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Abstract: In developed countries, more than half of all cancer patients receive radiotherapy
at some stage in the management of their disease. However, a radiation-induced secondary
malignancy can be the price of success if the primary cancer is cured or at least controlled.
Therefore, there is increasing concern regarding radiation-related second cancer risks in
long-term radiotherapy survivors and a corresponding need to be able to predict cancer
risks at high radiation doses. Of particular interest are second cancer risk estimates for new
radiation treatment modalities such as intensity modulated radiotherapy, intensity
modulated arc-therapy, proton and heavy ion radiotherapy. The long term risks from such
modern radiotherapy treatment techniques have not yet been determined and are unlikely to
become apparent for many years, due to the long latency time for solid tumor induction.
Most information on the dose-response of radiation-induced cancer is derived from data on
the A-bomb survivors who were exposed to -rays and neutrons. Since, for radiation
protection purposes, the dose span of main interest is between zero and one Gy, the
analysis of the A-bomb survivors is usually focused on this range. With increasing cure
rates, estimates of cancer risk for doses larger than one Gy are becoming more important
for radiotherapy patients. Therefore in this review, emphasis was placed on doses relevant
for radiotherapy with respect to radiation induced solid cancer. Simple radiation protection
models should be used only with extreme care for risk estimates in radiotherapy, since they
are developed exclusively for low dose. When applied to scatter radiation, such models can
predict only a fraction of observed second malignancies. Better semi-empirical models
include the effect of dose fractionation and represent the dose-response relationships more
accurately. The involved uncertainties are still huge for most of the organs and tissues.
A major reason for this is that the underlying processes of the induction of carcinoma and
sarcoma are not well known. Most uncertainties are related to the time patterns of cancer
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induction, the population specific dependencies and to the organ specific cancer induction
rates. For radiotherapy treatment plan optimization these factors are irrelevant, as a
treatment plan comparison is performed for a patient of specific age, sex, etc. If a treatment
plan is compared relative to another one only the shape of the dose-response curve (the so
called risk-equivalent dose) is of importance and errors can be minimized.
Keywords: radiation induced cancer; radiotherapy; second cancer

1. Introduction
In developed countries, more than half of all cancer patients receive radiotherapy at some stage in
the management of their disease. Advances in cancer treatment have steadily improved survival times
over the past three decades. In 1971, three million people were living with cancer, representing
approximately 1.5% of the US population. In 2001, already ten million people were cancer survivors,
approximately 3.5% of the US population [1]. In the absence of other competing causes of death, 64% of
adults whose cancer was diagnosed during 1995 and 2000 could expect to be alive 5 years after
diagnosis, compared with 50% for those whose cancer was diagnosed during 1974 and 1976. Among
children, the improvement of cure rates is even more pronounced with 79% five-year cancer survivors
(1991-2000), compared with 56% after diagnosis during 1974 and 1976 [1].
Among all cancer survivors in 2001, 14% had received a cancer diagnosis more than 20 years ago [1].
Approximately half of these long-term survivors received a radiotherapy treatment and are thus subject
to radiation-related side effects. These long-term survivors experience a significant incidence of
chronic health problems after their treatment, including second primary cancer [2]. A second cancer is
defined as a histologically distinct cancer that develops after the first cancer. In total, 95,000 of
the 1.2 million new cancers diagnosed every year in the United States are second cancers. Second
cancers therefore account for 6%–10% of all cancer diagnoses and are the fourth or fifth most common
cancer in the United States [3]. A radiation induced secondary malignancy can be the price of success,
if the primary cancer is cured or at least controlled.
Research and development in radiation oncology is mainly directed to further increase cure rates.
This is currently achieved by the application of new radiation treatment modalities such as intensity
modulated radiotherapy (IMRT), intensity modulated arc-therapy, proton and heavy ion radiotherapy.
With the application of these treatment techniques also a larger number of secondary cancers are
expected for two reasons. One consequence of improved cure rates is a further increase in the number
of long-term survivors who are at risk of developing a second cancer. It is believed by some
researchers that we will see an increase in second malignancies due to the substantial increase in
beam-on time of IMRT techniques to deliver the same target dose but a different distribution of dose
(“low dose to a large volume”) compared to conventional treatment techniques [4,5]. In addition,
during proton and heavy ion radiotherapy, neutrons are created and could also have an impact on
second cancer induction. Therefore, it could be of great importance to know the risk for the patient to
develop a cancer, which could be caused by the application of a potential new radiation treatment.
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The long term risks from modern radiotherapy treatment techniques have not yet been determined
and are unlikely to become apparent for many years, due to the long latency time for solid tumor
induction. Therefore, decisions will have to be made using alternative types of evidence, as is common
in many other rapidly advancing disciplines of medicine. The evidence will, by necessity, comprise of
theoretical predictions [6]. Therefore there is a need to develop models for risk assessment based on
the current knowledge of radiation induced carcinogenesis.
2. Risk Factors for Second Cancers
There are several known risk factors for second cancers. Host-related risk factors for the induction
of second malignancies are age at diagnosis, gender and treatment of primary cancer. Younger age at
diagnosis of the primary cancer is associated with an increased risk of a second cancer, primarily
among radiation-associated second cancers [3,7-9]. The reasons for these age effects might be related
to one or more of the following: increased susceptibility of the underlying tissue to the mutagenic
effect of therapy at a younger age; the higher rate of cell proliferation during the early stages of
development; genetic susceptibility or a longer period of follow-up of the childhood cancer survivor
cohort, which allows second cancers with typically long latencies to emerge. The female sex is also
associated with an increased risk of second primary cancers, due to the excess number of secondary
breast cancers and, to some extent, to the increased occurrence of thyroid cancer in female survivors.
Among adults, several studies indicate that, for a given dose of radiation, women are more susceptible
to carcinogenesis than men [3].
Certain chemotherapeutic agents, particularly alkylating agents and topoisomerase II inhibitors,
increase the risk of developing a second cancer. In some cases, specific genetic changes caused by
these agents explain the increased risk of leukemia [3]. Increased risks of solid cancers after Hodgkin’s
disease have been generally attributed to radiotherapy, since patients receiving combined modality
treatment have in general no greater relative risk than patients treated solely with radiotherapy [10].
Only one study has reported a significantly higher risk for solid cancers after combined chemo- and
radio-therapy compared with irradiation alone. However, for selected solid cancer sites higher
(e.g., lung) or lower (e.g., breast) risks were observed after combined modality treatment than after
irradiation alone [10].
Emerging risk factors for second cancers include familial cancer syndromes, gene-environment
interactions, lifestyle choices and other medical complications associated with treatment for the
primary cancer [3].
Radiation therapy increases the risk of several second cancers in a dose-dependent manner. Most
second cancers associated with radiotherapy occur in or near the area that was irradiated and most have
a long latency [3,11].
3. Epidemiology of Second Primary Cancers after Radiation Therapy
Ionizing radiation can cause most types of cancer, but different organs vary in their susceptibility [2].
The epidemiological data from the Hodgkin’s patients treated with radiotherapy and/or chemotherapy
indicate that radiation causes mainly solid cancers and chemotherapy mainly leukemia [10]. The risk is
highest when the exposure occurs at a younger age [8,9]. In general, cancer risk increases as the total
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dose of radiation increases and there seems to be a long latency period, probably due to the time
required for sufficient mutations to accumulate [3]. Most radiation-associated second cancers develop
within or at the edge of the radiation field [11,12].
Radiation-associated bone tumors and sarcomas show all the characteristics of radiation-associated
second cancers: there is a clear relationship with radiation dose and the second cancers develop within
the radiation field, typically after a latency period of ten years [13]. Another radiation-associated tumor
is breast cancer, which has been increasingly reported among patients receiving radiation for
Hodgkin’s disease [9,14-16]. The latency is typically between 15 and 20 years from primary diagnosis,
and the risk is highest among patients diagnosed at a younger age, decreasing to that of the general
population for patients receiving radiation for their primary cancer after the age of 30 years. The
tumors typically develop within or at the edge of the radiation field. Patients receiving radiation to the
neck region are at an increased risk of developing thyroid cancers [17,18]. Patients receiving
radiotherapy for prostate cancer are at an increased risk of sarcomas, lung-, bladder- and rectal cancer [19].
Brain tumors have been reported following cranial radiation for histologically distinct brain tumors or for
prophylaxis or treatment of central nervous system [20]. A huge body of literature on second cancer
induction after radiation therapy is available. The epidemiological data are usually obtained for patients
who were treated 20 or 30 years ago and thus the dose was in general not recorded precisely enough to
reconstruct possible dose-response relationships. Most meaningful risk data were obtained from the
Hodgkin’s patients treated with radiation (Figure 1). There are only a few publications where case
control studies were performed [14-16,22-26] and which could give more insights into dose-response
relationships for second cancer induction.
Figure 1. Cumulative risk (solid lines) for a Hodgkin’s patient who was treated with
radiation- and/or chemo-therapy to develop a second solid cancer as a function of age after
diagnosis (attained age). The dashed lines represent the incidence in the general population.
Figure is taken from [21].

Genes 2011, 2

1037

In summary, the following conclusions can be drawn from epidemiological studies:
(i) Radiotherapy patients are at a higher risk of developing a solid cancer than the general population;
(ii) Nearly all secondary tumors occurred in or at the border of the original treatment fields;
(iii) Children have a much larger risk to develop radiation induced cancer;
(iv) The quantification of secondary tumor risk is not trivial due to the missing information on
dose distribution.
4. The Characteristics of Dose Distributions from Contemporary Radiation Therapy
For intensity-modulated radiotherapy the photon flux of a treatment field is varied perpendicular to
the beam direction. This additional degree of freedom allows to shape the dose distribution more
precisely than in conventional radiotherapy (3D-CRT) with treatment fields of constant flux.
The realization of IMRT has two consequences regarding cancer induction. First, for the application
of an intensity modulated treatment field, the beam-on time is substantially increased in order to
deliver the same target dose. Second, the distribution of dose is different when compared to
conventional treatment techniques (“low dose to a large volume”). As a consequence, the scatter dose
to the patient is increased, but the integral dose approximately unchanged. The integral dose is the
measure of the total energy deposited in the patient outside the target volume. In addition, when IMRT
is delivered with photon energies above 10 MeV, neutrons are produced in the treatment head. The
neutrons could lead to a considerable contribution to the integral dose, in particular, since neutrons
have a large quality factor and thus even a small physical dose can result in considerable
biological effects.
When proton or ion therapy is used to treat a patient, the integral dose is lower per se when
compared to an equivalent photon treatment. The reason for this is that the dose deposited by protons
rises sharply near the end of their range, giving rise to the so-called Bragg peak (Figure 2). This differs
significantly from the dose deposition by photons, which is quasi exponential. As a result the integral
dose from proton or ion therapy is a factor of 2–3 lower than a comparable photon treatment [27]. This
integral dose advantage is somewhat balanced by the additional neutron dose. The nuclear interactions
of protons create a halo of neutrons and are responsible for a low dose everywhere in the patient. Two
possible beam delivery systems for proton and ion therapy have to be distinguished regarding neutron
dose. Active scanning sweeps a fine pencil beam through the target. Since scanning is mainly
accomplished by magnetic means, neutrons are mainly produced in the patient itself [28]. In contrast,
passively scattered beams are produced by interposing scattering material into a pencil beam to
produce a broad beam which covers the whole target volume. Therefore, more neutrons are produced
and the neutron dose from scattered beams is much larger than from pencil beam scanning, which is
depicted in Figure 3 [29,30]. Close to the target protons offer a distinct advantage due to the lower
integral dose. Out-of-field, but within approximately 25 cm from the field edge, the scattered photon
dose in intensity modulation turned out to be roughly a factor of 2 lower than the neutron equivalent
dose from scattered proton therapy. At larger distances to the field (beyond approximately 25 cm),
protons offer an advantage, resulting in doses that are roughly a factor of 2–3 lower [31].
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Figure 2. Depth dose distribution for photons and monoenergetic Bragg curves for carbon
ions and protons taken from [32].

Figure 3. Comparison of neutron dose equivalent given in mSv per treatment Gy for two
proton therapy beam lines for a prostate treatment. The red curve shows the results of
measurements at the passive (scatter) beam line at Loma Linda [29,30] and the blue curve
results from measurements at the active beam line at Paul Scherrer Institute (PSI) [28]. All
measurements were performed perpendicular to the beam direction.

5. Modeling Risk of Cancer Induction for Radiotherapy Doses
5.1. Simple Models Based on Radiation Protection Concepts
Simple models to predict risk of radiation induced cancer for radiotherapy dose levels are based on
conventional concepts from radiation protection, i.e., ICRP [33] or BEIR [34]. These models are based
on the linear approximation of the risks of the Atomic-bomb survivors and use effective dose (the
tissue-weighted sum of the equivalent doses in all specified tissues) for risk estimation. Basic risk
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factors are usually modified by a dose and dose-rate effectiveness factor (DDREF) for the application
to low dose-rates. The linear model is only valid for doses up to around 1–2 Gy and as such, is in
general, not applicable to radiotherapy dose distributions with doses up to around 100 Gy. It is stated
by the ICRP, that effective dose is intended for use as a protection quantity on the basis of reference
values and therefore is not recommended for epidemiological evaluations, nor should it be used for
detailed specific retrospective investigations of individual exposure and risk. Rather, absorbed dose
should be used with the most appropriate quality and risk factor data. Organ or tissue doses, not
effective doses, are required for assessing the probability of cancer induction in exposed individuals
(157 in [33]). It is also the policy of ICRP that it’s recommended nominal risk coefficients should be
applied to whole populations and not to individuals (81 in [33]).
Despite all that criticism, radiation protection models were used by several authors. In general they
are applied to radiotherapy dose distributions in two different ways:
(i) The dose distribution can be separated into two parts. The primary dose distribution is created by
particles impinging on the patient through the opening of the beam aperture. This includes patient
scattering mainly produced by Compton scattering (photons) and multiple Coulomb scattering or
inelastic nuclear interactions (protons and ions). The scatter dose distribution is generated by radiation
scattered from the treatment head, leakage radiation through the collimators and neutrons produced
either in the machine or the patient. Radiation protection models can be applied exclusively to the dose
originating from scatter radiation [4,35-41]. In principle the linear model is applied to very low doses
with a threshold of around 100 mGy. The threshold represents the maximum applied scatter dose
during a radiotherapy treatment (Figure 4a). The results of such estimates are that cancer risk is not a
function of the integral dose, but proportional to the amount of scatter dose. As a consequence, such
studies result in an estimated increase of cancer risk by a factor of 2 to 10 for IMRT and passive proton
therapy. The reason for this is the considerably larger amount of scatter and neutron dose of those
treatment modalities compared to conventional treatment techniques. While in such situations the
application of radiation protection concepts may be appropriate, since exclusively the low doses are
investigated, the main disadvantage of such an approach is that the primary dose distribution (>100 mGy)
is completely neglected. Thus risk estimates based on scatter dose would only include second
cancer induction far away from the treated side. It is reported, however, that only around 20% of all
radiation-induced malignancies are found far away from the treated volume [11].
(ii) Other researchers have applied linear models to the complete dose distribution including the
primary part (Figure 4b), but excluding the dose delivered to the target volume [42-44]. One result of
these studies is that risk estimates are in general proportional to the integral dose and not dependent on
the treatment technique (risk after IMRT is approximately the same than after non-IMRT). However,
risk was substantially different for different radiation qualities. A considerable risk reduction was
observed for protons when compared to photons. While the advantage of these studies is the
consideration of the complete dose distribution, the main disadvantage is the application of the linear
model to very large doses.
In summary, the application of radiation protection concepts to radiotherapy patients yield contradictory
results, since the linear model is applied in two completely different ways to the dose distribution. Risk
estimates based on such models have to be applied with extreme care, since above 1 Gy the A-bomb
survivor data are better fitted by linear-quadratic or linear-quadratic-exponential models [45,46].
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Figure 4. Use of radiation protection cancer risk models in radiation oncology. In (a) a
linear model is used with a threshold at around 100 mGy in (b) the linear model is used
over the complete dose range excluding the dose in the target.
Cancer risk

(a) Linear model with
threshold

(b) Linear model
with- out threshold

~100 mGy

Dose in Gy

5.2. Advanced Models for Cancer Risk Estimates Excluding Fractionation
Despite the large body of experimental and clinical experience which now exists, the general form
of the dose-response curve for radiation carcinogenesis following high dose radiation is not completely
clear. Experimental and epidemiological studies have yielded a confusing array of dose-response
relationships, mainly because the radiation dose is not well known from epidemiological studies.
A two-stage mutation model was used by Wheldon and Lindsay [47,48] to obtain a dose-response
curve for doses in the radiotherapy range (shown in Figure 5). They obtained a typical bell shaped
dose-response curve with vanishing cancer risk at doses larger than 20 Gy. Their model contained
11 parameters and they studied the parameter dependence in a very general way without obtaining
organ specific dose-response functions.
Figure 5. Percentage incidence of carcinogenesis as modeled by Lindsay et al. [48] for
different values of radiosensitivities γ. Figure is taken from [48].
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A similar approach was used by Dasu et al. [49,50]. They described dose-response relationships
with a competition model (cell sterilization versus transformations) which takes into account the
probability to induce DNA mutations and the probability of cell survival after irradiation. The shape of
the curves was analyzed in relation to the parameters. Their results were quite similar to the model of
Wheldon and Lindsay [47,48].
Another approach was used by Schneider and Walsh [46] based on the epidemiological data of the
A-bomb survivors. They extended the analysis of the A-bomb survivors by including two extra
high-dose categories (4–6 Sv and 6–13 Sv) and by an attempted combination with cancer data on
patients receiving radiotherapy for Hodgkin’s disease. This work provided evidence of a bending over
of the solid cancer excess risk dose response curve for the A-bomb survivor at doses larger than 2 Gy.
The fit to the A-bomb data provided the model parameters for a bell-shaped dose-response curve for
all solid cancers.
It can be concluded that mathematical models of the dose-response curve, not considering
fractionation, up to radiotherapy dose levels show a bell shaped behavior due to cell sterilization at
large dose. However, epidemiological studies of radiation-induced second cancers in the lung and
breast, covering a very wide range of doses, contradict this assumption [50]. A likely resolution of this
disagreement comes from considering fractionation effects.
5.3. Advanced Models for Cancer Risk Estimates Including Fractionation
Dose fractionation is common in radiation therapy. Fractionation effects can be important for
carcinogenesis and can be included into the models by considering cell repopulation between the dose
fractions. Repopulation tends to counteract cell killing and accounts for the large discrepancies
between the standard model for cancer induction neglecting fractionation at high doses (Section 5.2)
and recent second cancer data [51].
Sachs and Brenner [52] and Shuryak et al. [53,54] developed dose-response relationships for excess
relative risk (ERR) of cancer induction for a wide dose range. Their model integrates, into a single
formalism, mechanistic analyses of pre-malignant cell dynamics on two different time scales: short-term
during radiotherapy and recovery and long-term during the entire life span. The model was applied to
nine solid cancer types (stomach, lung, colon, rectal, pancreatic, bladder, breast, central nervous
system and thyroid) using data on radiotherapy induced second malignancies, on Japanese atomic
bomb survivors and the statistics on cancer incidence in the general United States population.
Another approach was developed by Schneider [55] to model excess absolute risk (EAR). The
linear-quadratic model of cell kill was applied to normal tissues which are unintentionally irradiated
during a cancer treatment with radiotherapy. Tumor induction was modeled such that each transformation
process results in a tumor cell. The microscopic transformation parameter was chosen such that in the
limit of low dose and acute exposure the parameters of the linear-no-threshold model for tumor
induction were approached. The long-term time patterns were modeled exclusively using the A-bomb
survivor data. The model describes separately carcinoma and sarcoma induction after fractionated
radiotherapy as an analytical function of four parameters and was fitted to 16 solid cancer types:
female breast (shown in Figure 6), lung, rectum, colon, mouth and pharynx, stomach, small intestine,
liver, cervix, bladder, skin, brain and CNC, salivary gland, bone and soft tissue sarcoma [56-58].
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Figure 6. Plot of the modelled excess absolute risk (solid line) to the epidemiological data
of Travis et al. [11] for α/β = 3 Gy. The dashed line represents the linear model for breast
cancer with the corresponding error.

The two approaches which include the effect of fractionation into carcinogenesis models use
different strategies: Sach and Shuryak model ERR, Schneider EAR. The advantage of modeling ERR
is that the transfer of risk estimates between different populations (Japanese-Western) is more robust
than using EAR models. However, ERR dose-response relationships require models of the background
cancer rate for the different tissues which complicates the model resulting in 11 adjustable parameters.
In contrast, EAR models determine directly the probability of a radiation induced cancer. Thus, the
presented EAR model needs 4 parameters and uses the time patterns from the A-bomb survivor data,
which are shown for breast cancer in Figure 7 [59].
Figure 7. Verification of the modeled time patterns with epidemiological data. Plot of the
modeled age dependence of the standardized incidence ratio (SIR) as the solid lines for the
age at treatment groups <20, 21–30, 31–40 and 41–50, respectively. The corresponding
epidemiological data from de Bruin et al. [9] are plotted as the symbols together with the
corresponding 95% confidence interval.
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It should be noted here, that the dose response-relationships for radiation induced cancer describe
cancer risk as a function of point dose and are in general a non-linear function of dose [45]. As a direct
consequence, cancer risk is not proportional to average or integral dose. Unfortunately, in literature
cancer risk is often plotted as a function of average dose which is meaningless for doses larger than
around one Gy except for linear dose-response relationships.
5.4. Concept for Treatment Plan Comparisons with Regard to Cancer Induction
Potentially, the models described in Section 5.4 can be incorporated into radiotherapy treatment
planning algorithms, adding second cancer risk as an optimization criterion. Optimization of a
radiotherapy treatment usually involves the comparison of different competitive treatment plans for a
specific patient. Therefore, it is not necessary to include into treatment planning optimization estimates
of ERR or EAR, which are subject to large uncertainties regarding population dependent parameters
such as age at exposure, attained age and sex. Treatment planning comparison can be much simplified
by using exclusively the dose-dependence of cancer risk models for comparison. Therefore, it makes
sense to define a generalized dose parameter which is equivalent to cancer induction and is based on
the modeled dose-response relationship for carcinogenesis.
The excess absolute or relative risk in a small volume element of an organ can be factorized into a
function of dose RED (risk equivalent dose) and a modifying function μ that depends on the variables
age at exposure, age attained and sex:
Risk = β RED (D ) μ (agex, agea, sex )

(1)

where RED is the dose-response relationship for radiation induced cancer and  the organ-specific
cancer induction rate. The risk equivalent dose RED of a treatment plan is then a three-dimensional
distribution of a generalized dose parameter measured in Gy and proportional to risk. RED is organ
and tissue depended and thus, for a comparison it should be averaged over each organ and tissue of
interest in the patient:

OED =

1
VT

¦V (D ) RED( D )
i

i

i

(2)

where organ equivalent dose (OED) is introduced which is a dose-response (RED) weighted dose
variable averaged over the whole organ volume [60]. It becomes instantly clear that risk ratios for
different radiotherapy treatment plans are equivalent to OED ratios which can be simply determined
on the basis of the organ specific dose-response relationship (RED) and the dose volume histogram
V(D). OED values are keeping the necessary variables and the corresponding uncertainties
at a minimum.
An example of the distribution of risk equivalent dose for different treatment plans is shown in
Figure 8 and a comparison of OED ratios for different treatment techniques in Figure 9 [61].
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Figure 8. Distribution of risk equivalent dose (RED) in a 1 year old radiotherapy patient
with a rabdomyosarcoma in the prostate. The patient was planned with 3D-conformal
photons depicted in (a), intensity modulated photons (b) and pencil beam protons (c). RED
is shown in colors and covers a range of 0 to 9 Gy from blue to red.

Figure 9. Organ equivalent dose (OED) for the whole body of a one year old radiotherapy
patient with a rabdomyosarcoma in the prostate. The OED-ratios relative to 3D-conformal
photons are shown for intensity modulated photons, pencil beam protons and scattered
protons. Calculations were performed for three different dose-response relationships: a
linear (red), a bell shaped (blue) and a plateau (green) one.
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6. Conclusions

There is increasing concern regarding radiation-related second cancer risks in long-term radiotherapy
survivors and a corresponding need to be able to predict cancer risks at high radiation doses. Most
information on the dose-response of radiation-induced cancer is derived from data on the A-bomb
survivors who were exposed to -rays and neutrons. Since, for radiation protection purposes, the dose
span of main interest is between zero and one Gy, the analysis of the A-bomb survivors is usually
focused on this range. With increasing cure rates, estimates of cancer risk for doses larger than one Gy
are becoming more important for radiotherapy patients. Therefore, in this review, emphasis was placed
on doses relevant for radiotherapy with respect to radiation induced solid cancer.
Radiation protection models should be used only with extreme care for risk estimates in
radiotherapy, since they are developed exclusively for low dose. When applied to scatter radiation,
such models can predict only a fraction of observed second malignancies.
Better semi-empirical models include the effect of dose fractionation and represent the dose-response
relationships more accurately. The involved uncertainties are still huge for most of the organs and
tissues. A major reason for this is that the underlying processes of the induction of carcinoma and
sarcoma are not well known. Most uncertainties are related to the time patterns of cancer induction, the
population specific dependencies and to the organ specific cancer induction rates. For radiotherapy
treatment plan optimization these factors are irrelevant, as a treatment plan comparison is performed
for a patient of specific age, sex, etc. If a treatment plan is compared relative to another one only the
shape of the dose-response curve (the so called risk-equivalent dose) is of importance and errors can be
minimized. Therefore, treatment plan comparisons can be performed using mathematical models like
organ equivalent dose in combination with epidemiological obtained absolute risk data.
References

1.
2.

3.
4.

5.
6.

Centers for Disease Control and Prevention (CDC). Cancer survivorship-United States, 1971-2001.
MMWR Morb. Mortal. Wkly. Rep. 2004, 53, 526-529.
Suit, H.; Goldberg, S.; Niemierko, A.; Ancukiewicz, M.; Hall, E.; Goitein, M.; Wong, W.;
Paganetti, H. Secondary carcinogenesis in patients treated with radiation: A review of data on
radiation-induced cancers in human, non-human primate, canine and rodent subjects. Radiat. Res.
2007, 167, 12-42; Erratum. Radiat. Res. 2007, 167,748.
Bhatia, S.; Sklar, C. Second cancers in survivors of childhood cancer. Nat. Rev. Cancer 2002, 2,
124-132.
Followill, D.; Geis, P.; Boyer, A. Estimates of whole-body dose equivalent produced by beam
intensity modulated conformal therapy. Int. J. Radiat. Oncol. Biol. Phys. 1997, 38, 667-672;
Erratum. Int. J. Radiat. Oncol. Biol. Phys. 1997, 39, 783.
Hall, E.J.; Wuu, C.S. Radiation-induced second cancers: The impact of 3D-CRT and IMRT.
Int. J. Radiat. Oncol. Biol. Phys. 2003, 56, 83-88.
Newhauser, W.D.; Durante, M. Assessing the risk of second malignancies after modern
radiotherapy. Nat. Rev. Cancer 2011, 11, 438-448.

Genes 2011, 2
7.

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

1046

Neglia, J.P.; Friedman, D.L.; Yasui, Y.; Mertens, A.C.; Hammond, S.; Stovall, M.; Donaldson, S.S.;
Meadows, A.T.; Robison, L.L. Second malignant neoplasms in five-year survivors of childhood
cancer: Childhood cancer survivor study. J. Natl. Cancer Inst. 2001, 93, 618-629.
Preston, D.L.; Ron, E.; Tokuoka, S.; Funamoto, S.; Nishi, N.; Soda, M.; Mabuchi, K.; Kodama, K.
Solid cancer incidence in atomic bomb survivors: 1958-1998. Radiat. Res. 2007, 168, 1-64.
de Bruin, M.L.; Sparidans, J.; van't Veer, M.B.; Noordijk, E.M.; Louwman, M.W.; Zijlstra, J.M.;
van den Berg, H.; Russell, N.S.; Broeks, A.; Baaijens, M.H.; et al. Breast cancer risk in female
survivors of Hodgkin’s lymphoma: Lower risk after smaller radiation volumes. J. Clin. Oncol.
2009, 27, 4239-4246.
van Leeuwen, F.E.; Travis, L.B. Risk of Second Malignancy in Patients with Selected Primary
Cancers. In Cancer: Principles & Practice of Oncology, 7th ed.; DeVita, V.T., Hellman, S.,
Rosenberg, S.A., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2005; pp. 2575-2602.
Travis, L.B.; Gospodarowicz, M.; Curtis, R.E.; Clarke, E.A.; Andersson, M.; Glimelius, B.;
Joensuu, T.; Lynch, C.F.; van Leeuwen, F.E.; Holowaty, E.; et al. Lung cancer following
chemotherapy and radiotherapy for Hodgkin’s disease. J. Natl. Cancer Inst. 2002, 94, 182-192.
Welte, B.; Suhr, P.; Bottke, D.; Bartkowiak, D.; Dörr, W.; Trott, K.R.; Wiegel, T. Second
malignancies in high dose areas of previous tumor radiotherapy. Strahlenther. Onkol. 2010, 186,
174-179.
Rubino, C.; Shamsaldin, A.; Lê, M.G.; Labbé, M.; Guinebretière, J.M.; Chavaudra, J.; de Vathaire, F.
Radiation dose and risk of soft tissue and bone sarcoma after breast cancer treatment.
Breast Cancer Res. Treat. 2005, 89, 277-288.
Travis, L.B.; Hill, D.A.; Dores, G.M.; Gospodarowicz, M.; van Leeuwen, F.E.; Holowaty, E.;
Glimelius, B.; Andersson, M.; Wiklund, T.; Lynch, C.F.; et al. Breast cancer following radiotherapy
and chemotherapy among young women with Hodgkin disease. JAMA 2003, 290, 465-475.
van Leeuwen, F.E.; Klokman, W.J.; Stovall, M.; Dahler, E.C.; van't Veer, M.B.; Noordijk, E.M.;
Crommelin, M.A.; Aleman, B.M.; Broeks, A.; Gospodarowicz, M.; et al. Roles of radiation dose,
chemotherapy, and hormonal factors in breast cancer following Hodgkin’s disease. J. Natl.
Cancer Inst. 2003, 95, 971-980.
Inskip, P.D.; Robison, L.L.; Stovall, M.; Smith, S.A.; Hammond, S.; Mertens, A.C.; Whitton, J.A.;
Diller, L.; Kenney, L.; Donaldson, S.S.; et al. Radiation dose and breast cancer risk in the
childhood cancer survivor study. J. Clin. Oncol. 2009, 27, 3901-3907.
de Vathaire, F.; Hardiman, C.; Shamsaldin, A.; Campbell, S.; Grimaud, E.; Hawkins, M.; Raquin, M.;
Oberlin, O.; Diallo, I.; Zucker, J.M.; et al. Thyroid carcinomas after irradiation for a first cancer
during childhood. Arch. Intern. Med. 1999, 159, 2713-2719.
Sklar, C.; Whitton, J.; Mertens, A.; Stovall, M.; Green, D.; Marina, N.; Greffe, B.; Wolden, S.;
Robison, L. Abnormalities of the thyroid in survivors of Hodgkin’s disease: Data from the
Childhood Cancer Survivor Study. J. Clin. Endocrinol. Metab. 2000, 85, 3227-3232.
Brenner, D.J.; Curtis, R.E.; Hall, E.J.; Ron, E. Second malignancies in prostate carcinoma patients
after radiotherapy compared with surgery. Cancer 2000, 88, 398-406.
Löning, L.; Zimmermann, M.; Reiter, A.; Kaatsch, P.; Henze, G.; Riehm, H.; Schrappe, M. Secondary
neoplasms subsequent to Berlin-Frankfurt-Münster therapy of acute lymphoblastic leukemia in
childhood: Significantly lower risk without cranial radiotherapy. Blood 2000, 95, 2770-2775.

Genes 2011, 2

1047

21. Hodgson, D.C.; Gilbert, E.S.; Dores, G.M.; Schonfeld, S.J.; Lynch, C.F.; Storm, H.; Hall, P.;
Langmark, F.; Pukkala, E.; Andersson, M.; et al. Long-term solid cancer risk among 5-year
survivors of Hodgkin’s lymphoma. J. Clin. Oncol. 2007, 25, 1489-1497.
22. Rubino, C.; de Vathaire, F.; Shamsaldin, A.; Labbe, M.; Lê, M.G. Radiation dose, chemotherapy,
hormonal treatment and risk of second cancer after breast cancer treatment. Br. J. Cancer 2003,
89, 840-846.
23. Bhatti, P.; Veiga, L.H.; Ronckers, C.M.; Sigurdson, A.J.; Stovall, M.; Smith, S.A.; Weathers, R.;
Leisenring, W.; Mertens, A.C.; Hammond, S.; et al. Risk of second primary thyroid cancer after
radiotherapy for a childhood cancer in a large cohort study: An update from the childhood cancer
survivor study. Radiat. Res. 2010, 174, 741-752.
24. Sigurdson, A.J.; Ronckers, C.M.; Mertens, A.C.; Stovall, M.; Smith, S.A.; Liu, Y.; Berkow, R.L.;
Hammond, S.; Neglia, J.P.; Meadows, A.T.; et al. Primary thyroid cancer after a first tumour in
childhood (the Childhood Cancer Survivor Study): A nested case-control study. Lancet 2005, 365,
2014-2023.
25. Ronckers, C.M.; Sigurdson, A.J.; Stovall, M.; Smith, S.A.; Mertens, A.C.; Liu, Y.; Hammond, S.;
Land, C.E.; Neglia, J.P.; Donaldson, S.S.; et al. Thyroid cancer in childhood cancer survivors: A
detailed evaluation of radiation dose response and its modifiers. Radiat. Res. 2006, 166, 618-628.
26. Gilbert, E.S.; Stovall, M.; Gospodarowicz, M.; van Leeuwen, F.E.; Andersson, M.; Glimelius, B.;
Joensuu, T.; Lynch, C.F.; Curtis, R.E.; Holowaty, E.; et al. Lung cancer after treatment for
Hodgkin’s disease: Focus on radiation effects. Radiat. Res. 2003, 159, 161-173.
27. Lomax, A.J.; Bortfeld, T.; Goitein, G.; Debus, J.; Dykstra, C.; Tercier, P.A.; Coucke, P.A.;
Mirimanoff, R.O. A treatment planning inter-comparison of proton and intensity modulated
photon radiotherapy. Radiother. Oncol. 1999, 51, 257-271.
28. Schneider, U.; Agosteo, S.; Pedroni, E.; Besserer, J. Secondary neutron dose during proton
therapy using spot scanning. Int. J. Radiat. Oncol. Biol. Phys. 2002, 53, 244-251.
29. Wroe, A.; Rosenfeld, A.; Schulte, R. Out-of-field dose equivalents delivered by proton therapy of
prostate cancer. Med. Phys. 2007, 34, 3449-3456; Erratum. Med. Phys. 2008, 35, 3398.
30. Wroe, A.; Clasie, B.; Kooy, H.; Flanz, J.; Schulte, R.; Rosenfeld, A. Out-of-field dose equivalents
delivered by passively scattered therapeutic proton beams for clinically relevant field configurations.
Int. J. Radiat. Oncol. Biol. Phys. 2009, 73, 306-313.
31. Athar, B.S.; Bednarz, B.; Seco, J.; Hancox, C.; Paganetti, H. Comparison of out-of-field photon
doses in 6 MV IMRT and neutron doses in proton therapy for adult and pediatric patients.
Phys. Med. Biol. 2010, 55, 2879-28791.
32. Fokas, E.; Kraft, G.; An, H.; Engenhart-Cabillic, R. Ion beam radiobiology and cancer: Time to
update ourselves. Biochim. Biophys. Acta 2009, 1796, 216-229.
33. ICRP. The 2007 Recommendations of the International Commission on Radiological Protection.
ICRP Publication 103. Ann. ICRP 2007, 37, 1-332.
34. Biological Effects of Ionizing Radiation Committee. BEIR VII: Health Risks from Exposure to
Low Level of Ionizing Radiation; National Research Council, The National Academies: Washington,
DC, USA, 2006.

Genes 2011, 2

1048

35. Hall, E.J.; Martin, S.G.; Amols, H.; Hei, T.K. Photoneutrons from medical linear
accelerators—Radiobiological measurements and risk estimates. Int. J. Radiat. Oncol. Biol. Phys.
1995, 33, 225-230.
36. Verellen, D.; Vanhavere, F. Risk assessment of radiation-induced malignancies based on
whole-body equivalent dose estimates for IMRT treatment in the head and neck region.
Radiother. Oncol. 1999, 53, 199-203.
37. Kry, S.; Salephour, M.; Followill, D.; Stovall, M.; Kuban, D.A.; White, R.A.; Rosen, I.I.
The calculated risk of fatal secondary malignancies from intensity modulated radiotherapy.
Int. J. Radiat. Oncol. Biol. Phys. 2005, 62, 1195-1203.
38. Howell, R.M.; Hertel, N.E.; Wang, Z.; Hutchinson, J.; Fullerton, G.D. Calculation of effective
dose from measurements of secondary neutron spectra and scattered photon dose from dynamic
MLC IMRT for 6 MV, 15 MV, and 18 MV beam energies. Med. Phys. 2006, 33, 360-368.
39. Zacharatou-Jarlskog, C.; Paganetti, H. Risk of developing second cancer from neutron dose in
proton therapy as function of field characteristics, organ, and patient age. Int. J. Radiat. Oncol.
Biol. Phys. 2008, 72, 228-235.
40. Zacharatou-Jarlskog, C.; Lee, C.; Bolch, W.E.; Xu, X.G.; Paganetti, H. Assessment of organ-specific
neutron equivalent doses in proton therapy using computational whole-body age-dependent voxel
phantoms. Phys. Med. Biol. 2008, 53, 693-717.
41. Ruben, J.D.; Lancaster, C.M.; Jones, P.; Smith, R.L. A comparison of out-of-field dose and
its constituent components for intensity-modulated radiation therapy versus conformal
radiation therapy: Implications for carcinogenesis. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81,
1458-1464.
42. Schneider, U.; Lomax, A.; Lombriser, N. Comparative risk assessment of secondary cancer
incidence after treatment of Hodgkin’s disease with photon and proton radiation. Radiat. Res.
2000, 154, 382-388.
43. Miralbell, R.; Lomax, A.; Cella, L.; Schneider, U. Potential reduction of the incidence of
radiation-induced second cancers by using proton beams in the treatment of pediatric tumors.
Int. J. Radiat. Oncol. Biol. Phys. 2002, 54, 824-829.
44. Mu, X.; Björk-Eriksson, T.; Nill, S.; Oelfke, U.; Johansson, K.A.; Gagliardi, G.; Johansson, L.;
Karlsson, M.; Zackrisson, D.B. Does electron and proton therapy reduce the risk of radiation
induced cancer after spinal irradiation for childhood medulloblastoma? A comparative treatment
study. Acta Oncol. 2005, 44, 554-562.
45. Little, M.P.; Hoel, D.G.; Molitor, J.; Boice, J.D.; Wakeford, R.; Muirhead, C.R. New models for
evaluation of radiation-induced lifetime cancer risk and its uncertainty employed in the
UNSCEAR 2006 report. Radiat. Res. 2008, 169, 660-676.
46. Schneider, U.; Walsh, L. Cancer risk estimates from the combined Japanese A-bomb and Hodgkin
cohorts for doses relevant to radiotherapy. Radiat. Environ. Biophys. 2008, 47, 253-263.
47. Wheldon, E.G.; Lindsay, K.A.; Wheldon, T.E. The dose-response relationship for cancer
incidence in a two-stage radiation carcinogenesis model incorporating cellular repopulation.
Int. J. Radiat. Biol. 2000, 76, 699-710.
48. Lindsay, K.A.; Wheldon, E.G.; Deehan, C.; Wheldon, T.E. Radiation carcinogenesis modelling
for risk of treatment-related second tumours following radiotherapy. Br. J. Radiol. 2001, 74, 529-536.

Genes 2011, 2

1049

49. Dasu, A.; Toma-Dasu, I. Dose-effect models for risk-relationship to cell survival parameters.
Acta Oncol. 2005, 44, 829-835.
50. Dasu, A.; Toma-Dasu, I.; Olofsson, J.; Karlsson, M. The use of risk estimation models for the
induction of secondary cancers following radiotherapy. Acta Oncol. 2005, 44, 339-347.
51. Hall, E.J. Radiation, the two-edged sword: Cancer risks at high and low doses. Cancer J. 2000, 6,
343-350.
52. Sachs, R.K.; Brenner, D.J. Solid tumor risks after high doses of ionizing radiation. Proc. Natl.
Acad. Sci. USA 2005, 102, 13040-13045.
53. Shuryak, I.; Hahnfeldt, P.; Hlatky, L.; Sachs, R.K.; Brenner, D.J. A new view of radiation-induced
cancer: Integrating short- and long-term processes. Part I: Approach. Radiat. Environ. Biophys.
2009, 48, 263-274; Erratum. Radiat. Environ. Biophys. 2011, 50, 607-608.
54. Shuryak, I.; Hahnfeldt, P.; Hlatky, L.; Sachs, R.K.; Brenner, D.J. A new view of radiation-induced
cancer: integrating short- and long-term processes. Part II: Second cancer risk estimation. Radiat.
Environ. Biophys. 2009, 48, 275-286; Erratum. Radiat. Environ. Biophys. 2011, 50, 607-608.
55. Schneider, U. Mechanistic model of radiation-induced cancer after fractionated radiotherapy using
the linear-quadratic formula. Med. Phys. 2009, 36, 1138-1143.
56. Schneider, U.; Sumila, M.; Robotka, J. Site-specific dose-response relationships for cancer
induction from the combined Japanese A-bomb and Hodgkin cohorts for doses relevant to
radiotherapy. Theor. Biol. Med. Model. 2011, 8, 27.
57. Schneider, U.; Sumila, M.; Robotka, J.; Gruber, G.; Mack, A.; Besserer, J. Dose-response
relationship for breast cancer induction at radiotherapy dose. Radiat. Oncol. 2011, 6, 67.
58. Schneider, U.; Stipper, A.; Besserer, J. Dose-response relationship for lung cancer induction at
radiotherapy dose. Z. Med. Phys. 2010, 20, 206-214.
59. Preston, D.L.; Ron, E.; Tokuoka, S.; Funamoto, S.; Nishi, N.; Soda, M.; Mabuchi, K.; Kodama, K.
Solid cancer incidence in atomic bomb survivors: 1958-1998. Radiat. Res. 2007, 168, 1-64.
60. Schneider, U.; Zwahlen, D.; Ross, D.; Kaser-Hotz, B. Estimation of radiation-induced cancer
from three-dimensional dose distributions: Concept of organ equivalent dose. Int. J. Radiat.
Oncol. Biol. Phys. 2005, 61, 1510-1515.
61. Schneider, U.; Lomax, A.; Timmermann, B. Second cancers in children treated with modern
radiotherapy techniques. Radiother. Oncol. 2008, 89, 135-140.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

