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a b s t r a c t

Epidemiological studies of long term radiotherapy survivors provide useful insights into dose-response
relationships for secondary cancer induction risk at high doses. There are uncertainties involved in esti-
mating the dose to the location of the second malignancy, because the dose distributions in radiotherapy
patients can be spatially highly heterogeneous and the size of the diagnosed tumor is on the order of a
few cm. Therefor it is nearly impossible to obtain the exact dose corresponding to the exact tumor induc-
tion location and so organ specific dose-response relationships have large errors not only in the reported
risk, but also in the estimated dose.
In this work two alternative methods are proposed for future applications involving investigations into

dose response relationships for second cancer induction risk, the method of organ sub-division and the
method of risk equivalent dose. The method of organ sub-division takes the inevitable inhomogeneous
dose distribution into account by applying epidemiological methods to organ sub-divisions which have
a nearly homogenous dose. The method of risk equivalent dose combines risk modeling and epidemiolog-
ical data analysis. Risk models can be optimized by using an iterative procedure assuming a variation of
organ specific dose-responses.
The advantage of the alternative methods is that the inhomogeneity of the dose in the organs at risk is

taken into account. The second method has the additional advantage that the dose to the location of the
tumor site must not be known and that epidemiologically obtained risks that were not stratified by organ
specific risk can be used.

� 2017 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In developed countries, more than half of all cancer patients
receive radiotherapy (RT) at some stage in the management of
their disease. However, a radiation-induced secondary malignancy
can be a long-term side-effect of the success of curing, or at least
controlling, the primary cancer. Therefore, there is increasing con-
cern regarding radiation-related second cancer risks in long-term
RT survivors and a corresponding need to be able to predict cancer
risks at high radiation doses. Of particular interest are second can-
cer risk estimates for new radiation treatment modalities such as
intensity modulated RT, intensity modulated arc-therapy and pro-
ton and heavy ion RT. The long term risks from such modern RT
treatment techniques are unlikely to become manifest for many
years, due to the long latency time for solid tumor induction and
have therefore not yet been fully quantified.

Most information on the dose-response of radiation-induced
cancer is derived from data on the Japanese A-bomb survivors
who were exposed to gamma-rays and neutrons. In radiation pro-
tection, the dose span of main interest is between zero and one Gy,
and since the analysis of the A-bomb survivors covers this range,
this cohort is of particular relevance here.

With increasing RT cure rates for primary cancers, estimates of
secondary cancer risk for tissues receiving doses larger than one Gy
are becoming more relevant. Thus epidemiological studies of RT
patients have been performed to determine the risk of second can-
cers. Unfortunately it is generally not possible to reliably distin-
guish cancers which were caused by radiation from those
occurring spontaneously because the field of research into
biomarkers for radiation induced cancers has to date only pro-
duced a few candidate biomarkers [1,2]. Thus, usually large cohort
sizes are necessary to get statistically significant risk estimates. In
epidemiological studies risk is often stratified by dose, which is
necessary to obtain the dose response relationship. However a con-
sequence of dose stratification is a reduction of statistical power.

One major difference between the A-bomb survivors and RT-
patients is that the A-bomb survivors were irradiated with more
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uniform dose distributions in contrast to RT patients who are irra-
diated with highly non-uniform dose distributions, in particular in
organs and tissues adjacent to the treated volume. The quantifica-
tion of the correlation between dose and risk is affected by the
uncertainties involved in relating a tumor which was induced dec-
ades after the treatment of the primary disease to the actual dose
at the tumor site. A major reason for this is that the dose outside of
the treated volume cannot be predicted by clinically used treat-
ment planning systems [3–5]. Even if the dose is calculated by
Monte Carlo methods or by empirical models based on measure-
ments, the remaining uncertainty is of the order of 40% [5]. Addi-
tionally a dose prediction is problematic in regions of large dose
gradients as illustrated in Fig. 1 where a dose profile through the
breast for a typical treatment of Hodgkin’s disease is shown with
a hypothetical 2 cm diameter tumor location. However, a large
number of second primary cancers, if not the majority, are located
at the field borders of the original treatment fields [6–9]. In the
regions of large dose gradients, it is difficult to estimate the dose
at secondary tumor origin as the size of a diagnosed tumor is
already of the order of a few cm and thus it is nearly impossible
to pin-point the correct dose at the location of origin. Other dosi-
metric uncertainties include patient movement, the impact of frac-
tionation on the dose distribution, anatomical changes and
simplified dose reconstructions. Organ specific dose-response rela-
tionships are therefore subject to large uncertainties, not only for
the obtained risk, but also for the estimated dose.

In this work two alternative methods are proposed for future
applications involving investigations into dose-risk relationships
for second cancer induction considering the unavoidable hetero-
geneity in the dose distribution. The first method incorporates
the inhomogeneous dose distribution, by organ sub-division into
sections where the dose is more or less constant, into the classical
epidemiological approach. The other method is a combination of
risk modeling and epidemiological data analysis. Risk models can
be optimized in an iterative procedure by starting from a linear
dose-response relationship for each organ. The risk model is convo-
luted with the dose-volume histogram of the whole organ at risk
which yields a risk proportional quantity for the specific organ
and the assumed dose-response relationship. The results are com-
bined with the A-bomb survivor data and the dose-response rela-
tionship is modified until agreement between observation and
model prediction is reached. The advantage of this method is that
observed cancer risk used for modeling must not be dose stratified
and is thus subject to smaller uncertainties. In addition the exact
dose to the second tumor must not be known as the optimization

of the dose-response model is performed by predicting a whole
organ risk based on dose volume histograms.

2. Methods

2.1. Method of organ sub-division

When organs or tissues of interest are irradiated inhomoge-
neously the main question is: Which dose should be assigned to
the organs in the people who did not get cancer, i.e., to the organs
contributing person-years at risk, relevant to the determination of
the baseline cancer rates? What is proposed here is some sort of
organ sub-division into sections where the dose is precisely known
for those persons with and without cancer – so instead of consid-
ering a particular organ as an entity for comparison – predefined
organ sections can be considered as entities and the risks in these
‘‘organ sections” should be obtained first, before combining these
to get the total organ risks. This would mean that each of those
persons without cancer would provide ‘‘multiple comparisons”,
one for each cancer free organ section. A similar method was
already proposed and applied to the Japanese A-bomb data by
Walsh et al. [10,11] to obtain risks for all solid cancer per unit
organ specific dose from the publicly available data that only gave
colon doses. In past analyses of the A-bomb data all solid cancer
risks had been based on colon dose and [12] had noted that ‘‘It is
impossible to use more specific organ doses for solid cancers as a
class, since there is no designated organ for those not dying of
cancer.” However this difficulty was resolved [10] by formally
treating each person as a set of 13 sub-units at risk, each belonging
to one organ category. In practical terms, this meant creating a new
organ category at the lowest level of the data structure groups (for
combinations of city, gender, age attained, age at exposure and
colon dose category), each group containing the number of cases
of death from different types of solid cancer. For each of these orig-
inal data records, new organ-specific records were created to con-
tain the numbers of deaths for each cancer type and the relevant
organ-specific doses. So instead of having persons forming
cancer-free comparison groups, one has a collection of organs
forming comparison groups.

Of great importance here would be that a precise ‘‘organ sec-
tion” dosimetry for those subjects with and those without cancer
is available. Then it is possible to calculate the ERR and EAR from
the number of secondary cancers, person-years at risk and the
doses in these organ sections and then combine these sub-unit
risks to obtain the overall risks to the organ.

2.2. Method of risk equivalent dose

Another, completely different method, to obtain the organ-
specific second cancer risk after radiotherapy is based on the use
of dose-volume histograms (DVH) which are frequency distribu-
tions of dose in a specific organ of interest. The main idea behind
this is to avoid the difficult procedure of dose determination at
the position where the tumor was initiated and to search for DVHs
which are characteristic for tumor initiation. The concept is similar
to equivalent uniform dose (EUD) as proposed by Niemierko [13]
which provides a single metric for reporting non-uniform dose dis-
tributions. It is defined as the uniform dose that, if delivered over
the same number of fractions as the non-uniform dose distribution
of interest, yields the same radiobiological effect. A similar
approach method was already proposed by Schneider and Walsh
[14]. It is proposed here to apply a risk equivalent dose which is
defined as a dose metric which is proportional to risk including
fractionation and, if averaged over the whole organ, yields an organ
equivalent dose (OED). Organ equivalent dose is then, by

Fig. 1. Typical dose profile through the female breast for a radiotherapy treatment
of Hodgkin’s disease. The hypothetical secondary cancer site is marked with a red
circle of 2 cm diameter. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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