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Data from Argonne National Laboratory on lung cancer in
15,975 mice with acute and fractionated exposures to � rays
and neutrons are analyzed with a biologically motivated mod-
el with two rate-limiting steps and clonal expansion. Fraction-
ation effects and effects of radiation quality can be explained
well by the estimated kinetic parameters. Both an initiating
and a promoting action of neutrons and � rays are suggested.
While for � rays the initiating event is described well with a
linear dose-rate dependence, for neutrons a nonlinear term is
needed, with less effectiveness at higher dose rates. For the
initiating event, the neutron RBE compared to � rays is about
10 when the dose rate during each fraction is low. For higher
dose rates this RBE decreases strongly. The estimated lifetime
relative risk for radiation-induced lung cancers from 1 Gy of
acute �-ray exposure at an age of 110 days is 1.27 for male
mice and 1.53 for female mice. For doses less than 1 Gy, the
effectiveness of fractionated exposure to � rays compared to
acute exposure is between 0.4 and 0.7 in both sexes. For life-
time relative risk, the RBE from acute neutrons at low doses
is estimated at about 10 relative to acute �-ray exposure. It
decreases strongly with dose. For fractionated neutrons, it is
lower, down to about 4 for male mice. � 2006 by Radiation Research

Society

INTRODUCTION

During the period from 1971 to 1986, the JANUS Pro-
gram in the Biological and Medical Research Division at
Argonne National Laboratory (ANL) compiled a database
of studies conducted to examine the response of both sexes
of the F1 hybrid mouse B6CF1 (C57BL/6 � BALB/c) to
external whole-body irradiation by 60Co � rays and by fis-
sion neutrons. These unique data allow the estimation of
fractionation effects and of neutron RBE under various ex-
posure patterns terminated at suitable times for many end
points of interest in radiation risk estimation. The ANL data

1 Address for correspondence: GSF—Institute for Radiation Protection,
85764 Neuherberg, Germany; e-mail heidenreich@gsf.de.

have already been used to study radiation-induced risk for
life shortening (1, 2), cancer (3) and other diseases (4).

Effects of fractionation, protraction and radiation RBE
for neutrons have not yet been adequately derived for hu-
mans. For example, the single brief exposures of the atomic
bomb survivors to � rays cannot be used to test for pro-
traction effects. In addition, the small neutron doses in
those data make it impossible to estimate the contribution
of neutrons with confidence (5). In general, the quality of
dosimetry in the data for the larger human cohorts is in-
ferior to that achieved in controlled animal experiments.
Specifically, the extensively documented quality of the JA-
NUS data makes this database an ideal choice for a quan-
titative examination of the effects of fractionation and of
radiation quality on cancer induction processes.

Data of good quality for duration-of-life studies involv-
ing laboratory animals receiving whole-body external ex-
posure to radiation are limited because of the great expense
of these labor-intensive and time-consuming studies. These
factors, as well as ethical considerations regarding animal
experiments, suggest that existing databases like the one
for the JANUS studies should be revisited periodically for
advanced ways of analysis. New methods of analysis may
reveal new information or reduce the uncertainty of radio-
biologically relevant parameters that have been estimated
previously.

Biologically motivated models for radiation-induced can-
cers are a case in point. These models aim to combine
information from epidemiology, animal experiments and ra-
diobiology to generate risk functions whose parameters
have a biological meaning (e.g., mutation rates or clonal
expansion rates) which in turn could be tested separately.
In this paper, the well-studied two-step clonal expansion
(TSCE) model (6, 7) will be applied to the JANUS data
for the first time. It has already been used successfully e.g.
to describe the protraction effects due to radon exposure in
humans and rats (8, 9) and radium in mice (10). In contrast
to earlier analyses of animal experiments, the exposure pat-
tern is followed precisely here, without averaging over the
period from the start of exposure to the first fraction to the
end of the last fraction.

The parameters of biologically motivated models have
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inherent biological meaning. As such, they should be ap-
plied to pathological events arising from a common under-
lying mechanism to make conceptual sense. However, path-
ological specificity often conflicts with the sampling re-
quirements needed for reliable statistical estimation. Lung
cancer (here, alveogenic adenocarcinoma) will be the focus
of this study because it is the most frequent carcinoma ob-
served within the JANUS database.

Historically, analyses of the JANUS data have revealed
(3) that protraction (fractions over a longer period) appears
to enhance the effect of exposure to neutrons and dimin-
ishes the effect for exposure to � rays. These protraction
effects have yielded neutron RBE values for relative risk
that range from about 5 to 25 depending on the fraction-
ation pattern of exposure. The major motivation for the
present work was to determine different radiation effects on
the model parameters of a TSCE model and to explain this
behavior.

MATERIALS AND METHODS

The Data Set

A data set for 15,975 mice from 112 experimental animal groups for
which pathology information is available was used in this study. Except
for a different selection of controls, these are the same data as described
in ref. (3).

Three basic patterns of exposure for both radiation qualities and both
sexes were applied: (a) single exposures of about 20 min, (b) 24-week-
long once-weekly exposures, and (c) 60-week-long once-weekly expo-
sures of typically 45 min each. Smaller groups of mice were also exposed
to other patterns (e.g., 22 h per day, three or five times per week, for 24
or 60 weeks). The exposure patterns are described in detail in ref. (11).
Some of the information is repeated here in Table 1. Exposure started at
an age of about 110 days. All exposure patterns are used here exactly as
given in this table. The dose rates are piecewise constant, in many groups
with long zeros between short fractions. The dose rate during exposure
is calculated from the number of fractions, their duration and the cumu-
lative dose.

The groups belong to one of six different experimental series. The JM7
series has only males and the JM9 series has only female animals. The
JM7 series has only exposed animals; all the other experimental groups
have a matched control.

In a biologically motivated model, the particular cancer end point ex-
amined should be defined as narrowly as possible to keep the number of
pathways to this end point as small as possible. The Argonne pathology
database is made up of pathology codes organized into combined pa-
thology end points. The end points considered for this analysis came from
the histopathology database designated H (11). In total there are 5341
animals with carcinomas, of which 3918, i.e. more than half of all animals
with carcinoma, have a lung cancer (alveogenic adenocarcinoma). There-
fore, this end point was selected for analysis. A veterinary pathologist
reviewed every pathology and made a judgment as to whether it caused
death, contributed to death, or was simply incidental. The available data
set uses lung tumors that either caused or contributed to death. Lung
cancers that were classified as incidental were not included because they
were only found by chance when the animal died of a different cause.

The TSCE Model

The TSCE model has a long history; short introductions and references
can be found in refs. (7, 12). More mathematical detail is provided in
refs. (6, 13). Intermediate cells are created with the initiation rate � from

the pool of normal cells. These intermediate cells can divide into two
intermediate cells with rate � and die or differentiate with rate �. The
net effect of these two processes is called promotion. The intermediate
cells can also divide into an intermediate cell and a malignant cell with
the transformation rate �.2 The progression from a malignant cell to an
observable tumor is characterized here only with a lag time tlag. It is
possible biologically that radiation could also act on progression, i.e.
modify the lag time. Unfortunately, not all of these parameters can be
determined from data (13). Therefore, only so-called identifiable param-
eters are used here. In principle, radiation action is possible on initiation,
promotion and transformation. It is known that the respective contribu-
tions of these actions to the end point of interest can be separated by
fitting the model to statistically sufficiently powerful data (14).

For the effect on the transformation rate as used in the model, it is
well known that a sudden increase (e.g. by radiation action) in the trans-
formation rate by a factor at a certain age leads to a jump with the same
factor in the hazard rate for the first malignant cell. After an assumed
fixed lag time tlag, the same jump then occurs in the hazard for cancer at
an age shifted by the lag time. For an acute exposure, a hazard with a
short spike is the result in this model. This is highly unlikely, because
the time from a single malignant cell to a fatal lung cancer is surely not
a fixed time. Thus the approximation of a fixed lag time cannot be used
in that case, but rather it has to be smeared out in time when a trans-
forming action of an exposure is expected, as was done e.g. when mod-
eling smoking (15). Reversing the reasoning, a transforming action of
acute radiation exposures predicts a peak of cancer cases some time later.
The shape of the peak is determined by the distribution of lag times.
Inspection of the time dependence of the occurrence of early lung cancer
cases among the present data set showed no evidence for this to happen.
Therefore, an effect of radiation on transformation plays no significant
role in the present situation. The technical complications of accounting
for a transforming action of radiation were left out, but tests were per-
formed to determine whether the model and parameters obtained do in-
deed also correctly describe the early cases among the acutely exposed
animals.

Initiation and promotion at a given time is assumed to be dependent
on dose rate at that time. The animals in the data set either are controls
or are exposed to � rays or to neutrons, but no animals are exposed to
both radiation types. Therefore, in the formulas below, the dose rate d is
d� for data for � rays or dn when data for neutron exposure are analyzed.
The parameters in the formulas below have a subscript. When the type
of exposure is also indicated in a parameter, a superscript � or n is added.

The dose rates are derived from the data in Table 1. For example, the
two groups GBI and GEI have the same dose of 8.2 Gy with 24 fractions
of (calculated) 342 mGy each. For group GBI each fraction is delivered
in 45 min, giving a dose rate of 7.6 mGy/min, while in group GEI it is
delivered in 360 min, giving a dose rate of 0.95 mGy/min during the
exposure. Averaging over the period from first exposure to last exposure
would give the same dose rate in the two groups.

The quotient of the initiation rate with dose rate d over the spontaneous
initiation rate is assumed to be of the form

�(d)
�� dexp	 1 
 � de . (1)lin�(0)

The parameter �exp allows to test for a nonlinear dependence of initiation
on dose rate.

The effective clonal expansion rate �(d ) � �(d ) � �(d ) � �(d ) is
allowed to be dependent on the dose rates such that it is linear with
coefficients �lin at low rates and levels to a value of �0 
 �level at high
dose rates, as in earlier work on high-LET radiation (9),

�(� /� )lin level�(d) 	 � 
 � [1 � e ].0 level (2)

The parameters in these equations are estimated, in addition to those

2 The term transformation is used here for the rate-limiting transition
event from an intermediate cell to a malignant one, not for the whole
process from a healthy to a malignant cell.
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TABLE 1
Some Properties of the Groups

JM
series Group

Duration
(weeks) �
fractions

Cumulative
dose (Gy)

Duration
of fraction

(min)

Male

Animal Observed Exposed Spontaneous

Female

Animal Observed Exposed Spontaneous

13 C0X 0 0.0 196 33 33.0 33.0 214 20 16.8 16.8
2 CAC 0 0.0 123 60 58.9 58.9 124 24 26.5 26.5
2 CEC 0 0.0 137 71 71.2 71.2 165 32 29.1 29.1
4 CK0 0 0.0 129 52 42.8 42.8 110 14 14.0 14.0
4 CL0 0 0.0 111 26 28.9 28.9
4 CLC 0 0.0 120 28 21.4 21.4
2 CS0 0 0.0 174 75 79.1 79.1 185 29 36.3 36.3
3 CS0 0 0.0 142 43 41.7 41.7 152 17 17.9 17.9
9 CXC 0 0.0 248 31 27.1 27.1
9 GX1 1 � 1 0.26 20 177 18 19.4 17.6
9 GX2 1 � 1 0.43 20 121 16 17.5 14.5
9 GX3 1 � 1 0.86 20 73 8 9.1 6.4
2 GS1 1 � 1 0.86 20 328 153 157.2 126.3 367 77 67.8 46.6
3 GS4 1 � 1 0.86 20 138 45 46.0 37.1 171 23 26.4 18.4
3 GS5 1 � 1 1.4 20 113 43 39.7 28.7
3 GS6 1 � 1 2.0 20 122 36 37.1 23.6
2 GS2 1 � 1 2.6 20 155 73 58.2 32.9 183 37 29.7 12.1
3 GS7 1 � 1 4.0 20 102 31 29.4 13.4 49 18 9.1 2.7
3 GS8 1 � 1 5.5 20 99 16 20.2 7.5 66 4 8.6 2.0
2 GS3 1 � 1 7.6 20 133 19 24.7 7.3 136 9 11.1 1.8
4 GK1 24 � 1 2.0 45 391 119 125.2 87.9
4 GK2 24 � 1 4.0 45 278 110 94.6 49.3 329 53 53.0 19.5
2 GBI 24 � 1 8.2 45 132 63 70.3 21.9 112 33 33.0 5.9
2 GEI 24 � 1 8.2 360 113 66 61.5 19.0 105 26 31.5 5.6
4 GK3 24 � 1 9.2 45 146 41 42.3 11.5
2 GDI 24 � 1 10.6 45 115 56 49.7 12.0 166 43 40.2 5.0
4 GK4 24 � 1 18.4 20 105 17 9.4 1.0
4 GL1 24 � 5 2.1 1320 118 27 35.3 25.2
4 GL2 24 � 5 4.2 1320 57 16 21.0 11.4
2 GAI 24 � 3 8.2 15 113 59 64.4 20.1 78 22 26.9 5.0
4 GL3 24 � 5 9.6 1320 48 10 12.8 3.5
4 GL4 24 � 5 19.2 1320 30 4 6.8 0.8

13 G1X 60 � 1 1.0 20 212 43 36.9 32.4 223 18 21.8 17.7
13 G2X 60 � 1 1.9 20 115 18 21.8 16.9 127 10 12.0 8.1
13 G3X 60 � 1 3.0 20 57 8 9.1 6.3 59 9 4.1 2.3

7 GQ1 60 � 1 4.1 45 92 28 34.6 21.3
13 G4X 60 � 1 4.5 20 62 11 11.2 6.6 57 6 5.9 2.6
13 G5X 60 � 1 6.0 20 56 8 9.1 4.6 59 4 6.3 2.2

7 GQ2 60 � 1 19.0 45 124 41 34.4 5.8
4 GL5 60 � 5 5.3 20 121 27 30.4 16.9
4 GL6 60 � 5 10.7 20 79 16 20.2 6.7
4 GL7 60 � 5 24.6 20 51 18 20.1 2.3
9 NX4 1 � 1 0.01 20 253 22 26.5 25.0
9 NX5 1 � 1 0.02 20 169 11 15.8 13.8
9 NX6 1 � 1 0.05 20 132 12 13.2 10.3
9 NX7 1 � 1 0.09 20 91 6 10.0 6.5
9 NX8 1 � 1 0.19 20 78 12 8.8 4.3
2 NS1 1 � 1 0.19 20 335 144 154.0 113.1 343 64 69.3 33.3
3 NS4 1 � 1 0.19 20 189 59 62.5 46.0 208 37 36.5 17.6
3 NS5 1 � 1 0.38 20 153 50 54.0 33.9
9 NX9 1 � 1 0.38 20 123 15 13.6 4.8
3 NS6 1 � 1 0.57 20 169 64 57.4 33.2
2 NS2 1 � 1 0.75 20 157 67 62.1 34.3 173 30 36.5 9.7
3 NS7 1 � 1 1.13 20 104 30 25.0 13.7
3 NS8 1 � 1 1.5 20 101 19 22.5 12.9 99 14 13.4 3.3
2 NS3 1 � 1 2.3 20 135 21 24.3 16.0 167 17 15.4 4.4
4 NK1 24 � 1 0.19 45 328 118 109.9 82.3 496 66 70.2 36.8
4 NK2 24 � 1 0.38 45 259 93 86.2 51.1
4 NK3 24 � 1 0.57 45 139 39 46.1 22.4
2 NDI 24 � 1 0.75 45 115 57 43.8 18.3 147 54 40.8 7.6
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TABLE 1
Continued

JM
series Group

Duration
(weeks) �
fractions

Cumulative
dose (Gy)

Duration
of fraction

(min)

Male

Animal Observed Exposed Spontaneous

Female

Animal Observed Exposed Spontaneous

4 NK4 24 � 1 1.1 45 121 35 37.1 11.3
4 NK5 24 � 1 1.6 45 110 33 34.6 7.9 127 32 27.6 1.9
2 NBI 24 � 1 2.26 45 101 36 30.9 5.2 97 27 24.6 1.0
2 NEI 24 � 1 2.26 360 119 51 55.6 8.0 100 25 30.7 1.0
2 NAI 24 � 3 2.26 15 118 50 59.3 10.2 81 22 26.0 1.1

13 N1X 60 � 1 0.012 20 174 39 35.1 34.4 218 19 22.0 20.8
13 N2X 60 � 1 0.077 20 94 18 20.0 18.4 95 12 8.3 6.8
13 N3X 60 � 1 0.14 20 78 14 18.7 16.2 104 11 8.5 6.1
13 N4X 60 � 1 0.22 20 94 21 15.2 12.2 111 6 11.0 6.7
13 N5X 60 � 1 0.31 20 102 19 17.8 13.2 121 11 12.0 6.2

7 NQ1 60 � 1 0.38 45 95 42 41.2 28.4
13 N6X 60 � 1 0.41 20 67 13 10.5 7.1 65 8 5.1 2.2

7 NQ2 60 � 1 1.5 45 127 42 42.9 13.8

Notes. The expected numbers of cases and the expected spontaneous cases are based on the IP model; in the control groups, only the numbers for
the �-ray model are given.

FIG. 1. Kaplan-Meier plots of the control groups in the data. The key
distinguishes between the various experimental series, some of which
contain several control groups. Data on the series JM3 and JM9 are left
out to avoid clutter. They lie in between. The female mice have a much
lower lung cancer risk than the males. Therefore, different scales are used
for the two sexes. The smooth lines are the probability of lung cancer
from the IP model fitted to the controls and the animals exposed to �
rays.

that affect the background only: the product Y0 � �(0)�(0) of the spon-
taneous initiation and transformation rates, and the stochasticity param-
eter q, which can give a leveling of hazard to Y(0)/q at high age. The
model as formulated allows calculation of the hazard for the first malig-
nant cell. To allow for a finite time to the observable lung cancer, a lag
time tlag is introduced, which also must be estimated from the data.

There are complications that can be seen in the Kaplan-Meier plots for
lung cancer probabilities of control groups in Fig. 1. Female mice have
a much lower lung cancer risk. This confirms the notion that the two
sexes must be kept apart in the modeling, and two lung cancer models,
one for males and one for females, are estimated. Within one sex, the
differences between the control groups of different experimental series
are substantial, while those within a series agree reasonably. This may
point to a varying risk of lung cancer in the animals used at the different
experimental series, possibly due to genetic, epigenetic, environmental or
other factors that are not quantified. To correct for them, an experiments
factor is introduced: The hazard is made dependent on the experimental
series. For each of the two sexes, five numbers f (experimental series) are
estimated, which are additional multiplicative factors in the hazard. Each
of them affects only the respective experimental series. To prevent non-
identifiability, Y0 is fixed to an arbitrary number. Such overall factors to
the hazard function were used earlier to take birth year effects in human
cohorts into account (8, 16). To our knowledge such factors have not
been used in earlier analyses of these data. The different rates among the
controls have been taken into account by comparing exposed animals
only with their own controls (4).

For each sex, two parameter sets are estimated, one for � rays and one
for neutrons. In principle, it would be possible to use the same back-
ground parameters in both cases, but tests showed that a better fit of the
exposed groups can be obtained with this procedure.

Likelihoods and Quality of Fit

The mathematical formulation of the TSCE model allows one to cal-
culate the hazard h and the respective ‘‘survival’’ probability S (proba-
bility that no lung cancer occurred) at the age of death. These functions
depend on age, sex, experimental series, and exposure history of the
animal as well as on the identifiable parameters given above. The recur-
sive formulas from ref. (13) are used to calculate them. A time at risk
from the beginning of follow-up is used. Model fitting is done by max-
imizing the log-likelihood

ln L 	 ln S 
 ln(hS), (2)� �
nocancer cancer
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TABLE 2
Comparison of Various Models Showing the

Number of Fitted Parameters

Model

Deviance

Male Female
Number of
parameters

� rays

IP model 24,104.2 9677.8 12
With � �

exp �0.9 �0.0 13
No P 
31.5 
9.2 10
No I 
61.8 
38.3 11
No dose dependence 
337.4 
200.1 8

Neutrons

IP model 23,803.8 11,531.0 13
No P 
3.8 
26.7 11
No I 
14.1 
96.7 11
No dose dependence 
301.5 
401.8 8

Notes. For the IP model, the deviance is given. For the other models,
the difference in deviance relative to the IP model are shown. Lower
values indicate a better fit to the data. I denotes initiation, P promotion.

TABLE 3
Maximum Likelihood Estimates (MLE) for the Dose–Response Parameters of the IP

Models and their Confidence Bounds

Parameter

Male

MLE CI (95%)

Female

MLE CI (95%)

� rays

� [(mGy/day)�1]�
lin 0.076 (0.052, 0.010) 0.14 (0.071, 0.24)

� [(104 mGy)�1]�
lin 0.75 (0.49, 1.01) 1.2 (0.37, 2.0)

� [day�1]�
level 22 (3, inf ) 60 (1, inf )

Neutrons

� [(mGy/day)�1]n
lin 0.72 (0.29, 1.13) 1.90 (1.20, 2.82)

� [(104 mGy/day)�1]n
exp 0.14 (0.05, 0.21) 0.11 (0.07, 0.17)

� [(104 mGy)�1]n
lin 3.7 (0, 12) 8.1 (5.0, 11)

� [day�1]n
level 1.6 (0, inf ) 8.2 (1.9, 15)

where the sum are over all animals with and without lung cancer. The
dependences of h and S on the animal number, and the quantities given
above are omitted, to keep the formula simple. This form assumes that
lung cancers in the mice are fatal. The deviance is

Dev 	 �2 ln Lmax (4)

for the maximum likelihood. Parameter uncertainties are calculated using
the profile likelihood technique and the Fisher information matrix of sec-
ond derivatives. These estimations were done with the function minimizer
MINUIT from CERN (17).

As a means for judging the quality of fits, for each group the number
of expected cases is calculated by summing over all animals the cumu-
lative hazard of each animal during the follow-up. Also, the Kaplan-Meier
estimate of the probability of tumor is calculated and compared with the
one from the fitted model, separately for each experimental group.

The fitted model predicts the hazard function of lung cancer for arbi-
trary exposures to � rays and neutrons in the hybrid mice. It allows one
to calculate derived quantities like e.g. lifetime relative risk (LRR) for a
fixed average survival time, neutron RBE for risk, etc. in a straightfor-
ward way. Those that are presented here are chosen such that interesting
effects in the data set—like fractionation effects—are highlighted.

The fitted model includes estimates for the dose-rate dependence of
the various kinetic parameters of the TSCE model.

RESULTS

The deviances of some of the model fits are given in
Table 2 separately for the two sexes and the two radiation
qualities. Also given is the number of estimated parameters.
The IP model (initiation and promotion) is the preferred
model in both cases. It has the parameters described above,
except that there is no nonlinearity in initiation for � rays.
The other fitted models are described relative to this one.
Including the nonlinearity �exp for � rays gives an improve-
ment in the case of male mice, but not a significant one.
Contrary to this, for neutrons it does provide a significant
improvement (not shown). Leaving out a promoting action
of radiation gives an increase of deviance, which is signif-
icant except for neutron exposure in the data sets for male
mice. A stronger increase in deviance is found when no
initiating action of radiation is assumed. An action of ra-
diation on both initiation and promotion is favored by the
data. But each of these two radiation actions alone can al-
ready describe a large part of the radiation effect, compared
to the numbers when no radiation effect is included. Fixing
the series factors to 1 and estimating Y0 instead gives a
dramatic decrease in the quality of fit (not shown).

The estimated parameter values of the IP model and their
confidence bounds are listed in Table 3. The confidence
bounds are calculated with lag time fixed to stabilize the
calculations (see below). They are significantly different
from 0, except for the estimations for a promoting action
of neutrons in the male mice. Each of the four models has
eight estimated parameters for describing the spontaneous
background. The models for � rays have three more param-
eters, the ones for neutrons four more parameters. With this
large number of parameters it is mandatory to make sure
that they can be estimated reliably from the data. They were
chosen such that from earlier experience with other data
sets it could be expected that they can be determined from
this data set. The given confidence intervals are a simple
test to confirm this.

At low dose rates, the parameters of the linear part of
the radiation actions are most important. A suitable way to
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TABLE 4
Doubling Dose Rates and Their Neutron RBE
Calculated from the Linear Part of Initiation

Male Female

� rays (mGy/day) 13 7.1
Neutrons (mGy/day) 1.4 0.53
RBE 9.2 13

FIG. 2. Kaplan-Meier plots and prediction of the IP model for the
probability of lung cancer for a few classes. They are selected for having
a large number of animals and cases. Note that they belong to different
experimental series and thus have different background rates. The key
gives the experimental series, the group, the sex, the duration and the
dose.

FIG. 3. Estimated relative risk functions for some of the exposed
groups. The start of exposure differs by a few days between the groups.
The exposure duration helps to separate between the lines. The key gives
the experimental series, the group, the sex, the duration and the dose.

look at the initiating action at low dose rates is to calculate
the dose rate 1/�lin, which doubles the spontaneous values,
when the linear term only is considered. These dose rates
are given in Table 4.

The estimated parameter values of the IP model for the
background cancer risk depend on the control animals and
the exposed ones. The estimated factors for the experimen-
tal series differ by a factor of up to 3.1 for males and 2.4
for females, with JM2 highest and JM13 lowest. This ap-
plies to both sexes in a strikingly similar way. The esti-
mated lag time is about 250 days in the models for the �
rays and about 170 days in the models for neutrons. It has
been verified that the uncertainties of this lag time are large
by fixing it to selected values. The standard tools of MIN-
UIT cannot be used for this purpose, because the ages are
given discretely, in days. Therefore, the deviances depend
on the lag time in a way that is too coarse to draw conclu-
sions from the matrix of second derivatives (Fisher infor-
mation matrix), and the profile-likelihood calculation also
becomes unreliable. The true lag time of the controls cannot
depend on the radiation quality. But the lag time can best
be estimated from time since exposure, so the statistical
power is coming mostly from the groups with high dose.

For the IP models, the expected number of cases for the
various experimental groups is given in Table 1 along with
the number expected from the model for spontaneously oc-
curring lung tumors. For the correct model, the observed
cases are Poisson-distributed around the expected cases.
This allows calculation of the standard errors for each
group. The sum of the standard errors in all 112 groups is
86.7: The observed numbers of cases in the groups are
described well by the IP model. In Fig. 2, the Kaplan-Meier
estimates of the probability of tumor incidence and the ones
expected from the IP model are plotted for some of the
groups. This shows that the observed age dependences are
also reproduced well.

The resulting relative risk functions are plotted in Fig. 3
for some of the groups. The risks for neutrons arise earlier
due to the shorter estimated lag time. The time-since-ex-
posure dependence of the relative risk is quite strong.
Therefore, the relative risk at a fixed age is not a good
quantification of risk. The lifetime relative risk (LRR) is a
better quantity. In Fig. 4 it is plotted at a mean lifetime of
900 days for exposures with fractionation patterns as in the
data set. For � rays there is a weak fractionation effect
(more fractions over a longer period give less effect). For
neutrons at low doses, the same pattern is found, while at

doses above about 0.3 Gy the acute exposure has a lower
effect than the fractionated ones. Note that all exposures
used in this figure start at 110 days, so that the same total
dose is delivered at different ages for the different fraction-
ation schemes. The nonlinear form of LRR for the acute
neutrons comes from the nonlinearity term . Femalesn�exp

have larger relative risks than males.
The estimated radiation RBE for LRR relative to acute

� rays at an age of 110 days is plotted in Fig. 5. As was
observed before (3), it is strongly dependent on the expo-
sure duration and the exposure rate. (Note that the RBE
values in that table are comparing neutrons and � rays of
the same exposure pattern.)

DISCUSSION

The biologically motivated TSCE model can describe the
occurrence of the end point lung cancer in this complicated
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FIG. 4. Estimated lifetime relative risk at an age of 900 days for
exposures with fractionation patterns as in the data. The lines are cut off
at the highest dose with the exposure patterns in the data set.

FIG. 5. RBE for the end point LRR relative to acute (1 week) �-ray
exposure at 110 days of age.

data set well. The main features of the data, like fraction-
ation effects and effects of radiation quality, can be ex-
plained within the model by statements about the kinetic
parameters.

Comparison with Human Risks

The LRR at 1 Gy of acute � rays at 110 days is 1.27 for
males and 1.53 for female mice. These numbers can be
compared with the site- and sex-specific risk estimates from
the atomic bomb survivors, adjusted to age at exposure 30
(18), which are 1.33 for males and 1.75 for females; see
also (19, 20). For doses less than 1 Gy, the RBE for LRR
of exposure to � rays in several fractions compared to one
fraction is between 0.4 and 0.7 in both sexes (Fig. 5). So
the LRR from the more protracted exposure under 1 Gy is
about half of the acute exposure. This agrees well with a
DDREF of about 2. But note that the animals were exposed
from about the same age, so that more protracted exposure
is in part given at a later age. An exposure later in life
tends to give less effect. Further research is needed to better
understand the mechanisms that may lead to a DDREF dif-
ferent from 1 (21).

Neutron RBE

The neutron RBE for LRR of acute neutrons at the low
doses is estimated at about 10 relative to the acute � rays.
It is strongly decreasing with dose. As was stressed above,
the decrease depends on the nonlinear dependence of ini-
tiation on neutron dose rate, which is induced from data at
higher doses. For fractionated neutrons, the RBE is sub-
stantially lower, down to about 4 in the male mice. The
statistical power of the present data set at neutron doses
below 0.2 Gy is not large. Results using mice exposed to
neutrons at such doses indicate that the dose response is
linear (2). This could be accounted for in the present model
by replacing the traditional dose-rate dependence in Eq. (1)
by an expression in which a nonlinearity at high dose rates
does not induce a nonlinearity at low dose rates.

The substantially lower effectiveness of acute neutrons
at the higher dose range compared to the protracted expo-
sure is mostly due to this nonlinear initiation.

Properties of the Fitted Model

These features of the risk functions are coming from the
kinetic parameters of the TSCE model. Both an initiating
and a promoting action of neutrons and � rays are needed
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to describe the observed data. A transforming action of the
radiation should show most clearly in the acutely exposed
animals. No signals are seen in this data set. These patterns
are in good agreement with what was found on the radiation
action of � particles in lung (8) and in liver (2).

While for � rays the initiating event is described well
with a linear dose-rate dependence, for neutrons a nonlinear
term is favored, with less effect per unit of dose at higher
dose rates. The RBE for the initiating event in the low-
dose-rate linear slope is about 10. It decreases strongly for
higher dose rates.

The statistical approach used here uses all the available
individual data. The fractionation patterns are in detail fol-
lowed by the model. In this way, the application of the
TSCE model here differs from earlier uses, where expo-
sures were averaged over selected periods.

The different estimates of the lag time for � rays and for
neutrons may be interpreted as an indication that the time
from a malignant cell to the death of the animal may be
dependent on the radiation quality and/or the radiation
dose. Such a situation could arise when different exposures
cause e.g. genomic instability, which in turn might change
the tumor growth rates. The present versions of the TSCE
model cannot describe such a process.
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