
ORNL-TM-4407 

Contract No. W ^ O S - e n g - ^ 

Neutron Physics Division 

THE EFFECTS OF BONE IN THE USE OF NEGATIVELY CHARGED 

PIONS I N CANCER RADIOTHERAPY* 

H. T. Santoro 
E. G. Alsmiller9 Jr. 
K. C. Chandlerf 

- N O T I C E 
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

Note: 
This work was funded 

by the 
NATIONAL SCIENCE FOUNDATION 

under Order 
NSF/RANN AG-399 

FEBRUARY 1974 

Submitted for journal publication. 
Computer Sciences Division. 

N O T I C E Th is document contains i n f o r m a t i o n of a pre l iminary nature 
and was prepared pr imar i ly for internal use at the Oak Ridge Nat iona l 
Labora tory . I t is subject to revision or correct ion and therefore does 
not represent a f inal report . 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee, 37830 

operated by 
UNION CARBIDE CORPORATION 

for the 
U. S. ATOMIC ENERGY COMMISSION 

fi 



1 

A b s t r a c t 

The effects of bone in the use of negatively charged pions in cancer 
treatment planning have been estimated using Monte Carlo methods. The 
influence of bone along the pion path and also the influence of a bone-
tissue interface parallel to the direction of motion of the pions have been 
considered. Calculated results of absorbed dose, cell-survival probability, 
oxygen enhancement ratio, and relative biological effectiveness as a function 
of spatial coordinates in a 30-g-cm"2-thick tissue phantom with bone both 
included and excluded are presented. All of the biological data reported 
here are for T-l human kidney cells. The extent to which the effects of 
bone in the path of the pion beam can be approximated by using results for 
tissue and measuring depth in the phantom in g cm"2 is considered and dis-
cussed. 
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1. INTRODUCTION 

It is thought that the use of negatively charged pions in cancer radio-
therapy offers marked advantages over those radiations conventionally em-
ployed because negatively charged pions have properties which, in principle* 
allow for better localization of dose and inproved biological effectiveness 
(Fowler and Perkins 1961, Raju and ftichman 1970, Rosen 1968). However, when 
negatively charged pions are used to irradiate a tumor, the pions may or 
may not pass through bone before coming to rest and being captured in the 
vicinity of the tumor, Since the chemical composition and density of bone 
are considerably different from those of tissue, it is necessary to know 
how the presence of bone along the pion path should be taken into account 
in treatment planning. To gain some insight into this question, Honte Carlo 
calculations have been carried out to estimate the spatial distributions of 
the absorbed dose, the cell-survival probability, the relative biological 
effectiveness (RBE), and the oxygen enhancement ratio (OEE) when negatively 
charged pions are incident on a tissue phantom with bone both present and 
absent along the pion path. All of the biological data reported here are 
for T-l human kidney cells. The calculated results with bone present and 
absent are compared and the extent to which the effects of bone may be ap-
proximated by using results for tissue and measuring depth in the phantom 
in g cm"2 is considered and discussed. 

The methods of the calculations, the tissue-phantom-bone geometries, 
and the incident-pion-beam characteristics are discussed in the next section, 
and the results are presented in the last section. 
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2. DETAILS OF THE CALCULATIONS 
The calculated results reported in this paper were obtained using the 

three-dimensional nucleon-meson transport code HETC (Chandler and Armstrong 
1972). This code, along with the cross-section data and reaction models 
used in the code, has been described in detail elsewhere (Chandler and 
Aimstrong 1972, Alsmiller, Armstrong and Coleman 1970, Armstrong, Alsmiller, 
Chandler and Bishop 1972, Armstrong 1972, Armstrong, Alsmiller and Chandler 
1973, Armstrong and Chandler 1973} and will not be discussed here. HETC 
has been used to estimate the absorbed-dose distributions and cell-survival 
probabilities in tissue due to incident nucleons and pions, and in general, 
good agreement has been obtained between the calculated results and experi-
mental data {Aimstrong and Bishop 1971, Aimstrong and Chandler 1972, 
Aimstrong and Chandler 1973 y Alsmiller and Barish 1974). 

The code HETC, as described by Chandler and Armstrong (1972), does not 
yield directly the absorbed dose, cell-survival probability, RBE, and OER. 
Monte Carlo methods are used in HETC to simulate particle transport; i.e., 
the energy, direction, and spatial coordinates o£ the incident pions are 
selected from an input source description, and the individual trajectories 
of the primary pions and the secondary particles produced by nuclear col-
lisions and by pion and rnuon decay are computed. Each particle in the cas-
cade is followed until it escapes from the phantom, undergoes absorption, 
or comes to rest. A complete description of each "event" (nuclear inter-
action, stopped charged particle, etc.) that occurs during the computation 
of each particle history is stored on magnetic tape. These history tapes 
are analyzed to obtain results of interest. The methods employed to analyze 
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these tapes to compute the spatial dependence of the absorbed doses, the 
cell-survival probabilities, the RBEfs, and the OER's are described else-
where (Armstrong and Chandler 1973). The cell-survival probabilities, the 
RBE's, and the OER's reported here were calculated for T-l human kidney 
cells using the cell-inactivation model of Katz et at. (Katz, Ackerson, 
Homayoonfar and Sharma 1971, Katz, Sharma and Homayoonfar 1972) and the 
methods described by Armstrong and Chandler (1973). 

The tissue-phantom geometries considered in the calculations are shown 
schematically in fig. 1 as (a), (b), (c), and (d): (a) is a homogeneous 
tissue phantom 30 g cm"2 thick, (b) is a tissue phantom 30 g cm"2 thick 
having a 2-g-cm"2-thick bone slab inserted at a depth of 1 g cm"2, (c) is 
a tissue phantom 30 g cm"2 thick having a 2-g-cm"2-thick bone slab at a 
depth of 9 g cm"2, and (d) is a tissue phantom 30 g cm"2 thick having a 
4-g-cm"2-thick bone slab, with a 2.5-cm-radius hole about the axis of sym-
metry, at a depth of 2 g cm"2. In all cases, the phantoms are assumed to 
be infinite in direction perpendicular to the axis of symmetry. Here and 
throughout this paper, the thickness zf, in g cm"2, at radius r is defined 
by the equation 

z* 55 / p(r,z")dz* , 
o 

where 
r,z - cylindrical coordinates in cm, 

p(r,z) = the density of the phantom at an r,z point in g an"3 . 

The composition and density of the bone and tissue used in the calculations 
are given in table 1. 
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Fig. 1. Schematic diagram of the geometries used in the calculations. 
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Table 1. Composition of Tissue and Bone 
Density of Nuclei 

(nuclei cm"3) 
Tissue3, Boneb 

(p = 1.0 g cm"3) (p = 1.85 g cm"3) 
H 6.265 x 10 2 2 7.074 x 10 2 2 

C 9.398 x 1021 2.851 x 10 2 2 

N 1.342 x 1021 2.148 x 1021 

0 2.551 x 10 2 2 2.855 x 10 2 2 

Mg 9.156 x 1 0 " 
P 2.518 x 1021 

S 6.953 x 1 0 " 
Ca 4.086 x 102* 

a. See Alsmiller, Armstrong and Coleman 1970. 
b. See Janni 1966. 
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In all cases, the negatively charged pion beams were taken to be nor-
mally incident on the surface of the phantonr,. Only monoenergetic (53 MeV) 
uncontaminated pion beams were considered. The range of 53-MeV pions in 
tissue is approximately 10 g cm"2. In actual practice, negatively charged 
pion beams would be contaminated with both electrons and negatively charged 
muons and have an energy spread determined by the quality and limitations 
of the beam-transport system. For configurations (a), (b), and (c) in 
fig. 1, a zero-width pion beam was assumed, while for configuration (d), 
the pions were assumed to be uniformly distributed over a circular area de-
fined by a radius of 5 cm and to be zero outside of this area. 
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3. RESULTS AND DISCUSSION 
3.1 Semi-infinite "Thin" Bone Slabs 

The results presented in this section are for the phantoms shown in 
the upper portion of fig. 1.* The absorbed dose is shown in fig. 2 as a 

Configuration (a) has previously been discussed in detail by Armstrong, 
Alsmiller, and Chandler (1973). 

function of depth in several radial intervals about the beam axis for the 
three geometries considered. In fig. 2 the absorbed dose is plotted in 
units of [erg cm"3 (incident pion)""1] to eliminate any ambiguities due to 
density and the depth is given in g cm"2. The solid histograms show the 
results obtained for the geometry in fig. 1 (a), the dashed histograms give 
the results for the geometry in fig. 1 (b), and the circles, the midpoints 
of the histograms, are the results for the geometry in fig. 1 (c). For the 
bone in the central region of the phantom [fig. 1 (c)], the absorbed dose 
as a function of depth is shown for only the radial intervals of 0 to 
0.5 cm and 0.5 to 1.0 cm since at the larger radii meaningful statistical 
accuracy was not obtained. In fig. 2 and throughout the paper, the error 
bars, where shown, are statistical and represent one standard deviation. 

In fig. 2 the absorbed dose in the radial interval of 0 to 0.5 cm has 
a local minimum in the depth interval of 8 to 9 g cm"2. This minimum is 
due to the removal of pions from this radial interval by multiple Coulomb 
scattering. At larger radii (> 0.5 cm), there is a rapid increase in the 
absorbed dose with increasing depth to a depth of approximately 10 g cm"2, 
which is the mean range of the incident pions. In all of the results shown 
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in fig. 2, the differences in the absorbed dose are within the statistical 
precision of the calculations, and thus for the configurations considered 
the presence of bone lias no appreciable effect on the absorbed dose when 
the absorbed dose is considered as a function of depth in g cm*2. The re-
sults shown in fig. 2 with bone present and absent would appear very dif-
ferent if depth were measured in cm in the two different configurations. 
Results very similar to those shown in fig. 2 can be obtained as a function 
of depth in cm if the decision is made to measure this depth in cm in only 
configuration (b). To understand this, note that if p(r,z) is the density 
in configuration (b), then the equation (see sec. 2) 

z 
z1 - / p(r,zM) dz" 

o 

is a point transformation from depth in cm to depth in g cm"2 in this con-
figuration, and this transformation may be applied to all the data in fig. 2 
to obtain the absorbed dose as a function of depth in cm measured in con-
figuration (b). 

In fig. 3 the cell-survival probabilities for aerobic T-l kidney cells 
in the geometries shown in fig. 1 as (a) and (b) are plotted as a function 
of depth in g cm"2 for several radial intervals. The solid and dashed his-
tograms have the same meanings as those in fig. 2. The calculational meth-
ods, discussed by Armstrong and Chandler (1973), for estimating the cell-
survival probability do not presently include mechanisms for calculating 
cell survival in bone. Therefore, no cell-survival results are given in 
the shaded area in fig. 3 for the geometry with bone included, and no cell-
survival probabilities have been calculated for the geometry given in 
fig. 1 (c). For both geometries considered in fig. 3, the cell-survival 
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probability in the depth interval of 0 to 1.0 g an**2 and in the radial in-
terval of 0 to 0.5 cm has been taken to be 0.30. The maximum in the cell-
survival probability in the radial interval of 0 to 0.5 cm and the depth 
interval of 8 to 9 g cm"2 is correlated with the local minimum in the ab-
sorbed dose in this region shown in fig. Z and is due to the fact that par-
ticles are being lost from the radial interval of 0 to 0.S by multiple 
Coulomb scattering. 

The cell-survival probability for anoxic T-1 kidney cells is shown in 
fig. 4 as a function of depth in g cm"2 in several radial intervals for 
geometries (a) and (b) in fig. 1. The absorbed-dose values used in the cal-
culations of these data are the same as those used to obtain the data shown 
in fig. 3. 

In both figs. 3 and 4, the calculations with bone present and absent 
are in agreement except at small radii in the depth interval of 9 to 11 g cm"2 

where the cell-survival probability is very small. Thus to some extent, the 
effects of bone on cell survival for the configurations considered can be 
approximated by considering the cell-survival probability as a function of 
depth in g cm*2, but the approximation may not be adequate in those regions 
where the cell-survival probability is small 0.1 for the configurations 
considered in figs. 3 and 4). 

In table 2 are listed the OER and RBE values at the 101 survival level 
in the indicated spatial regions (depth measured in g cm"2) for geometries 
(a) and (b) of fig. 1. For the depth and radial intervals considered, there 
are few, if an>% differences between the values in table 2 with bone present 
and absent which are not within the statistical accuracy of the calculations. 
In particular, the difference between the anoxic RBE's with bone present and 
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Table 2. OER and RBE Values at 10% Survival Level for T-l Kidney 
Cells Averaged Over the Indicated Spatial Intervals 

OER RBE 
Depth Interval T-l Kidney Cells 

(g cm"2) Aerobic Anoxic 

4 - 9 

9 - 11 

11 - 30 

4 - 9 

9 - 11 

11 - 30 

4 - 9 

9 - 11 

11 - 30 

4 - 9 

9 - 11 

11 - 30 

Radial Interval = 0 - 0.5 cm 
2.6 a 1 . 0 a 1.1 
2.6 1.0 1.1 
1.6 2.1 3.8 
1.6 2.2 3.8 
2.0 1.4 1.8 
1.8 1.6 2.5 

Radial Interval = 0.5 - 1.0 cm 
2.4 1.1 1.2 
2.4 1.1 1.2 
1.6 2.2 3.9 
1.5 2.2 3.9 
1.8 1.6 2.4 
1.8 1.6 2.4 

Radial Interval = 1.0 - 1.5 cm 
2.0 1.4 1.8 
2.0 1.4 1.9 
1.5 2.2 3.9 
1.6 2.2 3.8 
1.8 1.7 2.5 
1.8 1.6 2.4 

Radial Interval = 1.5 - 2.0 cm 
1.6 2.0 3.2 
1.7 1.8 2.9 
1.6 2.0 3.4 
1.6 2.0 3.4 
1.7 1.7 2.8 
1.8 1.7 2.6 

a. The upper values are those obtained with configuration (b) of 
fig. 1 which includes bone, and the lower values are those 
obtained for configuration (a) of fig. 1 which includes only 
tissue. 



and absent in the depth interval of 11 to 30 g cm"2 and in the radial in-
terval of 0 to 0.5 cm is thought to be due primarily to poor statistical 
accuracy. The differences in cell-survival probabilities with bone present 
and absent at small radii in the depth interval of 9 to 11 g cm"2 in figs. 3 
and 4 are not very apparent in the results given in table 2 because the 
values in the table have been obtained by averaging over the depth interval 
of 9 to 11 g cm"2. 

3.2 Bone-Tissue Interfaces 
The results reported in this section were obtained for gecmetry (d) 

shown in fig. 1. 
Shown in fig. 5 is the radially integrated absorbed dose as a function 

of depth in the phantom. The solid histograms are due to pions incident on 
the phantom with bone and the dashed histograms correspond to the geometry 
where the bone in fig. 1 (d) is replaced with tissue. The absorbed dosp 
is plotted in units of [erg cm"1 (incident pion)"1] to eliminate any ambi-
guities due to density and the depth is given in cm. Pions incident on the 
geometry with bone included give rise to two peaks: one due to the pions 
passing through the bone at values of r > 2.5 cm and a second due to pions 
passing through the hole in the bone at values of r < 2.5 cm. Since the 
density of bone is different from that of tissue, the pions that pass 
through the bone are slowed down more rapidly than those passing only 
through tissue, and they come to rest and are captured at shallower depths 
in the phantom. 
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In fig. 6 the absorbed dose is plotted as a function of radius for 
several depths in the phantom. The solid histograms give the absorbed dose 
with bone included and the dashed histograms are the results of "scaling" 
radial absorbed-dose distributions produced in a homogeneous tissue phantom. 
The scaling procedure is based on measuring depth in g cm"2, as in the pre-
vious section, but is somewhat more complicated here because of the compli-
cated geometry. The procedure used is described in detail below. 

The effect on the radial absorbed-dose distributions of the bone-tissue 
interface at r = 2.5 cm and of bone at r > 2.5 cm is evident in the data 
(solid histograms in fig. 6), particularly as the depth increases. At radii 
< 2.5 cm at all depths considered except the largest, there are contributions 
to the absorbed dose from particles which have passed through the bone and 
have been scattered into this region, and at all depths shown there are con-
tributions to the absorbed dose at radii > 2.5 cm from particles which have 
passed through the hole in the bone and have been scattered to larger radii. 
It is the presence of these contributions from scattered particles which 
makes the use of depth measured in g cm"2 more complicated in the present 
case than in the cases treated in sec. 3.1. Those pions which have passed 
through the bone must have associated with them, irrespective of radius, a 
depth in g cm"2 which includes the bone, and those pions which have passed 
through the hole in the bone must have associated with them, irrespective 
of radius, a depth in g cm"2 which does not include the bone. There are, 
of course, some incident pions with radii near 2.5 cm which are scattered 
from tissue into bone and from bone into tissue, and it is not possible to 
associate with these particles an unambiguous depth "r g cm"2. 
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The dashed histograms in fig. 6 were obtained by "scaling" absorbed-
dose radial distributions obtained by replacing the bone in fig. 1 (d) with 
tissue. The procedure used was to carry out separate calculations, with 
the tissue slab, for those incident particles with radii < 2.5 cm and those 
incident particles with radii > 2.5 cm. The incident pions with radii 
> 2.5 cm correspond to those which would pass through the bone if it were 
present. Using these results, the dashed histogram in fig. 6 at a depth X 
in cm is obtained by adding the radial absorbed-dose distribution at X g cm'2 

from those incident particles with radii < 2.5 cm to the radial absorbed-
dose distribution at Y g cm"2 from those incident particles with radii 
> 2.5 cm with Y given by 

Y = X + 2.138 (pB - p T ) , 

where 2.138 is the bone thickness in cm and pg and pt are the densities of 
bone and tissue, respectively. It should be noted that the radial distri-
butions at X and at Y have values at all radii because of the effects of 
pion multiple Coulomb scattering and because of contributions from nuclear-
reaction products. 

The difference between the solid and dashed histograms in fig. 6 is a 
function of both depth and radius. At small radii and at all depths, the 
major contribution to the absorbed dose is from pions which have passed 
through tissue only, and the solid and dashed histograms are in agreement. 
At the larger radii where the contributions to the solid histograms from 
pions which have passed through bone are large, there are substantial dif-
ferences between the solid and dashed histograms at seme depths but partic-
ularly in the depth interval of 7.76 to 7.96 cm which corresponds to a depth 
interval of 9.60 to 9.80 g cm"2 measured through the bone. 
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These differences at the larger radii can be understood, at least in 
part, on the basis of the difference in the mass stopping powers of bone and 
tissue. This difference in mass stopping power gives rise to a difference in 
the mean range of those pions which pass through bone and those pions which 
pass through tissue only, and this causes a substantial difference in the 
absorbed-dose distribution at some depth near the end of the pion range. 
This is shown in fig. 7 where the absorbed dose is given as a function of 
depth in the radial intervals of 0 to 1.0 cm and 3.0 to 4.0 cm. The solid 
histograms show the results for configuration (d) in fig. 1 and the dashed 
histograms show the results for the case of tissue. In the radial interval 
of 0 to 1.0 cm, the absorbed dose in both cases is due primarily to pions 
which pass through tissue only, and thus the solid and dashed histograms 
are in substantial agreement. In the radial interval of 3.0 to 4.0 cm, 
there are substantial differences between the solid and dashed histograms, 
particularly in the vicinity of the peak absorbed dose, due to the differ-
ences in stopping powers of bone and tissue. These differences in the 
absorbed-dose histograms in the radial interval of 3.0 to 4.0 cm are re-
sponsible, to some extent at least, for the differences between the solid 
and dashed histograms at the larger radii in fig. 6. 

Irrespective of the cause, the solid and dashed histograms in fig. 6 
do not agree well, and thus for the configuration considered, the "scaling" 
procedure used is not entirely satisfactory for treatment-planning purposes. 
On the basis of the discussion above, it might be possible to introduce ad-
ditional corrections into the scaling procedure to account for differences 
in stopping powers, but this would require information in addition to thick-
ness in g cm"2 and for this reason is not considered here. 
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Fig. 7. Absorbed dose vs depth. 
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When bone is present, the mean range in g cm"2 of incident pions and 
the displacement in depth of the peak in the absorbed dose, such as that 
shown in the radial interval of 3.0 to 4.0 cm in fig. 6, are dependent on the 
thickness of bone. In table 3 the variation of the mean range in g cm"2 of 
53-MeV pions due to the presence of bone is given for several bone thick-
nesses. In sec. 3.1 where a bone thickness of 2 g cm"2 was considered, an 
effect such as that shown in the upper histogram in fig. 7 should have been 
present, but it was smaller there and was masked by the width of the histo-
gram intervals. From the results given in sec. 3.1 and in table 3, it can 
be anticipated that the "scaling" procedure used to produce the results in 
fig. 6 will become more satisfactory if bone thicknesses of < 4 g cm"2 are 
considered. 

The cell-survival probability for aerobic T-l kidney cells is shown in 
fig. 8 as a function of radius for several depth intervals. The histograms 
in fig. 8 have the same meanings as those in fig. 6; i.e., the solid histo-
grams were obtained with configuration (d) in fig. 1 and the dashed histo-
grams were obtained with a tissue phantom and the scaling procedure de-
scribed previously. The results in fig. 8 with bone included (solid histo-
grams) have been normalized to 0.1 in the depth interval of 9.8 to 10.0 cm 
and in the radial interval of 0 to 1.0 cm. The dashed histograms were norma-
lized to the same number of incident pions as was used in obtaining the solid 
histograms. The effect of the tissue-bone interface at 2.5 cm is very evi-
dent in the solid histograms in fig. 8. The differences between the solid 
and dashed histograms in fig. 8 are similar as a function of depth and rad-
ius to those shown in fig. 7, but the magnitude of the differences in fig. 8 
is often larger than the magnitude of the differences in fig. 6. 
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Table 3. The Variation in the Mean Range of Negatively Charged 
Pions in Tissue Due to the Presence of Bonea 

Bone Thickness Mean Range*5 
(g cm"2) (g cm"2} 

0 10.00 
2 10.08 
4 10.16 

a. The bone was inserted in the tissue at a depth of 1.0 g cm"2. 
b. The incident pion energy was selected to have a mean range in 

tissue of 10 g cm"2. 
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Fig. 8. Cell-survival probability for aerobic T-l kidney cells 
function of radius for several depth intervals. 



The cell-survival probability for anoxic T-1 kidney cells is shown in 
fig. 9 as a function of radius for several depths. The solid and dashed 
histograms in fig. 9 have the same meanings as those in fig. 8, and the 
normalization used (number of incident pions) is the same in fig. 9 as that 
in fig. 8. Qualitatively, the results in fig. 9 are similar to those in 
fig. 8. 

In tables 4 through 6 the OER and RBE values, respectively, are given 
as a function of depth and radius. In these tables, the upper values for 
each depth and radial interval are the results for configuration (d) in 
fig. 1 and the lower values are those obtained with the tissue phantom and 
the scaling procedure described earlier. On the basis of the results showi 
in figs. 7 and 8, there are, as one would expect, some significant differ-
ences between the values obtained with bone present and those given by the 
scaling procedure. The conclusions to be drawn from figs. 7 and 8 and from 
tables 4 through 6 are essentially the same as those drawn following the 
discussion of fig. 6. For the configuration considered here, the scaling 
procedure is not very satisfactory. In considering the results, however, 
it should be noted that the use of monoenergetic incident pions and the use 
of a large bone thickness provide a very stringent test of the procedure, 
and for this reason the results obtained cannot be considered to be repre-
sentative of those that might be obtained under less stringent conditions. 



29 

ORNL-DWG 73-12876 
10' 

10 

10 

10̂  

10 

^ GQ < CQ o or Q. 
10C 

> > 
£T 
<n 
=j 10c uj 
o 

-I 10 

10 

-I 
10 

10 

10 -1 

T-1 KIDNEY CELLS (ANOXIC) 
— W I T H BONE PRESENT ; 

-—USING TISSUE DOSE ' 
AND SCALING 

DEPTH 
INTERVAL 

(cm) 
4.16-5.16 

6.16-7.00 

7.00-7.16 

7.16-7.76 

7.76- 7.96 

7.96-8.16 

8 . 1 6 - 8 . 3 6 

8.36-8.56 

8.56 - 9.00 

9.80-10.0 

0 1 2 3 4 5 
RADIUS (cm) 

Fig. 9. Cell-survival probability for anoxic T-1 kidney cells as a 
function of radius for several depth intervals. 



30 

Table 4. OER Values at 10% Survival Level for T-l Kidney 
Cells Averaged Over the Indicated Spatial Intervals 

OER 
Radial Interval Depth r„> 

Interval lcmj 

(cm) 0-1.0 1.0-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0 
4.16 - 5.16 

6.16 - 7.00 

7.00 - 7.16 

7.16 - 7.76 

7.76 - 7.96 

7.96 - 8.16 

8.16 - 8.36 

8.36 - 8.56 

8.56 - 9.00 

9.80 - 10.00 

2.3a 
2.4 

2.3 
2.3 

2.4 
2.3 

2.3 
2.3 

2.2 
2.3 

2.3 
2.3 

2.3 
2.2 

2.3 
2.1 

2.4 
2.0 

2.3 
1.8 

2.1 
2.2 

1.9 
1.8 

2.3 
2.2 

1.9 
1.8 

2.3 
2.2 

2.0 
1.9 

2.2 
2.3 

2.1 
2.3 

1.6 
1.5 

1.5 
1.6 

2.2 2.3 
2.3 2.4 
2.2 2.3 
2.3 2.3 
2.2 2.3 
2.2 2.3 
2.2 2.3 
1.9 1.9 
2.1 1.9 
1.6 1.6 
1.6 1.6 
1.6 1.5 
1.5 1.5 
1.5 1.5 
1.6 1.5 
1.7 1.5 
1.9 1.8 
2.0 1.8 
1.6 1.5 
1.5 1.6 

2.4 2.4 
2.3 2.3 
2.4 2.4 
2.3 2.3 
2.3 2.3 
2.4 2.3 
2.3 2.3 
1.8 1.9 
1.9 1.8 
1.6 1.6 
1.5 1.5 
1.5 1.5 
1.5 1.5 
1.5 1.5 
1.5 1.5 
1.5 1.5 
1.7 1.6 
1.6 1.6 
1.7 1.7 
1.6 1.7 

a. The upper values are those obtained with configuration (d) of 
fig. 1 which includes bone and the lower values are those 
obtained using a tissue phantom and the scaling procedure 
described in the text. 
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Table 5. RBE Values for Aerobic T-1 Kidney Cells at 10% Survival 
Level Averaged Over the Indicated Spatial Intervals 

RBE 

Desth Radial Interval 
Interval (cm) 

(cm) 0-1.0 1.0-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0 
4.16 - 5.16 l.la 1.2 1.2 1.2 1.1 1.1 

1.1 1.2 1.2 1.1 1.2 1.2 

6.16 - 7.00 1.1 1.2 1.2 1.2 1.1 1.1 
1.2 1.3 1.2 1.2 1.2 1.2 

7.00 - 7.16 1.2 1.2 1.3 1.2 1.2 1.2 
1.2 1.1 1.2 1.2 1.1 1.2 

7.16 - 7.76 1.2 1.1 1.2 1.2 1.2 1.2 
1.3 1.3 1.4 1.5 1.6 1.5 

7.76 - 7.96 1.1 1.2 1.3 1.5 1.5 1.6 
1.4 1.6 2.0 2.2 2.2 2.3 

7.96 - 8.16 1.3 1.5 2.0 2.3 2.3 2.3 
1.2 1.7 2.0 2.4 2.5 2.5 

8.16 - 8.36 1.2 1.5 2.4 2.6 2.6 2.6 
1.2 1.6 2.3 2.4 2.5 2.6 

8.36 - 8.56 1.2 1.3 2.2 2.5 2.6 2.6 
1.2 1.5 1.8 2.3 2.5 2.6 

8.56 - 9.00 1.3 1.3 1.5 1.7 1.9 2.0 
1.2 1.2 1.4 1.7 1.9 2.1 

9.80 - 10.00 2.2 2.3 2.2 2.2 1.9 1.8 
2.2 2.2 2.3 2.2 2.0 1.7 

a. The upper values are those obtained with configuration (d) of 
fig. 1 which includes bone and the lower values are those 
obtained using a tissue phantom and the scaling procedure 
described in the text. 
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Table 6. RBE Values for Anoxic T-1 Kidney Cells at 10% Survival 
Level Averaged Over the Indicated Spatial Intervals 

RBE 
t, .., Radial Interval Depth r s 
Interval ianj 

^ 0-1.0 1.0-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0 
4.16 - 5.16 

6.16 - 7.00 

7.00 - 7.16 

7.16 - 7.76 

7.76 - 7.96 

7.96 - 8.16 

8.15 - 8.36 

8.36 - 8.56 

8.56 - 9.00 

9.80 - 10.00 

1.3a 
1.2 

1.4 
1.4 

1.2 
1.3 

1.4 
1.3 

1.4 
1.3 

1.4 
1.3 

1.4 
1.6 

1.3 
1.6 

1.2 
2.0 

1.4 
2.5 

1.7 
1.5 

2.0 
2.6 

1.4 
1.4 

2.0 
2.4 

1.5 
1.3 

1.8 
2.0 

1.6 
1.4 

1.6 
1.4 

3.8 
3.9 

4.0 
3.8 

1.5 
1.4 

1.4 
1.3 

1.5 
1.4 

1.4 
1.4 

1.6 
1.5 

1.4 
1.4 

1.5 
2.0 

1.4 
2.2 

1.8 
3.3 

2.1 
3.8 

3.3 
3.6 

3.9 
4.2 

4.3 
4.0 

4.8 
4.3 

3.7 
3.0 

4.6 
4.1 

2.0 
1.9 

2.6 
2.5 

3.8 
4.1 

3.9 
3.7 

1.3 
1.4 

1.3 
1.4 

1.3 
1.3 

1.3 
1.4 

1.4 
1.3 

1.4 
1.4 

1.4 
2.3 

1.3 
2.0 

2.0 
4.0 

2.3 
3.9 

4.1 
4.5 

4.1 
4.7 

4.9 
4.6 

4.8 
4.7 

4.8 
4.5 

4.8 
4.7 

3.0 
3.2 

3.3 
3.6 

3.1 
3.5 

2.8 
2.7 

a. The upper values are those obtained with configuration (d) of 
fig. 1 which includes bone and the lower values are those 
obtained using a tissue phantom and the scaling procedure 
described in the text. 
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