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INTRODUCTION

In Germany between 1930 and 1950, an estimated 10,000 to 20,000 patients received Thorostrast
injections, mostly for angiographic examinations (van Kaick et al , 1984; 1989; 1995). About 59% of the
intravascularly injected Thorotrast was retained by the liver. Based on a mean injected volume of 25 ml
and an average exposure time of about 40 years, Thorotrast patients received a mean liver dose of about
9.5 Gy. As a consequence, about 20% of the 2,326 Thorotrast patients examined in the German Thorotrast
Study died of liver tumors, while only 2 cases of primary liver tumors were observed in the 1,890 control
patients (van Kaick et al., 1995).

BIOPHYSICAL CARCINOGENESIS MODEL

Our present analysis of primary liver tumors in Thorotrast patients is based on a recently developed
biophysical model of radiation-induced in vitro transformation and in vivo carcinogenesis (Crawford-Brown
and Hofmann, 1990; 1993; Hofmann et al., 1995). The transitions between the various stages in this
inititation-promotion model correspond to experimentally observable cellular radiation effects, such as the
formation of single and double strand breaks or cellular inactivation. In our multi-stage carcinogenesis
model, a sequence of eight states is assumed in the development of a cell from the initial undamaged level
(state 0) to a fully transformed cell with uninhibited growth leading to a detectable solid tumor (state 7)
(Fig. 1). The intermediate successive steps are: production of an unspecific DNA single strand break (state
0 to 1); production of a second specific (i.e., relevant for oncogenic transformation) DNA single strand
break (state 1 to 2); interaction of both single strand breaks to form a double strand break (state 2 to 3);
direct formation of DNA double strand breaks (state 0 to 3); division-related fixation of the DNA double
strand break (state 3 to 4); promotional mechanisms, such as reversible (state 4 to 5) and irreversible (state
5 to 6, and state 4 to 6, respectively) down-regulation of gap-junctional intercellular communication,
triggered by the fraction of damaged surrounding cells (this effect is presently modeled by a binomial
distribution); and clonal expansion to an observable tumor (state 6 to 7). Reverse transitions may be brought
about by adaptive mechanisms and repair processes (states 1 to 0 and 2 to 1) or by remodeling processes
(state 5 to 4). Cells in individual states may be removed by radiation-induced cell death, apoptosis, terminal
differentiation, or formation of a benign tumor, while spontaneous and stimulated mitosis may increase the
number of cells in a given state. All radiation-induced transition rates are expressed as the sum of a
spontaneous background rate and a radiation-dependent term, which is an explicit function of the mean
dose rate delivered to the liver.

Ionizing radition is assumed to have properties of both initiation and promotion. While the transition rates
of the initiation part of the model (states 0 to 4) can be directly derived from in vitro transformation
experiments with low and high LET radiations (Crawford-Brown and Hofmann, 1990), the promotion
mechanisms of radiation-induced liver cancers (state 4 to 6) is assumed to be qualitatively identical to those
occurring in chemical carcinogenesis. In accordance with the in vivo rat liver experiments with
phenobarbital (Schulte-Hermann et al., 1990), the promotional role of radiation is modeled here as a
radiation-induced reversible or irreversible shift in phenotype expression of initiated cells to relatively non-
communicating forms with a lower rate of programmed cell death. The final step, progression into a
malignant liver tumor is assumed to be independent of the presence of a promotor, i.e., the process of clonal
expansion is no longer affected by the cell killing and promotional properties of radiation.
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Fig. 1: Biophysical multi-stage model for radiation-induced carcinogenesis, consisting of an initiation phase
(state 0 to 4), a subsequent promotion phase (state 4 to 6) and, finally, progression into a frank tumor
(state 6 to 7).

LIVER CANCERS IN GERMAN THOROTRAST PATIENTS

The patients in the German Thorotrast Study suffering from liver cancer were divided into three groups
according to the injected Thorotrast volume. Mean dose rates in each group were (van Kaick et al., 1984):
100 mGy yr"1 (N = 133), 180 mGy yr1 (N = 237), and 300 mGy yr1 (N = 207). If the resulting cumulative
incidences for primary liver tumors are plotted as functions of the cumulative exposure time, two
obervations can be made: (i) The cumulative incidence in each dose rate group rises steeply with increasing
cumulative exposure after a mean latency period of about 26 years, and (ii) a higher dose rate leads to a
higher cumulative incidence at the same cumulative exposure time, caused by a steeper incidence function
and a shorter latency period. However, if the reported liver tumor incidences are plotted as functions of
cumulative dose, then an „inverse dose rate effect" can be observed.
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Fig. 2: Cumulative liver cancer incidence in German Thorotrast patients as a function of total dose for three
different dose rates. Epidemiological data are denoted by symbols, while full lines refer to the model
predictions for the corresponding dose rates.

One of the most significant features of our biophysical carcinogenesis model is that radiation-induced
transition rates are formulated explicitly as functions of dose rate. Thus, a very sensitive test of the validity
of our model is whether it can reproduce the epidemiologically observed inverse dose rate dependence. The
comparison between our theoretical predictions and the epidemiological liver cancer data is plotted in
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Fig. 2. Consistent with the epidemiological evidence, the model correctly predicts an inverse dose rate
effect, suggesting that this effect may eventually disappear at sufficiently high doses.

Recent studies of low dose effects of ionizing radiation have revealed that adaptive response mechanisms
may be activated above a given threshold dose (Kondo, 1993). In line with general observations, we have
assumed that an adaptive response is induced at 2 mGy, then rises linearly to a maximum efficiency at 5
Gy, remains level at this saturation value up to a dose of 10 Gy, and finally decreases linearly to zero at a
dose of 20 Gy. The effect of the above defined adaptive response function on liver cancer incidence is
illustrated in Fig. 3 for three different cases of pre-irradation: (i) below a dose of 2 mGy where no adaptive
response is operating at the onset of the exposure to alpha particles, (ii) in the linearly increasing portion
of the efficiency curve, and, (iii) at the plateau value of the adaptive response function. Though higher pre-
irradiation doses increase the carcinogenic risk at earlier times of the Thorotrast exposure, the effect is
actually reversed at later times. Thus, if we assume a latency period of about 20 to 30 years, liver cancer
incidence will be lower for the higher pre-irradiation doses.

CONCLUSIONS

A biophysical multi-stage model of radiation-induced carcinogenesis has been developed, which utilizes
experimental information on in vitro cellular radiation effects and theoretical considerations of
modifications of these results under in vivo exposure conditions. In the present paper, this model has been
successfully applied to the occurrence of liver tumors in German Thorotrast patients. Consistent with the
epidemiological data, our model correctly predicts the inverse dose rate dependence of liver cancers.
Incorporation of adaptive response mechanisms into the model reveals that pre-exposure to other
carcinogenic substances, such as ionizing radiation or chemicals, may actually reduce the carcinogenic risk
by subsequent alpha particle irradiation. Such an observation questions the generally accepted validity of
the „linear extrapolation" in the low dose range.
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Fig. 3: Cumulative liver cancer incidence versus cumulative exposure time for three different pre-irradiation
regimes: (i) no pre-irradiation (full line), (ii) pre-irradation dose in the range of the linearly increasing
adaptive response function (dotted line), and (iii) pre-irradiation at the plateau value of the adaptive
response efficiency (dashed-line).
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