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DEPENDENCE ON NEUTRON ENERGY OF THE OER AND RBE

ErRiC J. HALL,* ALBRECHT M. KELLERERT AND HERBERT FRIEDET

INTRODUCTION

Trials of ncutrons as an alternative to x-rays for the
radiotherapy of human cancer are underway in Great
Britain, the United States, Continental Europe and
Japan.’ The investment of time, effort and resources is
considerable and from the outset the need has been
recognized for cooperation between centers and across
national boundaries.

A major obstacle to the pooling of clinical data and to
the comparison of results is the (unfortunate) fact that
the various machines used for neutron therapy include a
wide range of different neutron energies with consequent
variations in biological effectiveness. Various efforts have
been made to make biological intercomparisons between
the various ncutron beams with a variety of biological

“systems and the early results have already been pub-
lished.™***'1%!* The present report summarizes the results
of a new series of biological intercomparisons based on
mceasurcments at facilities around the world using an
established line of cells cultured in vitro. The principal
characteristics of the facilities visited arc listed in Table
l.

MATERIALS METHODS AND RESULTS

Chinese hamster V79 cells were used for all of the
experiments described, cultured using standard tech-
niques and grown in GIBCO F10 medium supplemented
with 107 fetal bovine serum and antibiotics.

RBE intercomparisons

The RBE cxperiments were designed to take advantage
of the fact that, with cells in culture, variations within an
experiment are much smaller than those between experi-
ments. Consequently, in order to exploit the precision of
which the in vitro technique is capable, neutron flacilities
were intercompared in pairs within a given experiment,
using cells from a common culture irradiated on the same

day. In each experiment appropriate numbers of cells
were plated into Falcon tissue culture flasks and allowed
to attach by overnight incubation at 37.5°C. The flasks
were then filled brimful with medium, scaled and the
temperature lowered to 15°C. Half of the flasks were
transported to the Naval Research Laboratory (NRL) in
Washingon, D.C. and the other half to one of the facilities
listed in Table 1. The cells were transported in insulated
water-jacketed carriers to maintain the temperature at
15 + 2°C, which prevents cell division while maintaining
viability for periods up to 24 hours. The irradiations at the
two facilities were performed simultaneously, or as close
as possible in real time.

A standardized treatment fixture was used at all facili-
tics, constructed of lucite, with space for six tissue culture
flasks, and provision for an ionization chamber to deter-
minc the dose received at the position occupied by the
cells. Full build-up was ensured because the cells were
overlaid with 2 cm of tissue culture medium. A substan-
tial international efTort to achieve compatible dosimetry
has been mounted by the physicists at the various installa-
tions engaged in ncutron therapy, as a consequence of
which the world-wide agreement for dose measurcments
in air was within 5% by 1977' and better than 2% by
1981.7 The use of the standard treatment fixture was an
attempt to cxtend the compatible dosimetry to a practical
set-up for the irradiation of cell cultures. In all cases the
doses quoted are total absorbed dose. i.c. the sums of the
neutron and gamma-ray doses. The dosimetry was the
responsibility of the physicists at the respective ncutron
facilitics.

Following the completion of all radiation exposures. the
cells were incubated for 8 days to assess the proportion
able to form macroscopic clones.

The data for the proportion of cclls surviving graded
doses of neutrons are shown in Figure 1. Two methods of
analysis were used that are briefly described in the
following.
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Table 1. Neutron facilities intercomparison

Energy Mean
Production accelerated neutron
Facility Location process particle MeV energy MeV
U. Maryland College Park, Maryland p’ — Be 101 50
d* — Be 80 32
Fermilab Batavia, Ill. p" — Be 66 25
USA TAMVEC College Sta., Texas d" — Be 50 19.3
NRL/MANTA Washington, D.C. d” — Be 35 14.3
NASA/GLANTA Cleveland, Ohio d” — Be 25 10
Univ./Wash. Seattle, Washington d* — Be 22 8
U. Chicago Chicago, Ill. dr—d 7.5 8
UK MRC Hammersmith London d* — Be 16 7
MRC Edinburgh Edinburgh d® — Be 15 6
Netherlands Antoni van Amsterdam d"—T — 14
Leuwenhoek
Japan NIRS CHIBA d” — Be 30 12
NONPARAMETRIC FIT RBE NRL (35MEV] VS, ....
100 = T T T T T T T
-1 :
10 E
-2 -
o 3 C
— 10
1.126 1.124 1.053 1.039
— EDINBURGH HAMMERSMI TH NETHERLANDS SERTTL ‘
O 10" ] 1 1 ] ] L 1 1 ] ] | ] 1 !
a 100 T T =
o =
w10 _
@ 10" E
= =
= 107 -
> 1. 121 1.056 E 1.043
- SEATTLE CLEVELAND — NRL (30MEV)
10" 1 | 1 ! ] I | ] | ! ]
> 0
=10
= -1
o 10
10"
107
0.966 0.91 1.123
TAMVEC FERMILAB CHICAGO
10“ ] ] 1 ! ] ] | ! 1 | 1
0 2 4 6 8 100 2 4 6 8 100 2 4 6 8 100 2 4 6 8 10
ABSORBETD DOSE / GRAY

Fig. 1. Survival data for Chinese hamster V79 cells exposed to graded doses of neutrons. Each panel represents a
self contained experiment in which data from the Naval Research Laboratory (closed circles) was compared with
another neutron therapy facility (closed triangles). The curves were fitted to the data by a non-parametric method
described in the text, which allows an estimate to be made of the RBE relative to NRL of each neutron beam. This
quantity is shown in each panel.
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Fig. 2. Survival data for Chinese hamster V79 cells exposed to graded doses of neutrons. Each panel represents a
self-contained experiment in which data from the Naval Research Laboratory are compared with another neutron
therapy facility (close triangles). The data were fitted to a linear-quadratic expression as described in the text which
allows an cstimate to be made of the RBE relative to NRL of each neutron beam, together with confidence intervals.

This quantity is shown in cach panel.

Method of analysis .
In order to avoid possible bias of the results due to the
choice of particular equations for the dose-effect relations
a non-parametric method has been applied that has been
described earlier."* However, this type of analysis does not
permit the derivation of statistical uncertainties if pairs of
curves are compared. For this reason, the analysis is also
performed in terms of an assumed linear quadratic dose-
dependence of the logarithm of survival, and standard
deviations obtained by this method are utilized. The
combination of the two methods is justified by the
remarkable agreement of the estimates of RBE and OER
from the non-parametric and the parametric method.
Non-parametric analysis. This method involves no

analytical equation for the dose-response relation. The
survival data for the two neutron beams to be compared
are fitted in terms of least squares by curves that have the
same shape and differ only by a dose factor necessary to
allow the common fit. The only constraint on the curves is
that they are convex from below. The resulting dose
factors are then the best estimates of the relative potency
or RBE between the two beams, based on the data from
all dose levels studied. All resulting curves are shown in
Fig. | together with the raw data. The estimates of the
RBE, always given relative to the simultaneous NRL-
experiment, are inserted.

Parametric fit. In this additional analysis the data
points were fitted in terms of least squares to an expres-
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sion of the form
S = emo0-p” (1)

where S is the fraction of cells surviving a dose D while o
and B are constants. In the comparison of two data sets
the NRL-data are fitted to Eq. (1) while the second data
set is fitted to the equation containing a dose modifying
factor f:

S = e—~me~ﬁ(fD)z 2)

Such a common fit requires the use of a comparatively
simple iterative optimization routine, since only 4 param-
eters are to be optimized. Next to «,8 and f the fourth
parameter, not appearing in the equations, is a vertical
shift factor that estimates the plating efficiencies, i.e. the
curves are not forced through the control values at zero
dose. Since a substantial number of control plates has
been used in all experiments, it is nevertheless found that
most fitted curves pass closely through the control points.

The computation in terms of an analytical expression
with a specified number of free parameters permits (for a
similar application see Kellerer and Brenot'?) the deriva-
tion of standard errors or confidence intervals of the
parameters o and 8 and of the dose modifying factors f.
The 90%-error intervals for the dose modifying factors,
i.e. the RBE values, are inserted in the graphs. The results
of this analysis are shown in Fig. 2. It is evident that the
fitted curves are largely equivalent to the curves obtained
with the non-parametric fit. In some of the experiments
there are observable differences, however, it is striking
that even in these experiments the estimates of the RBE
are very nearly identical.

The results of the analysis are plotted in Fig. 3 where
the potency of each neutron beam relative to NRL is
plotted as a function of a mean neutron energy.
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Fig. 3. The value of the Relative Biological Effectiveness
(RBE) relative to the Naval Research Laboratory neutron
beam, of each facility visited, plotted as a function of the mean
neutron energy.

September 1982, Volume 8, Number 9

DETERMINATIONS OF THE OXYGEN
ENHANCEMENT RATIOS

A standardized technique has been used to determine
values for the oxygen enhancement ratio for neutrons
generated by a range of energies. For these experiments
V79 Chinese hamster cells were irradiated while sealed in
ampules, which were shaken vigorously during irradiation
to prevent the cells from settling onto the glass surface in
order to minimize dosimetry errors. Hypoxia was
achieved by using a high cell concentration (2 x 10° cells
in 1 ml of medium), flushing the air from the ampule with
i mixture of 5% CQO, in nitrogen, and then incubating the
sealed ampules for one hour at 37.5°C so that residual
oxygen was scavenged from the system by cell respiration.
A second series of ampules contained 10* cells and
remained aerated. This technique has also been described
in detail.” After irradiation, the ampules were opened and
aliquots of the cell suspension replated to test for colony
formation. Survival curves under aerated and hypoxic
conditions are shown in Fig. 4 for the various neutron
facilities visited. The data were analyzed as described
above for RBE. Again, very nearly the same estimates for
the dose modifying factor, in this case the OER values,
are obtained. However, the plots are given only for the
linear-quadratic analysis that contains also the derivation
of the 90% confidence intervals for the OER values. In
Fig. 5 the OER values and the confidence intervals are
plotted versus the mean neutron energy.

DISCUSSION

In general, the RBE of the various neutron beams
decreases with increasing average neutron energy. All the
data points fall around a common line which implies that
within the accuracy with which RBE estimates can be
made, mean neutron energy appears to be an adequate
prediction of RBE. This is somewhat surprising in view of
the fact that neutron beams were generated by three
different processes involving protons on beryllium, deu-
terons on beryllium or deuterons on tritium with substan-
tial differences in the shape of the neutron spectra result-
ing from these processes.

In the case of the oxygen enhancement ratio (OER)
there is a tendency for its value to rise slowly with
increasing neutron energy. However, the change is not
significant for the range of neutron energies used in
clinical practice. This confirms the early conclusion of
Broerse and Barendsen based in much more limited data.
From the neutrons generated by S MeV d* — Be at
Hammersmith to the 66 MeV p* — Be neutrons at
Fermilab, a value of about 1.6 applies.

For very high energy neutron beams our experience
does not confirm the decreased OER previously reported
by Harrison et al.,'" but indicates an OER that is similar
to, or possibly a little higher than, that characteristic of
the presently used therapy beams. This is in agreement
with the recently published report of Bewley and Cullen.*
Basic biophysical considerations have led to the conclu-
sion that RBE is a function of absorbed dose and that,
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Fi'g. 4. Survival data for Chinese hamster V79 cells irradiated under aerobic and hypoxic conditions (circles and
triangles respectively). Each panel represents a self-contained experiment at a different facility. The data were
fitted to a linear quadratic model as described in the text which allows an estimate to be made of the oxygen
enhancement ratio (OER). This quantity, together with confidence intervals, is shown is each panel.

specifically, the largest RBE values in the comparison of
two radiations are obtained at the smallest doses.'* In the
comparison of neutrons to sparsely ionizing radiations
this dependence of RBE on absorbed dose is of fundamen-
tal importance and has been established in a number of
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Fig. 5. The oxygen enhancement ratio (OER) for each facility
visited, plotted as a function of the mean neutron energy.

experimental systems. However, for two radiations that
differ only slightly in their effectiveness, i.e. for RBE
values close to 1 it is difficult to assess any variation of
RBE with absorbed dose over a limited range of absorbed
dose, such as in the survival experiments. For this reason
the present analysis has been performed in terms of
constant RBE values, and the results must, accordingly,
be considered as representing typical RBE-values for a
dose of a few gray. Far more data per intercomparison
would be required if the dependence of RBE on absorbed
dose were 10 be investigated. Similar statements apply to
the analysis of OER, where constant values can also not
be assumed but where a dose dependence has never been
unequivocally established.
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