZ’ or 95% nitrogen with 5% CO2 containing less than 2 ppm (parts per million)
02. Gases were obtained from the Pacific Oxygen Co. (Oakland, CA).

The flow rate of the gas through the chamber was approximately 160 to
240 cc/min, and the cells were gassed for 20 to 30 min. This represented
a gas volume turnover per minute of 10 to 20 times the internal volume of
the dish in each holder. The njtrogen samples were irradiated immediately
after gassing; air samples were not held for more than 30 min after gassing
and were usually irradiated well within this time interval.

Chambers used for hypoxic exposures were screened for oxygen Teaks with
the couloximeter trace oxygen monitor (Chemical Sensor Development Co.,
Minneapolis, MN). A‘reading in ppm of oxygen by volume can be made with a
sensitivity of approximately 10 ppm. Corrections were made for background
readings, a fue]-ce11 yield of 0.85, and a gas dilution factor implicit in
the flushing method used to analyze the oxygen concentration in the nitrogen
gassing chambers. A mean corrected oxygen concentration of 64 +29 ppm by
vo1umé was obtained for the fourteen nitrogen chambers, each fitted with a

different, randomly selected, glass petri dish.

Irradiation Procedures

The Bevalac Facility

The Bevalac (36) is a high-energy heavy-ion accelerator complex created

in 1974 by joihing the Superhilac (a heavy-ion linear accelerator) and the
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Bevatron (a proton synchrotron).. The partic]es were accelerated to an éx;
traction energy of 400 MeV/amu for carbon, about 425 MeV/amu for neon, and
about 570 MeV/amu for argon. Fully stripped 1§c, %gNe, and ?gA ions were
utilized.

For ouk experiments the beam emerged from a-thin mylar window into bio-
medical cave 2, and then traveled in air to the exposure bench. The alignment
of equipment on the optical bench.is diagrammed in Figure 2. Instrumentation

and computer operation for dosimetry of the Bevalac beams were initially

developed by J. T. Lyman, and later extended by J. Howar‘d.3

Heavy-lon Dosimetry

The experiments reported Here were conducted over a three-year period.
For the earlier experiments, angu1ar divergence of the beam was adjusted with
quadrapole steering and focusing magnets. Later, lead scattering foils
| 2 for the carbon and neon beaﬁs, and 0.9 g—cm'2 for‘thé argon beam)
were inserted in the beam upstream from the last set of quadrapole and-steering
magnets.4 The mu]tib]e scattering in these foilé produced an angular divergence
of the beam, and aiso produced some secondary fragments. Standard settings
for the focusing magnets were used to focué the unscattered heam hear the
Tocation of entry into the exposure room. The beam diameter was usually 3
to 5 cm, and there was about a 6% dose variation across the cell mono]ayer.'
The doses measured by the central collectors assured us that the beam distri-
bution was uniform. | |

In all the experiments beam uniformity was chécked with a pair of mu]fi—

‘wire proportional chamberé that provided a visual dispTay of the integrated

beam intensity distribution projected in the vertical and horizontal directions.
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Upstreom Multiwi
ionizotion uitiwire Variable thickness
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Beem
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XBLT8I0-3830
Figure 2:

Experimental a1ignment.of equipment for irradiation of cell monolayers under
aerobic and hypoxic conditions at the Bevalac. The cells mounted in the cell
holder on an optical bench are exposed to heavy-ion beams. The beam enters
from the left through a collimator. A multiproportional chamber gives infbr-
mation on the Tlocalization and size of thé beam, and beam range is modulated
by a remote controlled variable thickness water absorber. The Bragg ratio

is measured as the ratio of 1onization méasured in the second ion chamber

to that measured in the monitor jon chamber. The central collector of the

second ion chamber (l-cm diameter) is used to measure the dose.
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Beam centering and the intensity distribution were also verified in each
experiment by checking the uniformity of an exposed polaroid film. The radial
distribution of ionization in the beam was measured in an ionization chamber
which has six concentric rings 1, 3, 5, 7, 9, and 11 cm in diameter. This
chamber was located immediately upstream of the biological samples.

The instrumentation used for beam centering and dosimetry was developed
by Lyman et al. at the Lawrence Berkeley Laboratory (37,38). The general
dosimetry followed principles first used by Tobias et al. (39) and later
discussed by Raju et al. (40). Parallel-plate ionization chambers (see Figure
2) were used with a circular collecting electrode. One chamber was mounted
in the upstream position, intercepting the beam as it arrived at the exposure
bench. The second chamber was mounted downstream, behind the variable water
absorber and immediately before the ée]] sample holder. The ionization
chambers were continually flushed with dry nitrogen gas. W, the average
energy to make one ion pair in the nitrogen gas, was assumed to be equal to
34.9 eV. This va1ue was derived from data for alpha particles in nitrogen
gas (41), and agrees with recent work by Lyman (42).

The same va]de of W was used for the entire Bragg curve, although for
nearly stopping particles W should be significantly higher than the value
quoted (43). We are a]sq aware that columnar recombination might occur.

There was good agreement between Fricke dosimetry, parallel plate ion chambers,
and EGG ion chambers for dose measurements in the "plateau." We believe that
the "plateau" measurements are within 5% and the "peak" within 15% of absolute
dose measurements. A comparison of argon beam depth-dose measurements in

6ur laboratory with those done independentiy later by Goodman and Colvett

(44) showed excellent agreement.
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The cell sample was positioned directly hehind the downstream ion chamber.
Corrections were made for the dose drop off in the air space between the ion
chamber and the sample. Prior to some experiments a calibrated 1-cc tissue
equivalent thimble chamber (EGG Model No. IC-17A) was positioned at the exact
Tocation the sample would occupy during the experiment for a cross reference
check on the measured absorbed dose. The residual range values indicated
in Figure 3 and Tables I A, B, C represent the actual positions where cell
samples were exposed. A variable thickness water absorber (see Figure 2)
was used to obtain each bosition along the track.

The monolayer samples were irradiated in the vertical position perpen-
dicular to the beam. In this position, most of the medium drained to the
bottom of the dish, Teaving a thih layer to cover the cells, however, no dose
correction was made for the residual medium. ATl exposures were completed
at room temperature. ‘The dose rate was usually 100 to 300 rad/min, and most
exposures were completed in Tess than 10 minutes. The doses were administered
at 15 pulses per minuté, and each pulse was a few tenths of a second Tong
with a complex and variable time structure. The downstream ionization chamber
was electronically trfggered with the PDP 11/45 computer to cut off the beam
at the requested dose. For the positions near the Bragg peak, it was necés—
sary to correct the dose measured in the downstream ion chamber in order to
- account for the extra absorption due to the air space, sample holder glass,
and the foils of the ion chamber. To do this, we measured the relative stopping
power of glass to water. The dose corrections were read from the Bragg curves
measured on the same day, however, ho interface dose correction was made (see

below).



Relative ionization ratio

&

Beam ranges studied with respect to the Bragg peak. See residual ranges

lTisted in Table I.
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TABLE TA. CARBON: 400 MeV/amu Nominal Energy (Deflected at 4163 Gauss)
I II 111 v v VI VII VIII IX X
Position Residuil Bljagg_ . Bragg Pgrceqt of Flux Density Residual Energy Mean LET Mean LET Mean LE
Range Ionizatjon Ratio Ca]culated Ionization Due Calculated for Calculated for Calculated for of Fragments/ of Beam
Ratio lgerPmmary t&fgfﬁ?ggﬁ Primary 1§c Beam” 12(2 Particles® 1(25(‘, Particles®
I gC Beam Only
(cm H20) (*corr.) (%) (Mev/amu) (keV/um) (keV/um) (keV/um)
0 25.2 1.00 1 <1 to 3 1 380 11 7 11
0' 9.0 0.97 0.78 20 0.62 206 16 8 13
A 6.8 1.03 0.77 25 0.48 175 18 10 16
B 2.4 1.35 0.97 28 0.40 98 27 13 23
C 1.2 1.61 1.20 25 0.38 67 36 14 30
D 0.54 2.0 1.58 21 0.37 47 a7 14.5 40
E 0.29 2.39 1.99 17 0.35 33 87 14.8 65
F 0.14 3.07 2.53 18 0.32 24 118 15 85
G 0.04 3.37 2.84 16 0.28 16 144 16 124
Peak 0 3.42 2.86 16 0.24 12 178 16 123
H 0.2 0.45 --- 100 --- --- --- 15 15
K 1.0 0.41 --- 100 --- --- --- 15 15
L 2.0 0.36 --- 100 --- - --- 14 14
M 3.0 0.32 -—- 100 --- --- --- 13 13

..9[..
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TABLE IB. NEON: 425 MeV/amu Nominal Energy (Deflected at 4350 Gauss)

VT

viin

I_

X

I 11 111 v v X
Position Residual Bragg Bragg Percent of Flux Density Residual Energy Mean LET Mean LET Mean LE
Rangel Ioggi?géon Rat;g gi};;lated Iggi'éigiggngge, Ca]cu]g(t)ed for 2C()zalcu]ate'd for‘5 Ca]cu]atet.j ‘r’o;‘6 of Fragments/ of Beam
%éNe Beam O?llly Ca]culgated3 Primary joNe Beam* 10Ne Particles®, 10N Particle

(en,0)  (lcorr.) | (%) (Mev/amu) (keV/um) (keV/um)  (keV/um)
0 16.1 1.00 1.00 <l to 5 1.00 370 32 26 32
0 — —_— —- —— —— - —- —- -
A 6. 1.03 0.86 17 0.66 235 41 26 38
B 2.4 1.30 0.99 24 0.52 129 60 35 54
C 1.2 1.58 1.20 24 0.485 88 80 42 71
D 0.54 1.97 1.48 25 0.464 57 118 48 100
£ 0.29 2.50 1.96 22 0.456 42 164 54 139
F 0.14 3.07 2.52 22 0.446 31 284 58 234
G 0.04 4.23 3.53 22 0.426 21 520 63 419
Peak 0 4.56 3.60 16 0.358 16 620 65 531
H -0.2 0.58 ——- 100 -—- -—-- - 58 22
K -1.0 0.44 -— 100 -— -—- -—-- 54 18
L -2.0 0.32 -—- 100 -—-- -—- -—- 52 13
N -4.0 0.19 --- 100 ——- -—- -—- 54 11




I

I

III

TABLE IC. ARGON:

570 MeV/amu Nominal Energy (Deflected at 5711 Gauss)

VIII

I Iv ) VI VII IX X

Position Residual Bragg Bragg Percent Flux Density Residual Energy Mean LET Mean LET Mean LET
Range Ionization Ratio Calculated Ionization Due Calculated for Calculated fo Calculated for of Fragments of Beam
Ratio? for Primary to Fragments Primary 48;\ geam? %QA Particles? . ?gA Particlesb
‘118A Beam Only Calculated
{cm H20) (Icorr.) (%) (MeV/amu) (keV/um) (keV/um) {keV/um)

0 15 1 1 <1 to 8 1 to 0.92 505 85 38 81

0’ —- - — — _— _— - —- _—

A 6. 0.96 0.65 30 0.51 304 110 45 91

B 2.4 1.20 0.66 45 0.35 165 164 60 117

c 1.2 1.49 0.79 48 0.32 112 209 74 144

D 0.54 1.87 1.0 49 0.30 72 277 89 184

E 0.2¢9 2.18 1.22 48 0.29 54 370 109 245

F 0.14 2.46 1.5 47 0.28 39 521 110 328

G 0.04 2.91 2.08 41 0.27 22 1009 110 640
Peak 0 3.56 2.64 26 0.24 17 1040 100 714

H -0.2 0.81 --- 100 --- -- -—- 95 95

K -1.0 0.49 --- 100 -—- -—- --- 69 69

L -2.0 0.28 --- 100 -- - -—- 52 52

M -3.0 0.19 --- 100 - -— --- 32 32

_8l_



FOOTNOTES TO TABLE I (A,B, and C)

1Equiva1ent water absorber distance between position and experimentally
a e obtained'Bragg peaks; negative numbers are used beyond the peak. The
numbers include a correction (0.06 cm) for absorption by ion chamber

and sample holder.

2Ratio of ionization at the sample position to ionization at the sample

position with no absorber:

U absorber

u no absorber

Ia is the ionization measured downstream of the water absorber, l-cm
diameter co]]éctor. Iu is the ionization measured in the upstream ion-
ization chamber large collector. "o" is a correction factor to take
into account'the change in Bragg ratio due to absorption in downstream

chamber walls, air, and sample holder. Values for o range from 1.0 to

1.24.
3The initial contamination of the beam with fragments is very small when
T no absorbers are interposed, and it is larger when lead scatterers are
used.
4

Relative to the beam emerging from the accelerator (1.0).
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5The energy is a mean value and is based on flux distribution calcula-

tions. In addition to the energies quoted in the table, we used neon
(400 MeV/amu) and argon (500 MeV/amu) normal initial energies. The

only values that show significant change are in the first line.

6
Dose average mean LET.

7Ca]cu]ated for fragments with strong forward momentum only. Twelve

fragment species were estimated; their yield was adjusted to produce a
fragment dose curve in agreement with the experimental data. For the

neon and argon beams, the proton, helium, neutron, and "exotic" frag-

ments (such as pions) were left out. Together these produce less than
3% of the dose, therefore their use would distort the average LET

values.

8Dose averages; hydrogen, helium, and exotic fragments have been omitted.
The Tow-LET fragments were included for the portion beyond the range,

however, because these represent a significant portion of the dose.



Physical Characterization of the Beams

Ionization measurements for the beams are presented in Figure 4.
Measurements from several experiments yielded consistent information. The
minor variations we encountered resulted in slight shifts of the Bragg ion-
ization peak, and were due to fluctuations in primary beam energy. These
fluctuations in the primary beam energy were a result of variations in the
magnetic field values in the main acceleration ring at which the pulsed beam
was deflected over a several hour period. There were also changes in the
composition of the béam fragments from run to run because of different absorber
configurations used upstream from the samples. The energy of the available
neon beam varied from run to run (from 400 to 430 MeV/amu). The argon ex-
periments were conducted at 560 and 570 MeV/amu. A1l of the carbon experi-
ments were done at 400 MeV/amu. In é given run, the range of the particles
was observed to shift about 0.05 cm (or 0.3%) in the worst case.

The open circles on the Bragg curves shown in Figure 4 are normalized
Bragg ionization rétios. The experimental points were compared to a calculated
Bragg curve (solid line, Figure 4). The mean rate of energy loss was based
on an approximatidn of the Bohr Bethe formula as described by Steward (45).

The results were compared to a compilation by Richard-Serre (46), howeVer,
an accurate experimental confirmation of the range energy relationship from
50 to 1000 MeV/amu is needed. Schimmerling et al. confirmed the range energy

7+, Ne10+ 18+

resuits for N , and A within a few percent (47).

For total fragmentation cross section we used a general formula initially
derived by Bradt and Peters from cosmic ray data (48); the cross section was
made energy dependent corresponding to recent experimental work fndicating

increases in overall fragmentation cross sections below 200 MeV/amu. There
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is active current experimental work on the fragmentation process. Data from
Heckman et al. (49), Maccabbee and Ritter (50), Schimmerling et al. (51),
and Chatterjee et al. (52) have helped in estimating the dose contributions
from fragmentation.

The computed Bragg curve is plotted with a continuous line in Figure 4.
The difference between the measured Bragg curve (opén circles) and the com-
puted Bragg curve is due to fragmentation; this difference is shown by solid
points in Figure 4. Beyond the particle range, the fragmentation effects
(circles with solid points) are measured directly. The contribution from
fragments in the monoenergetic beam increases from a small value at the plateau
to a maximum a few mi]]imeters upstream from the Bragg peak.

We estimate that the érror of the calculated "fragment" dose just up-
stream from the Bragg peak might be 55 much as 20% of the values given. The
total fragment dose is always less than the dose that would have been delivered
by the unfragmented parent particle. Fragmentation increases with the atomic
number of the primdry particle, therefore, fragmentation effects are greatef
for argon (up to 49%) and less for neon (about 25%). The carbon beam is not
strictly comparablé to the neon and argon beams because it has a much longer
range.

In Tables IA, IB, and IC, we have listed the most important physica1
parameters of the beams used in the current experiments for the positions
where cells were exposed in monolayers. The "mean LET" in these figures
is "dose average LET" a quantity calculated from our present understanding
of the energy transfer and fragmentation processes. Curtis has published a method
of calculating median LET» (53). The mean values independently calculated

by us for 0.05-cm segments of track are given in Table I. For some of the
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experimental points the mean LETs valees represent averages over a wide
spectrum of LETs, and must be considered estimates.

There are some central collisions of the primary beam with the atoms
of the biological material that can produce numerous atomic fragments, mostly
of Tow atomic number, emitted at various angles to the beam. There are also
recoil target nuclei and the fragments from these. We estimate the overall
dose contributions from these are small, a few percent at most; however, at
some future time it might be important to assess the local effects of multi-
pronged nucleon stars in heavy-ion irradiated tissue. The effects of wide
angle scattering and target fragmentation are not dealt with explicitly in

this paper.

X-Ray Dosimetry

X-irradiation of the cells was performed with a Philips x-ray unit (Type
11645) operated at 220 kVp and 15 mA with filtration of 0.25-mm Cu and 1-mm
A1, and HVL of O.75—mm.Cu. The dose rate was usually 270 rad/min, as measured
with a calibrated Victoreen condenser 250 R-meter at a target distance of
24 cm. Fricke and thermoluminescent dosimetry were used to confirm Victoreen
dose measurements; the Fricke data5 agreed within 2% and the TLD data6 within
5%. The exact gas delivery method and geometry used for the heavy-ion ex-
posures were duplicated for the x-ray experiments. Experiments were done
with cells attached in monolayers to both glass and plastic substrates in
2-cm diameter areas.

Glass was used to support the cell monolayers and to construct the chambers

because plastics hold large quantities of oxygen and release it
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220-kVp x-ray cell survival data:
(8) aerobic survival for cells irradiated on glass,
(O) hypoxic survival for cells irradiated on glass,
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(—) hypoxic survival for cells irradiated on plastic (calculated).
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slowly by diffusion (54). At a given measured dose, the x-ray survival measured
for cells irradiated on glass was considerably less than for cells irradiated
on plastic because of scattered secondary electrons. The correction factor
for the additional dose from scattered electrons is strongly dependent on

the energy and HVL of the x rays used (55,56). A two-fold difference in
survival between cells irradiated on plastic versus cells irradiated on glass
was measured under our x-ray exposure conditions. A derived hypoxic survival
curve for T-1 cells irradiated on a plastic substrate was constructed from
comparisons of the aerobic and hypoxic survival curves from cells irradiated
on glass (see Figure 5). We assumed that the OER was not influenced by
differences between glass and p]astic. Kidney-cell monolayers grown on glass
and on plastic petri dishes were also exposed to 400 MeV/amu neon beams.

No statistically significant differences for survival on glass or plastic
were detected. This agrees with the theoretical idea that essentially all
ionization in heavy-ion beams comes from ion pairs, and delta rays produced
by the primary beam paftic]es—-and not from scattered secondary electrons.

Therefore, no interface dose corrections were made for heavy-ion doses.



RESULTS

Survival Studies

Aerobic and hypoxic cell survival curves for the carbon,vneon, and argon
beams studied are shown in composite Figures 6A, 6B, 6C. In most cases, results
have been pooled from two to four separate experiments. The continuous Tlines
in the figure represent least-square fits to the linear-quadratic model.
Survival data for each beam (aerobic and hypoxic) can be found in Tables IIA
through IIF.

X-ray survival curves from cells irradiated on glass and on plastic
surfaces in air, and on glass in hypoxic conditiohs are shown in Figure 5.

On glass, an OER of 2.9 +0.3 was obtained at the 10% survival level. Figure 5
also shows the derived hypoxic survival curve for x rays on plastic (see

Methods section).

Analytical Methods for Evaluating the Data

Three different forms of survival equations were used to evaluate our
data. The first one of these represents a combination of a single-hit process
with a multitarget expression (57-59). The survival "S" as a function of

the dose (D) in this Tinear multitarget (LMT) model is:

SLMT = C {1 - [1 - exp (-qD{] m} exp (-pD) (n

There are four adjustable variables: p, g, m, and c. The single hit,
or “linear" term is characterized by an inactivation constant p, whereas the
multitarget process depends on the extrapolation number m and the inactivation

constant q. The parameter ¢, which takes care of the "plating efficiency"
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TABLE IIA. Carbon Beam: Aerobic Cells
0 X A B C G H L
Rad %S Rad %S Rad % S Rad S Rad /'S Rad .S Rad % S Rad ZS Rad %S Rad +S Rad +#S Rad %S Rad ZS
0 92.0 O 8.0 0 92.0 0 100 0 9.0 0 102 0 100 0 93.0 0 95.0 O 109 0 107 0 105 0 106
0 103 0 109 0 103 0 103 0 85.0 0 98.0 0 103 0 95.0 0 105 0 132 0 92.0 0 88.0 0 92.0
0 100 0 109 0 100 0 104 0 121 0 100 0 104 0 95.0 0 9.0 O 86.0 0 107 0 115 0 106
0 105 0 94.0 0 105 0 93.0 0 98.0 0 100 0 93.0 O 117 0 106 0 73.0 0 94.0 0 92.0 0 96.0
150 78.7 120 66.5 100 75.5 140 63.3 142 59.9 157 43.6 92.4 67.9 114 42.1 55.0 56.7 53.0 91.8 287 44.8 250 36.1 543 10.1
320 38.7 219 47.4 250 42.5 280 24.9 142 63.8 161 34.2 205 28.4 111 37.9 143 21.9 148 56.7 293 47.5 360 26.3 337 34.2
450 15.9 400 16.5 400  23.3 400 9.38 305 21.0 160 40.6 329 11.6 240 12.6 209 9.83 233 41.2 277 39.2 580 6.85 337 35.0
550 8.41 520 10.1 500 12.1 480 6.70 406 10.9 296 14.6 370 7.10 218 11.1 253 5.40 265 27.8 450 21.8 660 4.92 551 12.1
650 5.05 630 3.91 600 '5.04 620 2.26 506 6.36 276 17.8 442 4.02 218 13.3 297 3.33 297 21.7 443 19.1 800 2.08 541 12.1
750 2.66 770 1.06 700 3.29 287 17.6 493 2,52 240 7.40 352 1.74 329 7.98 441 19.4 920 1.24 544 12.4
298 15.6 353 2.24 0 1.00 705 4.05 810 2.89
528 1.72 36 2.03 232 19.4 699 3.28 792 2.77
528 1.24 520 0.238 238 18.6 694 3.98 792 2.54
510 1.54 499  0.273 407 0.810 892 0.498 975 0.339
694 0.115 394 1.55 881 0.620 972 0.333
713 0.0915 467 0.471 871 0.860 967 0.328
692 0.0916 401 0.523
402 0.464
0 87.0 0 109 0 90.0 0 95.0 0 105 0 95.0 0 86.0
0 103 0 132 0 109 0 103 0 88.0 O 105 0 92.0
0 122 0 86.0 0 92.0 0 9.0 0 115 0 94.0 0 127
0 88.0 0 73.0 0 99.0 0 106 0 92.0 O 106 0 95.0
150 46.7 100 85.2 0 110 103 36.0 205 18.5 55.2 60.6 .85.0 47.5
350 24.5 300 23.5 122 52.3 328 9.68 349 6.91 144 17.5 82.9 54.0
500 12.3 480 13.6 244 28.5 411 3.55 411 2.73 210 17.8 172 20.9
600 6.97 600 4.96 386 8.24 514 1.54 493 0.612 265 6.67 183 17.2
700 4.90 700 3.08 457 6.52 565 1.01 320 3.54 285 3.93
850 1.26 800 1.57 518 3.26 376 2.27 314 3.95
567 3.01 320 2.67

- I-E_



TABLE II B. Carbon Beam: Hypoxic Cells
0 X B C D G H K M
Rad %S Rad ¥ SRad %S Rad % SRad %S Rad %#S Rad % SRad %#S Rad %S Rad %S Rad %S Rad %S Rad %S Rad %S
0 9.0 0 98.0 0 96.0 0 830 0 112 0 93.0 O 83.0 0 78.0 0O 94.0 0O 106 0 117 0 106 0 104 0 100
0 97.0 0 111 0 97.0 0 109 0 91.0 0 104 0 109 0 111 0 109 0 93.0 0 103 0 91.0 0O 119 0 107
0 99.0 0 98.0 0 99.0 0 9.0 0 97.0 0. 102 0 94.0 0 100 0 97.0 0 113 0 86.0 0 101 0 82.0 0 93.0
0 108 0 93.0 0 108 0 114 254 70.8 0 101 0 114 0 111 131 37.5 0 8.0 0 94.0 0 102 0 95.0 0 100
420 59.6 450 76.8 450 50.0 390 57.5 260 77.5 361 51.7 185 74.7 211 46.1 185 29.2 339 14.6 360 43.3 794 36.0 260 83.7 1031 21.2
950 34.1 820 46.3 900 31.9 780 33.5 254 72.8 365 41.5 493 28.3 207 51.8 266 24.9 336 13.6 562 25.2 790 35.5 800 25.4 1040 21.3
1300 22.0 1310 16.9 1300 18.5 1120 13.9 254 75.5 641 31.2 750 14.5 396 20.2 287 18.8 369 8.18 678 18.6 803 37.2 1480 5.87 998 26.3
1600 12.1 1650 7.94 1550 10.9 1340 7.31 843 20.7 651 23.0 965 8.56 388 23.8 425 5.05 514 4.34 806 17.2 1411 10.1 1840 1.18 1558 8.97
1900 6.99 1986 3.66 1850 2.97 1570 3.40 1059 12.3 676 20.4 1149 3.59 672 4.30 437 5.93 477 4.61 954 7.10 1400 10.5 2150 0.625 1548 7.88
2150 4.22 2400 1.29 2200 1.85 1800 2.52 1135 5.08 1284 2.63 645 2.98 575 0.791 631 0.956 1392 9.35 2500 0.259 1561 6.24
1128 4.60 926 0.207 577 0.841 637 0.702 2093 2.62 2295 2.31
1518 0.392 967 0.162 161 39.7 2110 2.04 2300 2.26
1521 0.425 389 19.7 2093 2.10 2298 2.16
381 21.4 2592 0.310 2565 0.383
661 1.94 2610 0.360 2555 0.413
2612 0.388 2543 0.425
0 14 0 117 0 97.0 0 1020 0 104 0 103 0 103
0 86.0 0 103 0 113 0 112 0 119 0 97.0 0 97.0
0 73.0 0 86.0 0 9.0 0 89.0 0 82.0 0 107 0 107
0 100 0 9.0 0 95.0 0 97.0 O 95.0 0 93.0 O 93.0
©300 75.4 400 60.4 325 55.7 267 45.1 154 60.4 144 50.2 87.9 65.8
1000 30.3 1050 15.3 671 25.6 945 9.22 534 21.0 309 22.9 297 15.5
1550 12.5 1500 4.44 935 19.9 1150 3.90 894 4.36 420 12.0 385 11.2
1800 3.69 1800 1.54 1178 8.09 1383 1.43 1089 3.06 519 4.51 451 4.58
2150 2.74 2150 0.811 1361 3.84 1314 1.04 608 3.73 528 2.29
2550 1.72 2500 0.435 1544 1.18 1458 1.15 682 2.24

_ZE_



Neon Beam: Aerobic Cells

{

TABLE IIC.
0 A B c D £ F G K L N
pad %S Rad %S Rad %S Rad %S Rad %S Rad %S Rad _ %S Rad _ %S Rad %S Rad _ %S Rad _%S  Rad _#%S
0 92.3 0 114 0 87.1 0 106 0 91.6 0 91.6 0 110 0 97.9 0 112 0 103 0 106 0 100
0 102 0 96.4 0 111 0 104 0 104 0 104 0 90.0 0 97.9 0 92.2 0 9.7 0 103 0 95.0
0 109 0 91.5 0 109 0 93.5 0 97.7 0 97.7 0 88.9 0 109 0 103 0 104 0 95.4 0 101
0 97.1 0 97.5 0 92.9 0 96.8 0 107 0 107 0 111 0 95.4 0 93.5 0 91.6 0 95.1 0 104
252 21.5  80.0 75.0  60.2 65.3 50.4 71.9 117 38.7 193 10.2 166 19.5 129 29.1 48.8 73.2 0 1.04 100 68.5 100 64.1
251 30.6 180 49.8 151 54.9 141 36.3 113 25.3 200 11.8 167 12.4 136 22.4  97.5 65.2 222 20.2 200 39.9 220 35.3
392 13.1 200 22.4 251 22.2 202 25.2 113 34.9 200 10.3 174 9.65 263 7.49 156 40.6 223 19.9 350 15.2 380 14.7
389 12.8 380 11.6 326 15.2 282 11.4 213 11.1 431  .749 395 1.60 262 7.12 205 37.4 223 18.7 470 5.80 450 8.56
581 2.09 450 4.92 412 5.62 353 6.69 222 9.63. 426  .862 355 3.85 455 1.42 251 18.5 501 2.31 553 2.26 550 4.69
585 1.90 520 2.84 472 3.32 423 2.71 219 8.40 418  .942 386 1.45 452 1.09 292 16.9 499 2.23 660 1.15
769  .086 628 .987 363 2.04 595  .0998 400 1.37 610  .296 502 2.17
745 171 362 1.31 591  .0676 399 1.95 615  .135 747 155
359 .922 603  .0809 668 .382 752 .104
500  .257 659  .300 750 .132
504  .146 645 .258
0 114 0 94.6 0 102 0 83.4 0 83.4 0 87.7 0 87.7 0 87.7 0 94.6 0 100
0 96.4 0 106 0 105 0 111 0 111 0 120 0 120 0 120 0 106 0 95.0
0 91.5 0 101 0 104 0 106 0 106 0 100 0 100 0 100 0 101 0 101
0 97.5 0 97.9 0 88.7 0 99.1 0 99.1 0 92.6 0 92.6 6 92.6 0 97.9 0 104
100 69.8 80.3 58.6 70.5 54.3 41.3 64.2 43.5 65.0 45.174.3 42.4 59.4 87.2 62.3 170 35.7 150 37.4
180 39.5 201 27.5 242 9.55 103 40.6 109 44.2 113 38.1 182 19.1 330 10.5 298 13.8 290 13.9
320 16.5 351 6.21 373 2.76 165 19.7 185 16.6 192 16.6 351 3.85 397 5.18 548 1.43 400 6.73
400 8.74 522 .759 453 1.05 248 7.29 250 6.52 271 5.56 484 1.93 510 2.19
480  4.57 622 .231 310 2.37 316 2.16 350 2.58
362 1.55 381 1.04 417  .853

..88..



TABLE ITID. Neon Beam: Hypoxic Cells
0 A B - D E F G H K L N
Rad %S Rad %S Rad %S Rad %S Rad %S Rad % S Rad %S Rad %S Rad %S Rad %S Rad %S Rad % S
0 96.2 0 101 0 105 0 97.4 0 89.4 0 86.6 0 94.1 0 95.9 0 94.5 0 110 0 104 0 110
0 99.6 0 90.3 0 106 0 92.7 0 106 0 113 0 106 0 104 0 109 0 89.9 0 108 0 103
0 104 0 100 0 87.2 0 114 0 83.7 0 105 0 111 0 95.0 0 103 0 103 0 84.6 0 95.5
682 33.5 0 108 0 102 0 95.9 0 121 0 94.8 0 89.2 0 105 0 93.4 0 97.3 0 103 0 91.8
680 31.5 180 84.9 151 83.5 101 85.8 236 25.6 149 37.4 146 26.6 148 29.0 97.5 74.7 504 14.8 230 62.7 200 62.9
1159 12.1 450 43.6 351 50.3 376 38.8 233 32.9 149 42.3 79 42.7 146 31.7 195 60.6 500 14.3 594 21.0 546 22.2
1166 6.52 718 29.8 638 25.6 501 23.8 435 11.1 156  38.5 85 37.0 29 8.58 338 40.5 503 16.1 892 8.99 930 7.01
1884 1.57 1050 13.6 850 10.8 649 13.1 434 10.3 457 3.74 51 38.0 290 7.44 452 26.4 997 2.89 1168 2.94 1130 4.11
1877 1.32 1300 6.57 1041 4.40 806 7.09 748 1.08 453 3.72 271 11.5 520 1.45 545 16.2 999 2.44 1476 .662 1360 1.99
2054  .434 1550 2.83 1252 3.24 967 3.65 757 1.22 456 2.28 78 59.6 511 1.37 639 11.3 998 2.44 1748 .121
2050 .377 1800 .633 972 .298 758 .305 259 8.36 687 .411 1504 .126
1011 .0682 754 .294 253 9.23 675 .332 1501 .0964
975 .124 771 .224 661 .335
508 1.23
505 1.24
0 101 0 88.3 0 102 0 105 0 105 0 103 0 103 0 103 0 88.3 0 110
0 90.3 0 104 0 100 0 88.7 0 88.7 0 92.1 0 92.1 0 92.1 0 104 0 103
0 100 0 91.4 0 102 0 98.1 0 98.1 0 118 0 118 0 118 091.4 0 95.5
0 108 0 116 0 95.2 0 108 0 108 0 86.2 0 86.2 0 86.2 0 116 0 91.8
220 77.6 201 87.7 181 55.3 111 46.0 65.3 72.1 56.5 73.3 60.5 78.8 175 56.8 150 63.5 420 25.8
420 57.4 512 32.4 604 12.2 278 20.4 163  40.8 135 34.7 230 18.7 649 9.76 350 34.1 720 8.56
879 26.7 997 4.84 886 2.20 339 15.9 272 29.6 214 18.3 424 4,90 795 5.80 720 7.78 1000 2.34
1150 14.3 1305 .746 1098 .791 461 7.44 381 8.57 305 10.1 988 1.90 1114 1.28 1250 .606
1490 4.66 1566 .328 665 1.53 479 3.85 384 4.49
829 .553 566 2.84 474 2.14
997 .161

_178_
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TABLE IIE. Argon Beam: Aerobic Cells
0 A B c D
Rad % S Rad %S Rad % S Rad %S Rad %S
0 99.0 0 104 0 99.0 0 101 0 98.0
0 106 0 112 0 101 0 76.0 0 108
0 103 0 90.0. 0 108 0 93.0 0 106
“D 0 92.0 0 94.0 0 92.0 0 130 0 88.0
178  35.4 216 12.4 128 26.7 135  23.9 153 25.4
180 30.1 204 15.4 133 29.3 130 33.0 151 28.3
Do 36 3.96 230 9.22 131 29.2 132 30.9 265  8.48
35  3.92 319 5.26 228  9.01 236 9.65 271  8.48
503 0.731 316 4.43 228  8.32 237 8.96 457  1.34
510  0.595 313  3.35 228  9.31 387 1.4 451 1.35
641  0.0487 406 1.30 373 1.56 395 1,22 560  0.138
622  0.0602 433 0.750 375 1.42 475  0.351 552  0.150
459  0.737 376 1.38 372 1.79
548  0.0887 474  0.173 482  0.248
535  0.1125 471 0.234 468  0.335
533  0.109 33 59.5 483  0.216
236 7.55
0 109 0 110 0 102 0 89.0 0 93.0
0 88.0 0 90.0 0 100 0 86.0 0 107
0 103 104  40.0 0  98.0 0 109 148 27.1
80 103 - 538  0.263  60.2 54.8 0 186 277  5.68
220 19.7 555  0.140 124 26.6 40.8 63.0 443 1.26
280  9.34 308 2.92 91.8 45.1 591  0.116
320 7.18 417 0.692 194 12.0
320 6.78 469  0.300 286  3.45
420  2.51 326 2.61
520  1.58 439  0.578
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TABLE TIE. contd.
E F G H K
Rad % S Rad %S Rad %S Rad %S Rad % S Rad %S
0 94.0 0 100 0 N7 0 85.0 0 88.0 0 99.0
0 106 0 84.0 0 99.0 0 104 o 103 0 84.0
292 7.18 0 103 94.0 0 1M 0 N5 0 103
743 0.100 0 M3 90.0 223 21.6 0 94.0 0 114
0 92.0 74.9 72.2 231 19.7 348 8.92 146 42.6 100 45.6
0 103 161 31.6 255 21.4 475 2.03 139 44.5 200 20.3
0 98.0 300 10.6 231 25.3 572 0.474 238 21.1 310 8.29
0 107 396 4.74 485  5.23 242 15.6 380 4.82
155 28.2 514 2.03 468  6.50 362  5.81 460 3.02
152 23.6 674 0.692 813  1.11 364 5.52 590 0.787
275  9.96 813 0.914 471 1.56
276 10.3 1084  0.442 472 1.79
450  2.21 1017 0.324
459 1.65
585  0.629
623 0.213
0 100
180  45.3
298 19.3
502 4.89
630  1.80
0 124
0 104
0 72.0
238 26.1
507  2.86
751  0.981
995  0.200
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TABLE IIF. Argon Beam: Hypoxic Cells
0 A B c D
Rad % S Rad %S Rad %S Rad %S Rad %S
0 97.0 0 98.0 0 97.0 0 99.0 0 Mm
0 100 0 92.0 0 94.0 0 98.0 0 100
0 97.0 0 12 0 96.0 0 85.0 0 94.0
0 105 0 98.0 0 113 0 103 0 95.0
470 19.8 125  76.4 280  26.5 0 15 201 24.0
467 18.0 160 50.3 245  20.5 284  15.7 198 255
763 6.97 228 53,1 238 17.4 284 13.4 33  10.0
744 6.02 308  33.0 409 6.46 284 15.4 335 9.15
1297  0.405 398 21.0 392  10.0 319 9.38 547 1.98
1297  0.314 520 8.53 392 8.73 317 9.54 546 1.98
1799 0.0051 602 5.00 632 1.38 320 9.96 714 0.143
1812 0.0091 673 4.77 647 1.31 490 2.15 729 0.138
651  10.2 768 2.83 630 1.90 483 2.23
1143 0.681 856 1.68 783 0.0874 486 2.08
1530 0.038 916 1.36 785 0.234 606 0.346
595 0.316
587 0.463
0 106 0 94.0 0 95.0 0 94.0 0 100
0 108 0 98.0 0 104 0 98.0 211 18.6
0 99.0 0 101 0 101 0 101 349 5.96
0 99.0 0 107 101  58.4 0 107 548 1.16
0 88.0 100 58.2 208 -26.7 71.4 73.6 716 0.0867
120 55.8 220 59.1 373 8.91 143 51.4
260 44.4 30 35.4 372 6.06 224  28.5
360 27.7 510  11.5 502 3.84 408 5.87
920  2.59 710 4.26 671 1.03 449 4.24
1000  2.64 920 1.37 764 0.365 561 1.38
1240  0.715
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TABLE IIF. contd.
F G H
Rad % S Rad % S Rad % S Rad %S Rad % S Rad %S
0 101 0 m ] 98.0 0 100 0 108 0 m
0 101 0 97.0 0 107 0 91.0 0 100 0 97.0
0 96.0 0 87.0 0 97.0 0 109 0 88.0 0 87.0
0 102 0 105 0 98.0 366 16.7 0 104 0 105
212 22.7 96.3 55.1 257 35.8 543 5.08 305 20.4 120 62.8
348 8.66 203 30.7 263 36.7 752 1.14 294 22.7 250 31.8
203 26.5 385 7.96 510 10.1 916 0.0743 545 5.28 440 13.8
358 7.28 492 4.09 511 8.92 546 5.26 560 5.38
348 8.67 642 1.79 928 1.15 670 2.57 710 3.7
575 1.42 867 0.367 1159 0.298 670 3.02 880 1.55
563 1.75 1147 0.333 898 0.424
728 0.455 0o 10 902 0.381
721 0.447 0 16
0 100 0 83.0
333 9.92 240 50.1
842 0.0993 559 6.33
849 1.54
1179 0.171
0 98.0
0 102
227 33.6
397 14.5
663 3.14

8N

1.99



and adjusts the origin of the curve to 100% survival, is needed for the
statistical treatment. In our application of this model we arbitrarily held
m equal to 6, a value that was obtained from the analysis of x-ray curves
and was also used by Todd (3). We have shown earlier that the value of p
increases at high LET (3,60).

The second expression is the linear quadratic model (LQ), which was first
used for cell survival experiments by Jacobson'(61) and Sinclair (62). Various
authors proposed terms that are proportional to 02 for the production of chromo-
some aberrations, and these have been analyzed by Neary (63). A theoretical
foundation was given by Kellerer and Rossi (64,65). An additional interpre-
tation of the linear quadratic_model was given in molecular terms by Chadwick
and Leenhouts (66,67):

S.q = © exp (=D - %) . (2)
Here x, the linear {nactivation coefficient, has the same role as p in the
LMT model; y is a constant relating to the quadratic term; and c normalizes
the curve at the ofigin.

The third model has an entirely different basis from the first two;
Following Haynes' early suggestions relating to the effects of ultraviolet
radiation (68), it was assumed that the shoulder of surViva] curves is caused
by mo]ecu]ér DNA repair processes. We chose the form suggested by Green and
Burki (69) called the "repair saturation" model (RS).

(r +1) | . (3)

SRs =

r + exp (gD)
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Here g is an inactivation constant and r relates to the probability of repair.
The role of ¢ is the same as in the LQ and LMT models. The RS model assumes
that there is a finite quantity of repair enzyme present which Timits the
amount of repair possible. The above formula has not been rigorously derived
for ionizing radiation. An earlier derivation by Ginsberg and Jaggers for
ultraviolet rays (70) brought in additional assumptions.

The initial slope of the survival curves at low doses is given by:

_p ~ _X ~ __-_g._.__
r + 1

At large doses the LMT and RS models converge to
me_(p +a)d (r + 1)e'gD , (5)

so that the extrapo]ation number ism = r + 1 and g = p + q. The LQ model
has no "final" slope; the curve continues to bend at high doses.

Computer assisted curve fitting was done with each of the models to
determine which model best fitted the data, and how the constants in these»
models varied as a function of residual range and residual energy of the
particle beams. The logarithm of averaged colony counts was used to fif the
logarithm of the appropriate survival function. The approximation was done
with three independent variables: two related to the functional form of the
survival equation and the third represented the intercept of the survival
curve at zero dose (c).

Each of the survival forms were nonlinear functions of the dose, and

a grid search was used for the nonlinear programs. The LQ model was also
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studied by linear matm‘x.7 In order to do this, least-square approximations
were performed on the logarithm of the survival data, which provided appro-
priate weighting.

Having determined the best values of x, y, and c, the survival curves
were normalized to ¢ = 1 and plotted (Figure 6). The percentage error in
¢ was usually much smaller than that of x or y. The 95% confidence limits
for x and y coefficients were estimated from a calculated error matrix based
on Chi-square tables. X and y values represent the intersections of an error
ellipse with the x and y axis (see below) (71).

In order to obtain the dose dependence of derived quantites such as RBE
and OER, we proceeded by obtaining least-squares fits to the survival data
using the linear-quadratic model, and then calculating the appropriate ratios

using the best fits (see below).

Inactivation Coefficients

Table III showé the best fit cellular inactivation coefficients for the
neon beam for all three models. The number of experimental points’are given
for each position 6n the Bragg curve (95% confidence 1imits based on Student's
t values). For the same number of degrees of freedom, the statistical freat-
ments used show that the fit of all three models is equivocal.

The best fit x and y values (with 95% confidence 1imits) for the linear
quadratic model for the three beams are given in Table IV. The x parameter
is an indicator of the linear component of survival, and is dominant at Tow

doses. In all cases, this component reaches a maximum near the Bragg peak.

The y parameter, which dominates at very high doses, can be readily estimated

for the plateau, but it is difficult to estimate near the Bragg peak because
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TABLE IIT. Best LSQ Fits of x and y for Neon Beam with Three Models of Cell Inactivation

Linear Multitarget Linear Quadratic Repair Saturation
] p q X Y g » r
ferobic  n (x107Y) (;12‘2) (x10%) (107 (1073 (-10°)
0 21 2.7 1.2 7.9 #1.2 2.4 0.7 8.2 :1.7 11.4 -1.2  10.2 -9.8
A 11 3.1 0.4 7.1 0.4 3.3 :0.4 6.7 =0.8 9.9 :0.4 4.0 -0.8
B 19 3.8 x1.4 8.2 1.6 3.4 0.6 8.0 :1.7 12.4 -1.4 6.2 -6.0
C 18 7.1 1.6 5.9 £2.0 5.7 =0.5 6.3 =1.3 11.2 -1.6 1.6 -1.8
D 23 9.9 1.2 6.0 +1.8 9.5 #1.2 6.0 =2.8 13.8 :1.2 1.1 :1.0
E 23 11.0 =0.8 3.5 #1.4 10.4 0.7 2.7 :1.5 12.4 -0.8 0.4 -0.6
F 22 10.3 1.6 2.7 4.0 10.2 =0.7 0.8 =3.7 10.5 -1.6 0.0 -0.0
G 19 10.0 #1.0 0.0 #0.2 10.0 =0.9 0.0 0.2 10.0 =1.0 0.0 -0.0
H 18 4.5 0.8 7.0 £1.0 3.9 0.7 8.8 -1.8 10.7 =1.0 2.8 1.4
K 21 6.2 +0.4 4.8 +0.6 5.5 0.4 4.4 -0.6 9.9 =0.8 1.6 =1.0
L 18 5.7 1.0 3.7 1.4 5.4 -0.8 2.5 -1.6 7.9 =1.0 0.8 -1.0
N 9 4.6 0.2 3.6 0.4 4.1 0.2 2.7 =0.4 6.6 =0.2 0.8 :0.2
Hypoxic
Position
0 20 1.1 0.4 2.3 0.4 1.0 =0.3 0.8 0.2 3.4 -0.4 5.6 =4.8
A 11 1.0 0.2 2.5 0.2 1.0 =0.1 0.8 =0.1 3.4 =0.2 4.2 -1.8
B 19 0.8 x0.6 3.9 #0.6 1.6 0.4 1.0 =0.4 4.8 -0.6 5.3 z4.6
C 18 2.1 +0.6 3.6 0.8 2.1 +0.2 1.4 =0.2 5.5 =0.8 3.6 =3.0
D 24 5.5 =1.0 2.0 +1.6 5.3 +0.9 0.7 =1.0 7.1 =0.6 1.1 -1.0
E 23 5.7 +1.0 4.3 x1.2 7.0 £0.9 1.1 =1.3 8.8 =1.0 1.3 :1.4
F 25 8.2 1.2 2.1 2.8 8.2 +1.0 0.5 =22.1 8.5 :1.2 0.0 =0.0
G 19 7.9 0.8 2.1 +1.8 7.9 :0.7 0.5 =1.3 8.4 :0.8 0.1 :0.4
H 18 2.6 +0.2 3.1 0.4 2.3 0.3 1.7 +0.4 4.9 0.8 1.8 -0.8
K 20 3.1 0.4 2.4 x0.4 2.6 +0.3 1.2 =0.2 5.0 0.4 1.8 -1.8
L 18 2.8 +0.6 2.0 0.8 2.6 :0.5 0.7 =0.4 4.3 0.6 1.6 :2.4
N 9 2.8 0.2 1.0 0.4 2.6 :0.1 0.2 0.1 3.1 =0.2 0.3 -1.8
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TABLE IV. Best LSQ Fits for x and y for Carbon, Neon, and Argon Beams Using the Linear
Quadratic Model

CARBON NEON ARGON
. X y X y X Y

pociien  n (x1073)  (x10°8) n (x100%) x10% o a0t (a0t
0 20 2.8 +0.4 2.6 +0.7 21 2.4 +0.7 8.2:1.2 22 5.2:1.4 9.8 :2.8
0' 10 2.5 0.8 4.8 £0.6 ==  cecccmmmm ccmmeoe ce e meeee
A 20 2.2 +0.6 4.0 :0.8 11 3.3 +0.4 6.7 10.8 21 7.3 :1.0 8.9 -2.1
B 10 3.8 0.5 4.0 :0.8 10 3.4 :0.6 8.0 :1.7 24 7.9:0.7 9.9 -1.6
C 20 3.3 :0.8 5.3:1.7 10 5.7 0.5 6.3 1.3 27 8.3:0.5 8.0 :1.1
D 45 3.9 :1.2 8.8+1.9 15 9.51.2 6.0:2.8 21 7.4 1.1 8.7 =2.2
E cr mmmmme e 23 10.4 £0.7 2.7 :1.5 16 7.9 :0.6 2.1 =1.1
F 24 8.1 +1.0 6.9:2.4 22 10.2 0.7 0.8 3.7 10 7.5:0.4 0.2 0.7
G 29 7.4 :1.7 11,0 +0.5 19 10.0 #0.9 0.0 #0.2 25 5.8 0.7 0.01 =0.02
H 10 1.2 1.9 15.4 0.7 18 3.9 :0.7 8.8 1.8 7 4.5:0.6 8.1 :1.3
K 16 2.2 +0.2 3.8 :0.4 21 .5 0.4 4:4 :0.6 12 4.9 :0.5 8.1 :1.3
L 10 3.4 +0.3 1.6 0.4 18 5.4 :0.8 2.5:1.6 10 7.6 0.5 0.9 1.0
M 16 1.9 0.4 3.8 £0.5 ==  eccccees —mceeee- ce mmmmmmee e
N ce e mmeen 9 4.1:0.2 2.7 £0.4 o= mmmmmeee emeee-

Hypoxic

Position
0 20 0.9 0.2 0.3:0.1 20 1.0 #0.3 0.8:0.2 26 2.3:0.3 1.7 :0.2
0’ 10 0.8 20.1 0.5 £0.1  -=  =ccmmce= ceeeeoe- c. e eemeeen
A 20 0.8 0.4 0.6:0.2 11 1.0:0.1 0.8:0.1 25 3.6:0.4 1.4 :0.6
B 10 1:0:0.2 0.7 0.1 10 1.6 0.4 1.0 0.4 25 4.8=1.0 3.6 :1.4
c 19 0.7$0.3 1.3:0.2 10 2.1:0.2 1.4:0.2 27 4.3:0.5 7.8 :0.9
D 41 0.9 :0.5 1.8:0.4 13 5.3:0.9 0.7:1.0 17 5.2:0.9 5.4 +1.5
E ce e mmmeee- 13 7.0:0.9 1.1:1.3 16 6.1:0.3 2.1:0.5
F 25 2.3:0.7 4.6:0.8 25 8.2:1.0 0.5:2.1 10 6.2+0.3 0.3 +0.4
G 32 3.4:0.9 7.1:1.6 19 7.9:0.7 0.5:1.3 24 4.4:0.3 0.7 :0.4
H 9 1.9:0.4 0.7+0.5 18 2.3:0.3 1.7:0.4 7 3.1:0.6 4.8:0.9
K 16 0.6 +0.1 0.6 :0.1 20 2.6 0.3 1.2:0.2 12 4.2 :0.3 2.0 :0.4
L 10 0.6 +0.3 0.8 0.1 18 2.6 0.5 0.7 +0.4 10 4.7 +0.4 0.1 +0.6
M 16 0.7 £0.3 0.5 0.1 ==  —c;mmme= mmceoee- cemmmmmmme s
N cm mmmmmmme eeee- 9 2.6 0.1 0.2 0.1  —=  mmmmmme= emmeeee-
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of the domination of x. As a result, error estimates are rather large for
these cases. However, it is clear that in air the y parameter decreases near
the Bragg peak, whereas in nitrogen it has a maximum before it becomes neg-
1igibly small.

The survival curves change abruptly beyond the stopping points of pri-
mary beam particles, that is, beyond the Bragg peak at positions H to N.
Survival curves are nearly exponential at the Bragg peak, but shoulders
reappear for curves in the region downstream from the peak. Cell killing

here is due to the dose from fragments only.

Confidence Limits for Inactivation Coefficients

When a Teast-squares fit of the data is made using the logarithm of
survival as a weighting function, the Chi-square function near the minimum
behaves as a paraboloid. At a given value of Chi-square, determined by the
desired probability confidence 1limit, the values x and y arrange themselves
on an error ellipse. Ih Figure 7 we show some typical error ellipses for
neon beams and various experimental points. The major and minor axes of the
ellipses are usually skewed against x and y. The significance of this is
that x and y are not fully independent variables, but there is a functional
dependence of the value of y on the value of x. The skewedness of the error
ellipses is observed for both the LQ and LMT models, and also is apparent
in the data of Hall et al. (26) and of Todd et al. (72). In the case of the
RS model (not shown), the axes of the error ellipses are usually nearly
parallel to the g and r axes, indicating that the lesions (g) and the‘repair
function (r) may be largely independent. Such results suggest to us that
the LQ and LMT models are not optimal, and a better model might be found along

the lines of reasoning that led to the RS model.
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Error ellipses estimated for x and y coefficients for fits of some of the
neon data to the linear quadratic model. The letter for each ellipse designates

the beam range it represents as depicted in Figure 3.
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RBE and OER Values

Figure 8 demonstrates the dependence of RBE on the survival level for
neon beams at positions O in the plateau, and C and F near the Bragg peak.
There is a clear trend showing that for any of these positions, the RBE in-
creases as the survival probability approaches unity--or as the dose decreases.
At the same range and survival level, the RBE for hypoxic cells is greater
than the RBE for aerobic cells. For high survival levels (low dose) the RBE
is high where the "linear" single-hit killing predominates; for example, in
the LQ model for neon position F the hypoxic RBE80 = 14.3 +5.0 and the hypoxic
RBE10 = 5.3 £1.3 (see Figure 8).

RBE and OER values at 50% and 10% survival for each of the three beams
are given in Tables VA, VB, and VC. Figure 9 demonstrates how the OER and
hypoxic RBE at 10% survival varies as a function of residual range for the
carbon, neon, and argon beams. Data shown are for the last seven centimeters
of track Tength before the Bragg peak and for four centimeters beyond the
peak. For neon and carbon, the RBE10 of hypoxic cells is about 1.0 for most
of the range, but near the Bragg peak it rapidly increases to values of 5.3
and 4.9, respectively. In contrast, argon‘beams have a high RBE for most
of the range of the particles. Just upstream of the argon Bragg peak, however,
a broad maximum peak of 4.4 in the RBE is observed between 1.2 and O.6—¢m
residual range; at still lower range values upstream of the peak, the 10%
hypoxic RBE decreases to 3.0.

The OER values versus range are also plotted for the 10% survival level
in Figure 9. At high velocities both carbon and neon give a value close to
that for the control x-rays (2.9). Near the Bragg peak, the OER decreases

to low values of between 1.0 and 1.3 for both neon and argon,’whereas it is
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Figure 8:

RBE versus survival level for the neon: position 0 in the plateau (@);
position C (@) and position F (@) near the Bragg peak. Error bars represent

95% confidence limits.
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Figure 9:
OER and hypoxic RBE at 10% survival as a function of beam range: carbon (®);

neon (@), and argon (@). Error bars represent 95% confidence interval.



TABLE 5 A.

Carbon Beam

RBE OER
POSITION AEROBIC HYPOXIC
50 10 50 10 50 10
0 1.4 +0.2 1.1 %0.2 1.2 #0.4 0.9 #0.3 3.0 0.5 3.0 0.
0 1.4 x0.2 1.2+#0.2 1.2 #0.3 0.9 0.2 3.1 #0.3 3.1 0.
A 1.3 0.3 1.1 0.2 1.3 £0.5 1.0 0.3 2.7 0.8 2.6 0.
B 1.9 0.3 1.4 0.2 1.4 0.4 1.2 #0.3 3.3 £0.5 3.0 0.
C 1.8 0.4 1.5 0.2 1.5 0.5 1.3 £0.3 3.1 £0.7 2.6 0.
D 2.2 ¥0.5 1.8 £0.3 1.8 0.7 1.6 £0.5 3.1 £0.9 2.7 0.
F 3.7 0.6 2.6 £0.3° 3.6 1.1 2.9 0.8 2.6 0.4 2.1 0.
G 3.6 0.7 2.6 0.4 4.9 x1.5 3.9 £1.0 1.9 0.4 1.6 0.
H 1.7 20.6 1.7 x0.4 2.3 0.7 1.6 +0.5 1.9 %0.6 2.6 0.
K 1.3 %0.2 1.1 20.1 1.1 20.3 1.0 0.2 3.0 £0.3 2.8 0.
L 1.6 20.2 1.1 0.1 1.2 0.4 1.1 #0.3 3.3 0.6 2.5 #0.
M 1.2 0.2 1.1 #0.1 1.1 0.4 0.9 %0.3 2.8 #0.6 2.8 #0.

f



TABLE 5B. Neon Beam

RBE - OER
POSITION AEROBIC HYPOXIC
50 10 50 10 50 10
0 1.6 0.3 1.5 0.2 1.5 0.5 1.3 0.3 +0. .9 0.
A 1.9 0.3 1.6 0.2 1.6 0.4 1.3 20.3 <0, .0 0,
B 2.0 0.3 1.7 0.2 2.2 x0.7 1.6 0.4 +0. .5 0,
c 2.7 0.4 2.0 0.2 2.7 +0.7 2.0 0.4 £0. .4 =0,
D 4.2 0.7 2.8 0.4 5.8 #1.7 3.5 0.9 +0. .9 0.
E 4.5 :0.6 2.9 0.3 7.7 2.1 4.6 =1.1 +0, .5 0.
F 4.4 +0.6 2.7 #0.3 9.0 2.4 5.3 £1.3 +0. .2 0.
G 4.3 £0.6 2.6 +0.3 8.6 £2.2 5.1 1.1 +0. .2 =0,
H 2.2 #0.4 1.8 +0.3 3.0 :0.8 2.2 0.5 +0. .0 0.
K 2.6 0.3 1.8 0.2 3.2 0.8 2.2 0.5 +0, .0 0.
L 2.4 +0.4 1.7 0.3 3.1 0.9 2.0 0.5 +0, .0 0.
N 1.9 0.2 1.4 0.1 2.9 £0.7 1.8 +0.3 +0. .9 0.

..09_



TABLE 5 C. Argon Beam
RBE OER
POSITION AEROBIC HYPOXIC
50 10 50 10 50 10

0 2.7 #0.6 2.1 0.4 3.0 #0.8 2.2 ¥0.5 .3 0.4 .3 0.
A 3.4 0.6 2.5 0.3 4.2 £1.1 2.7 0.6 .120.3 .2 £0.

3.7 0.5 2.7 10.3 J 1.7 3.9 £1.0 .7 0.2 .7 0.
C 3.8 0.3 2.6 0.2 5.8 z0.9 4.4 0.6 .7 %0.1 .5 0.
D 3.5 0.6 2.5 +0.3 6.3 £1.8 4.4 +1.1 .4 0.2 .4 0.
E 3.4 0.5 2.2 #0.3 6.9 1.6 4.3 0.8 .3 #0.1 .2 0.
F 3.2 #0.4 2.0 £0.2 6.8 £1.6 4.0 0.8 .2 #0.1 .2 0.
G 2.5 #0.4 1.5 0.2 4.9 1.2 3.0 x0.6 .3 0.1 .2 0.
H 2.3 £0.4 1.9 £0.2 4.3 1.2 3.3 £0.8 ;4 0.2 4 0.
K 2.5 0.4 1.9 20.2 4.9 +1.2 3.2 £0.7 .3 +0.1 .5 0.
L 3.2 #0.4 2.1 0.2 5.1 #1.3 = 3.0 0.7 .6 £0.1 .6 0.

- lg_
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about 1.6 for carbon. It is significant that the argon OER values are less
than 2.0 for the first 5 cm of range, and they are still depressed to a level
of 2.3 at the 12-cm residual range. The lowest OER is not observed where
the RBE 1is highest, but it is seen at the very end of the particle range.

/RBE , and

This is expected since the OER goes as the ratio RBE

aerobic hypoxic

the hypoxic RBE can continue to rise even though the oxic RBE is decreasing.
The OER monotonically decreases with increasing LET up to 250 keVAtm where

it appears to level off at higher LET.

Confidence Limits for RBE and OER Calculation (Linear Quadratic Model)

Some recent publications use e]aborate statistical analyses to evaluate
RBE and OER ratios (72,73). According to the usual definition, RBE and OER
are each calculated as a ratio of doses af a selected survival level S.

In the LQ model we have used the following approximations, which were
derived from equation (2), for the error in x and y. Assume D to be the
statistical variation of the dose when S is constant; this comes from DX

(due to variation of x) and Dy (due to variation of y).

2 2) 1/2

§D = (6Dx , (6).

1 + 8D
2 y
where

sD = Sx =D (7)
X+ 20y
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and

2
sp = Sy=: D" _
x+ 2D ey

Here, D is the dose in air for survival level S.

be used for aerobic and hypoxic data.

This method gives equal weight to errors in x and y.

(8)

Similar calculations can

As more accurate

data and better models become available, it might be advisable to depart from

equal wéighting for the parameters of the models. For example, at very high

LET, the values of x are determined more accurately than the values of y.
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DISCUSSION

Comparison with Other Available Data

“Soon after high energy heavy-ion beams became available at Princeton
and at Berkeley, there were initial assessments of the effects of 3.9-GeV
nitrogen and of 5.4-GeV oxygen particle beams.

Todd grew M3-1F3 hamster cell colony isolates on the walls of tissue
culture flasks and exposed these tangentially to monoenergetic beams (74,75),
Hall and Lehnert (76) made OER determinations on V79 cells at the nitrogen
ion Bragg peak, and found an QER value of 1.25. Another study was made with
bean roots (77). Roisman et al. (78), Tobias (79), and Kalofonos (80) also
studied survival as a function of residual range with hypoxic and aerated
human kidney cells. They used a monoenergetic "submarine" technique, and
found that the oxygen effect at the Bragg peak was much Tower than at the
plateau. In general, the results of earlier studies with mammalian cells
agree with this paper. Several proton, helium, and heavy-ion studies with
modified beams (having extended Brégg peaks) have been reported in the liter-
ature (30-33; 81-85); however, these studies are not easily compared to our
data.

Recently Hall et al. (26) measured RBE values for the unmodified
429-MeV/amu argon beam with the V79 cell line using low-density cell suspensions
in 2.5-mm diameter sealed plastic ampules. For OER measurements, high density
cell cultures were used to metabolically deplete the oxygen supply. These
cells were sealed in 4-mm diameter glass ampules. They measured an aerobic
RBE]0 of 2.4 in the plateau, ascending region, and "tail" of the depth-dose
cufve, and 1.5 at the Bragg peak. These values may be compared to our results

of 2.5 at the same plateau range, 2.6 to 2.5 for the ascending region, 1.5
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at the Bragg peak, and 1.9 in the tail. OER values at 10% survival were 2.0
in the plateau, 1.45 fn the ascending region, 1.32 in the peak, and 1.5 in
the tail. These can be compared to our OER values of 2.2, 1.5 to 1.4, 1.2,
and 1.5 for the respective comparable ranges. Therefore, despite major
differences in technique and working with different cell lines, the RBE and
OER values reported for argon were not significantly different in the two
sets of experiments.

The inactivation coefficients for the linear quadratic model which we
report generally do not agree with those of Hall et al. (26). They showed
that the best fit aerobic Tinear coefficient decreased with increasing LET
from the plateau to the peak of the 429 MeV/amu argon beam. In contrast,
our results showvthatvfor the human kidney cell the aerobic and hypoxic linear
coefficient increases with increasing LET (up to about 200 to 300 keV/um),
and then levels off over several centimeters upstream of the peak of the
570-MeV/amu argon beam before it begins to decrease. They also reported that
the quadratic coefficient increased with increasing LET (although their best
fits had sizeable error estimates). In contrast, we see a definite decrease
in the aerobic best fit y coefficient with increasing LET. The best fit
hypoxic y coefficients are uniformly low over the LET range studied, except

for an increase noted in the range of 80 to 200 keV/um.

LET Dependence of Survival Parameters

The results reported in this paper have demonstrated the dependence of
survival parameters on the residual range of particle beams. Further insight

might be gained by considering LET, particle charge, and particle velocity.



For the LQ model, the variation of the inactivation coefficients x and
Y, as functions of mean LET 1is shown for aerobic exposures in Figure 10 and
for hypoxic exposures in Figure 11. The dependence of RBE on LET 1is shown
in Figure 12.

As already noted by Chapman et al. (86) and Cox (9) for V79 cells, the
x values for both aerobic and hypoxic cells increase rapidly with increasing
LET. However, Chapman used the extended Bragg peaks to irradiate cells in
suspension, which represents a broader mixture of LET than has been used in
this report, and he fherefore could not get many survival measurements above
100 keV/ym with these beams.

Inspection of Figures 10, 11, and 12 shows that mean LET_ can be used
to characterize RBE and the ]fnear inactivation coefficients for all three
beams. Each set of data lie on a single curve up to about 100 keV/um when
plotted as a function of mean LET,. This appears to be true for both aerobic
and hypoxic conditions. The 95% confidénce limits are too large to tell
whether or not the.data for each particle should be represented by a separate
curve, .Above 100 keV/um mean LET., does not uniquely characterize either RBE
or x; the curve séparates, and x and RBE values are lower for argon and higher
for neon ions. It is also interesting to note that the maximum va]ues.for
the x coefficient in an aerobic environment are observed at a lower LET (140
keV/um in Figure 10) than can be seen under hypoxic conditions (200 keV/um
in Figure 11).

The separation of the x and RBE curves beyond 100 keV/ym in these cell

killing effects might be caused either by the velocity dependence of these
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Figure 10:

Linear quadratic coefficients x and /¥y as a function of dose-average mean

LET for aerobic survival. Error bars represent 95% confidence interval.
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effects or by the presence of different amounts of fragmentation--or both.
We know that the argon beam fragments much more than neon (see Table IB and
IC), and we think that the fragmentation process can account for most of the
difference. We have, however, attempted to estimate the magnitude of effects
due to fragments in order, to arrive at a description of the particle effects
due to the primary beam alone.
Rossi (87) has theorized that the quadratic coefficient y is constant
and independent of LET. In contrast, the plots for vy in Figures 10 and
11 show that y is not independent of LET. For aerobic conditions, /y has
a broad maximum below 100 keV/um; under hypoxic conditions /y has Tow values
at low LET and a broad maximum is reached at about 150 keV/um. At still
higher values of LET the vy values fqr hypoxic and oxic conditions overlap
and vy decreases to such low levels that the survival curves are nearly
exponential at very high LETs. There is also some suggestion in Figures 10
and 11 that the values of Jy for argon lie above those for neon; however,
we cannot prove thfs with statistical significance. In an analysis of
chromosome effects, Neary did postulate a disappearance of y at high LET (63).
It is well kﬁown that heavy ions have good depth-dose distributions (79),
and one of the major results of this paper is to show that the RBE for heavy
particles is high near the Bragg peak whi]e it remains lower at the plateau.
These differences are accentuated at low dose. The practical consequence
of these observations is that when a heavy-ion beam actually strikes a tissue
target, the depth survival effect depends both on the dose and the RBE at
each depth. These two factors reinforce each other, and therefore the lethal
effect in the region of the Bragg peak of each of the three particle beams

as reported here is significantly greater than at the plateau.
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LET Dependence of OER

In the Bragg peak region of the carbon, neon, and argon beams, OER values
were significantly reduced relative to 220-kVp x rays. OER values approaching
1.0 were generally observed. Most notable is the fact that in general,
heavier ions have lower OER values for a Targer portion of their range than
do lighter ions. In addition, we note that the lowest OER is not always
observed where the RBE is highest (see argon results). Instead, the OER
appears to decrease continuously with increasing LET, especially at LET values
near 100 keV/um, before leveling off near 250 keV/um. Presumably, the very
lowest OER occurs where the transferred energy density along the particle
tracks in the hypoxic cells is high enough to produce a lethal effect even
without help from oxygen molecules.

Since fragment particles have generé]]y Tower atomiq numbers, and, in
the case of glancing collisions, higher velocity than the primary beam particles,
the OER of the fragments is higher than that of the primary particles. In
fact, the OER of the ffagments that appear just.beyond the Bragg peak decrease
with 1ncreasing atomic number of the primary beam. Upstream of the Bragg
peak the OER of the whole beam (fragments and primary particles) is therefore
somewhere in between the OER of the pure primary particles and fragments
present at each residual range.

Unlike the RBE values, the OER values do not appear to have remarkable
changes with survival level. It appears that both linear and quadratic
components of the survival curve have an oxygen effect about equal in magnitude
at low LET. At high LET, the OER of the 1inear component becomes nearly one.

We suspect that the quadratic component still has a significant OER; however,



we cannot state this with certainty because of the dominance of the Tlinear
survival component at high LET.

The dependence of OFR on mean LETw is shown in Figure 13, where all
experimental points for carbon, neon, and argon are plotted. Figure 13 also
has OER data from Barendsen (23) using Tow-energy helium ions and low-energy
heavy ion data from various ion speties from Todd as analyzed by Bewley (88).
Interestingly, the trend of our data follows that of Barendsen's remarkably
well, except that Barendsen's OERs are lower for all LET points and also for
X rays.

Todd's data, however, show a reduced OER at a much Tower LET. We believe
that the discrepancy between the three curves may be due in part to the presence
of Tow-LET fragments in the Bevalac beams. Despite the separation of the
curves at low LETs, all three studies agree that the OER becomes 1.2 or Tess

at greater than about 200 keV/um.

Velocity and Charge Dependence of Lethal Effects

From Figures 10 through 13 it is evident that dose average LET is not
an adequate variable to describe the effects of heavy particles and their
fragments. An additional variable, such as the charge of the particle, seems
essential. |

In a theoretical paper in 1965, Turner and Hollister (89) demonstrated
that, with certain assumptions, particle charge and velocity are independent
variables with respect to RBE. They suggested that relative effectiveness
is a function of Z2 and of particle velocity. Katz further advocated the
use of the quantity Z8™%, where o depends on the range energy relationship

(90). An analysis by Bewley (88) of the LET dependence of the oxygen effect
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OER (95% confidence limits) versus dose-average mean LET:  carbon ﬂl); neon
(8), and argon (0) beams from the Bevalac by Blakely et al.; Barendsen (£V
Tow-energy helium ion data (15), Todd {O; high-energy (up to 10 MeV/amu) heavy-
ion data (3), and x-ray data (X).
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demonstrated some apparent inconsistencies between the low-energy heavy-ion
and helium data. Curtis (91) and later Katz et al. (92), proposed that the
ratio of charge to velocity was a more important parameter than LET.

More recently Chatterjee and Tobias (93) suggested that not LET, but
perhaps the radial distribution of energy density in the core and penumbra
of the heavy particles is important. In their model it is assumed that the
radiobiological action depends on cooperative interactions between diffusing
free radicals in the particle track.

In order to test the dependence of biological effects on particle velocity,
we restricted ourselves to an analysis of the linear coefficient x of the
LQ model. It was necessary to estimate the x contributions of the primary
beam particles and of the fragments, which were assumed to be in linear

relationship with each other. For a given dose D:

xD = (x_D

o Dp) + (x¢ Dp), (9)

where the subscript p stands for primary particles and f stands for fragments.
There are probably interactions between the primary beam and.fragments that
can cause bio]ogica]veffects. However, we ignore this possibility in equation
(9) because our analysis is a first approximation only; when more accurate
data are obtained, it may be necessary to refine the analysis.

First, for each experimental point we used the dose fraction from frag-
ments as seen in column V of Table I, and dose-average LET values for primary
particles (column VIII), and for fragments (column IX) in the beam. Next,

we estimated Xe for the fragment beam. This could be done approximately on
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the basis of available data. Values for the linear inactivation coefficient

xp for primary fragments were then calculated on the basis of equation (9).
Next, we have plotted cell inactivation cross sections Oxp for the

primary particles as a function of 1/82 (see Figure 14). The values of op

are based on the relationship:

" (10)
where Lp is the LET, of the primary beam and ¢ is a constant dependent on
th its of dL..

e units o xp an b

The results are shown in Figure 14. The solid lines represent a theoretical

expression for the cross section o:
o =0 +0 [1 - ex (-aZh/Bk) (11)
min max P ’

where g . represents the saturation value of the cross section and a is a
constant that depends on the gas milieu; Omin represents a limiting cross
section for values of g near unity at very high kinetic energies where the
track structure is lost, and the radiation effects resemble those from Tow-
LET radiation. The exponent E_ke]ates to the effect of velocity on the radial
structure of energy transfer, and should be independent of the atomic number.
The exponent h relates to the charge dependence of energy transfer and should
be independent of the velocity. From previous work (60) we know that h should

be about 4. Table VI represents the values for the solid-line curves in

Figure 14.



A separate curve is obtained for each particle beam (carbon, neon, and

argon). We find, as expected, that the three curves are spaced by the ap-

proximate factor of the ratio of 24

with a slope of Z4/B4'6, and for aerated cells the slope is 24/84.

values. For hypoxic cells the data agree

The aerobic slopes of 24/84 agree with the general representation sug-
gested by Curtis,8 HoweQer, the description of saturation effects at low
B values cannot be accurately inferred from the data in this paper. The
hypoxic curves represent a degree of decoupling betweén Z and B, since these
appear with differentAexponentsv(4 and 4.6, respectively). This is to be
expected, since 22 relates to the total energy transferred, whereas 8 also
determines the radial energy distribution. |

Equation (11) was derived on the assumption that for the linear component
of survival curves, the lethal events are proportional to the square of the
local energy deposition in the track. We expect that equation (11) would
hold more accurately in the middle energy domain than at very low or very
high energies. At iow energies there is a mixture of velocities because of
straggling. At high energies, the effect due to straggling becomes negligible.
When monoenergetic'beéms are available at several discrete energies without
fragments, it will be possible to study the functional relationships more
accurately.

The results above indicate that the description of the biological effects
of heavy ions require at least three variables. Convenient variables may
be fluence, particle velocity, and charge. Alternatively, the effects can
be described in terms of dose, mean LETw, and charge.

If the variation of the Oy coefficient obtained under hypoxia depended

only on LET,, then we would expect that the slope would be some power of



-68-

TABLE VI. Cell Inactivation Coefficients for Equation (11)

Om1'n » Omax a k
(micronz) (micronz)
Exposure in air 0.3 140 2.3 x 1073 4
Exposure in nitrogen 0.1 130 5.4 x 107 4.6
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22/82, because LET is proportional to 22/82 (except for a slowly varying

logarithmic term). The relationship we obtained can be expressed instead

-0.6 x (L )2. The term 8"0‘6 indicates a velocity dependence

_ p
of Oy We know from Bethe's theory that the radial structure of the ionizing

as proportional to 8

track is dependent on B, but is independent of the atomic number. Therefore,

we may assume that the 8'0’6

term is an expression of the effect of the radial
structure of the track. The cross sectional area of the track core increases
slowly with 8 and the density of the tranferred energy becomes correspondingly
smaller (94). We know, however, that diffusion-controlled free-radical chemistry
is also an important factor (95).

When the cell inactivation cross section for hypoxic cells is plotted
as a function of LET,, a separate curve describes the effects of each particle.
Using the relationships obtained with thé analysis above, we plotted the L
dependence in Figures 11 and 12.

We used the LQ survival hypothesis to test the velocity dependence of
the linear term. In the LQ and the LMT models, the linear term indicates
the Tethal effect caused by a single particle crossing the nucleus. There
is no explicity linear term in the RS model, however, the model still fits‘

the data because the value for O, Can be derived from equations (4) and (10):

p

o = 9 L . (12)

In terms of the RS model, then, the rise of Oxp with Lp can also be inter-

preted as due in part to a decrease in repair probability measured by r.



We are not convinced that any of the above models can adequately describe
all the observed phenomena. In the "repair-misrepair" model recently developed

(96), o, describes the competition between "perfect" repair and "misrepair,"
p

Xp
and it is also dependent on the conditions for repair.

The velocity and charge dependence of these effects are fundamental to
our understanding of the biological response to charged particles. This
information may enable us to model biological effects in combined high and
lTow LET distributions from beams that have been range filtered for therapeutic
purposes.

In addition, insofar as the kidney cells may be good models for human
tumor systems, the data may be useful to predict the biological response to
beams of intermediate atomic number. For example, it appeérs that‘for optimal
reduction of the oxygen effect for cértain tumors, perhaps a particle beam
heavier than neon should be used. It is also likely that a beam between neon
and argon in atomic weight (e.g., silicon 28 or phosphorous 31) would still

have an OER advantage, and would generally produce less fragmentation and

less overkill effect than an argon beam.
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CONCLUSION

We have obtained a set of consistent data on the lethal cellular effects
of carbon, neon, and argon particles as a function of a broad range of particle
velocities. In general, the effects followed previous predictions with respect
to increased and saturating biological effectiveness as the velocity was
decreased and the particle charge increased. The lowest oxygen effects were
noted for argon over a considerable spread of velocities.

We have evidence that mean LET, is not a completely adequate variable
for predicting biological effects. Though the data show considerable scatter
a method was developed for quantitating biological effect as a function of
pértic]e charge and velocity--two separate variables. More accurate data

are important for further development of these concepts.
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NOTES

Kindly provided by G. W. Barendsen of the TNO Radiobiology Laboratories,

Rijswijk, Netherlands.

Designed by one of us (CT) and constructed in the Donner Laboratory Shop

" under the direction of Edward F. Dowling.

We are indebted to J. Howard and the Bevalac crew for their outstanding

assistance.
Developed by J. R. Alonso .and J. Howard.
Courtesy of T. S. Tenforde.

Done with the assistance of R. H. Thomas and T. M. de Castro of LBL's

Environmental Health and Safety Department.

We are grateful for consultations with Dr. Norman Albright of LBL with

regard to statistical methods.

S. Curtis used the notation Z*Z. In our paper Z means the actual charge;

for most of the range this is equal to the atomic number of the particle.
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