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Abstract

Background and Purpose: Most information on the dose-response of radiation-
induced cancer is derived from data on the A-bomb survivors. 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. However, estimates
of cancer risk for doses larger than one Gy are becoming more important for
radiotherapy patients. Therefore in this work, emphasis is placed on doses relevant
for radiotherapy with respect to radiation induced solid cancer.

Materials and methods: For various organs and tissues the analysis of cancer
induction was extended by an attempted combination of the linear-no-threshold
model from the A-bomb survivors in the low dose range and the cancer risk data of
patients receiving radiotherapy for Hodgkin’s disease in the high dose range. The
data were fitted using organ equivalent dose (OED) calculated for a group of
different dose-response models including a linear model, a model including
fractionation, a bell-shaped model and a plateau-dose-response relationship.

Results: The quality of the applied fits shows that the linear model fits best colon,
cervix and skin. All other organs are best fitted by the model including fractionation
indicating that the repopulation/repair ability of tissue is neither 0 nor 100% but
somewhere in between. Bone and soft tissue sarcoma were fitted well by all the
models. In the low dose range beyond 1 Gy sarcoma risk is negligible. For increasing
dose, sarcoma risk increases rapidly and reaches a plateau at around 30 Gy.

Conclusions: In this work OED for various organs was calculated for a linear, a bell-
shaped, a plateau and a mixture between a bell-shaped and plateau dose-response
relationship for typical treatment plans of Hodgkin’s disease patients. The model
parameters (a and R) were obtained by a fit of the dose-response relationships to
these OED data and to the A-bomb survivors. For any three-dimensional
inhomogenous dose distribution, cancer risk can be compared by computing OED
using the coefficients obtained in this work.
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Introduction
The dose-response relationship for radiation carcinogenesis up to one or two Gy has

been quantified in several major analyses of the atomic bomb survivors data. Recent

papers have been published, for example, by Preston et al. [1,2] and Walsh et al. [3,4].

This dose range is important for radiation protection purposes where low doses are of

particular interest. However, it is also important to know the shape of the dose-

response curve for radiation induced cancer for doses larger than one Gy. In patients

who receive radiotherapy, parts of the patient volume can receive high doses and it is

therefore of great importance to know the risk for the patient to develop a cancer

which could have been caused by the radiation treatment.

There is currently much debate concerning the shape of the dose-response curve for

radiation-induced cancer [5-17]. It is not known whether cancer risk as a function of

dose continues to be linear or decreases at high dose due to cell killing or levels off

due to, for example, a balance between cell killing and repopulation effects. The work

presented here, aims to clarify the dose-response shape for the radiotherapy dose

range. In this dose range, the linear-no-threshold model (LNT) derived from the

atomic bomb survivors from Hiroshima and Nagasaki can be combined with cancer

risk data available from about 30,000 patients with Hodgkin’s disease who were irra-

diated with localized doses of up to around 40 Gy.

The usual method for obtaining empirical dose-response relationships for radiation

associated cancer is to perform a case control study. For each patient with a second

cancer the location of, and the point dose at the malignancy can be determined. If the

dose is obtained also for a number of controls the dose-response relationship for radia-

tion induced cancer can be obtained. The advantage of this method is a direct determi-

nation of risk as a function of point dose, the major disadvantage are the large errors

involved when determining the location and dose to the origin of the tumor. In this

work another method was used by assuming certain shapes of dose-response curves

based on model assumptions. The free model parameters for each organ are adjusted

in two steps. First, the models have to reproduce in the limit of low dose the risk coef-

ficients of the A-bomb survivors. Second, by applying the models to typical dose-

volume histograms of treated patients they have to predict the corresponding observed

second cancer risk which was obtained from epidemiological studies. An advantage of

this method is that no point dose estimates at the tumor origin are necessary; a disad-

vantage is that the obtained dose-response curve is dependent on the a priori model.

The aim of this paper is to attempt a combination of the LNT model derived from

the atomic bomb survivors and cancer risk data from a Hodgkin cohort treated with

radiotherapy, in order to determine possible dose-response relationships for radiation

associated site specific solid cancers for radiotherapy doses. This work is an extension

of recently published results on possible dose-response relationships for radiation

induced solid cancers for all organs combined [11,14,18]. The main difference to pre-

vious work is the use of a more realistic dose-response relationship including fractiona-

tion effects which is more suitable for radiotherapy applications. Many problems and

uncertainties are involved in combing these two data-sets. However, since very little is

currently known about the shape of dose-response relationships for radiation-induced

cancer in the radiotherapy dose range, this approach could be regarded as an attempt

to acquire more information in this area.
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Materials and methods
Cancer risk from the Atomic bomb survivor data

The excess absolute risk in a small volume element of an organ (EAR) is factorized

into a function of dose RED(D) and a modifying function that depends on the variables

age at exposure (agex) and age attained (agea):

EAR
(
D, agex, agea

)
= β RED (D) μ

(
agex, agea

)
, (1)

where RED (risk equivalent dose) is the dose-response relationship for radiation

induced cancer in units of dose and b is the initial slope, which is the slope of the

dose-response curve at low dose. The modifying function μ contains the population

dependent variables:

μ
(
agex, agea

)
= exp

(
γe

(
agex − 30

)
+ γa ln

(agea
70

))
(2)

In this form the fit parameters are gender-averaged and centered at an age at expo-

sure of 30 years and an attained age of 70 years. The initial slopes bEAR and the age

modifying parameters ge and ga for a Japanese population and for different sites are

taken from Preston et al. [1] and are listed in Table 1.

In this work it is intended to combine the Japanese A-bomb survivor data with sec-

ondary cancer data from of Hodgkin’s patients from a Western population. This raises

the issue of risk transfer between Japanese and Western populations. In this work we

transfer risk according to ICRP 103 [19] by establishing a weighting of ERR (excess

relative risk) and EAR that provides a reasonable basis for generalizing across popula-

tions with different baseline risks. For this purpose ERR:EAR weights of 0:100% were

Table 1 Initial slopes b (in brackets 95% confidence interval) of the A-bomb survivors
for age at exposure of 30 and attained age of 70 years and age modifying parameters
ge and ga for different sites.

Site bEAR - Japan* bEAR - UK* ge ga
All solid 52 (43...60) 74 (61...86) -0.024 2.38

Female breast 9.2 (6.8...12) 8.2 (6.1...11) -0.037 1.7

Lung 7.5 (5.1...10) 8.0 (5.5...11) 0.002 4.23

Rectum 0.56 (-0.13...1.4) 0.73 (-0.17...1.8) -0.024 2.38

Colon 8.0 (4.4...12) 7.4 (4.0...11.0) -0.056 6.9

Mouth and pharynx◇ 0.56 (0.2...1.2) 0.73 (0.3...1.6) -0.024‡ 2.38‡

Esophagus 0.58 (0.18...1.1) 3.2 (1.0...6.1) -0.002+ 1.9+

Stomach 9.5 (6.1...14) 5.2 (3.4...7.7) -0.002 1.9

Small Intestine† 8.0 (4.4...12) 10 (5.7...16) -0.056 6.9

Liver 4.3 (0.0...7.2) 2.4 (0.0...4.0) -0.021 3.6

Cervix 0.56 (0.0...1.9) 0.73 (0.0...2.5) -0.024‡ 2.38‡

Bladder 3.2 (1.1...5.4) 3.8 (1.3...6.5) -0.024‡ 2.38‡

Skin 0.35 (0.03...1.1) 0.46 (0.04...1.43) -0.61 4.36

Brain and CNS 0.51 (0.17...0.95) 0.70 (0.23...1.31) -0.024‡ 2.38‡

Thyroid 1.2 (0.5...2.2) 0.40 (0.2...0.8) -0.046 0.6

Salivary Gland◇ 0.56 (0.2...1.2) 0.73 (0.26...1.6) -0.024‡ 2.38‡

Bone - - -0.013‡ -0.56‡

Soft tissue - - -0.013‡ -0.56‡

The values for the Japanese population (bEAR - Japan) were taken from the analysis of Preston et al. [1]. Risk was
transferred to a Western population (bEAR - UK) by establishing a ERR-EAR weighting according to ICRP 103 [19].

*excess cases per 10’000 PY Gy, †initial slope from colon, ◇ initial slope from oral cavity, +age dependence from
stomach, ‡age dependence from all solid
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assigned for breast, 100:0% for thyroid and skin, 30:70% for lung, and 50:50% for all

others [19]. The risk ratios ERR:EAR from [20] are listed in Table 2 for the Japanese

and UK population normalized to the initial slopes bEAR of a Japanese population. The

ratio of the ERR:EAR weighted initial slope for a UK population and a Japanese popu-

lation is given in the last column of Table 2. This ratio was used to transfer bEAR of

the Japanese population to a UK population listed in the second column of Table 1.

Application of cancer risk models to radiotherapy patients

A word of caution is necessary here. EAR as defined by Eq. 1 is the mathematically

modeled excess absolute risk in a small volume element of an organ or tissue and

must be distinguished from the usually used epidemiologically obtained excess abso-

lute risk for a whole organ EARorg. Although this notation might appear confusing

we followed this approach as it was previously used by other authors [16,17]. If the

dose-volume-histogram V(d) in an organ of interest is known, excess absolute risk in

that organ can be obtained with Eq. 1 by a convolution of the dose-volume histo-

gram with EAR:

EARorg =
1
VT

∑
i

V (Di) β RED(Di)μ
(
agex, agea

)
, (3)

where VT is the total organ volume and the sum is taken over all bins of the dose-

volume histogram V(D). For a completely homogenously irradiated organ with a dose

Dhom excess absolute risk is simply EARorg = EAR(Dhom).

Table 2 Transfer of risks between the Japanese and the UK population using
weighting between a generalized ERR and EAR model according to ICRP 103 [19]
and UNSCEAR [20].

Site bERR/bEAR - Japan bERR/bEAR - UK wERR/wEAR bweighted - UK/bEAR - Japan

All solid 1.14/1.00 1.95/0.91 0.5/0.5 1.43

Female breast 1.04/1.00 2.88/0.89 0/1 0.89

Lung 1.46/1.00 1.56/0.87 0.3/0.7 1.07

Rectum† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

Colon 0.96/1.00 0.92/0.93 0.5/0.5 0.92

Mouth and pharynx† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

Esophagus 8.20/1.00 10.0/1.00 0.5/0.5 5.50

Stomach 0.69/1.00 0.13/0.97 0.5/0.5 0.55

Small Intestine† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

Liver 2.03/1.00 0.19/0.93 0.5/0.5 0.56

Cervix† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

Bladder 1 0.95/1.00 1.59/0.82 0.5/0.5 1.20

Bladder 2 0.95/1.00 1.59/0.82 0.5/0.5 1.20

Skin† 1.01/1.00 1.70/0.90 1/0 1.30

Brain and CNS 0.94/1.00 1.76/1.00 0.5/0.5 1.38

Thyroid 0.45/1.00 0.35/0.98 1/0 0.35

Salivary Gland† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

Bone 39.0/1.00 48.0/1.00 0/1 1.00

Soft tissue† 1.01/1.00 1.70/0.90 0.5/0.5 1.30

All values are normalized to EAR of the Japanese population. The weighting w between the model is taken from
ICRP103 [19].
†transfer between populations and models taken from “all other solids” of UNSCEAR [20]
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If risk estimates are applied to radiotherapy patients it is usually of interest to know

the advantage of a treatment plan A relative to another treatment plan B with respect

to cancer induction in one organ and one patient (same gender, age at exposure and

age attained). It is therefore necessary to evaluate the risk ratio:

EARA
org

EARB
org =

1
VT

∑
i
VA (Di) β RED(Di)μ

(
agex, agea

)
1
VT

∑
i
VB (Di) β RED(Di)μ

(
agex, agea

)

=

1
VT

∑
i
VA (Di)RED(Di)

1
VT

∑
i
VB (Di)RED(Di)

=
OEDA

OEDB
,

(4)

where we introduced organ equivalent dose (OED) [11] which is a dose-response

(RED) weighted dose variable averaged over the whole organ volume:

OED =
1
VT

∑
i

V (Di)RED(Di), (5)

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 an organ

specific dose-response relationship (RED) and dose volume histogram (V(D)). OED

values are independent of the initial slope b and the modifying function μ and are thus

keeping the necessary variables and the corresponding uncertainties at a minimum.

It should be noted here that for highly inhomogeneous dose distributions, cancer risk

is proportional to average dose only for a linear dose-response relationship. For any

other dose-response relationship, cancer risk is proportional to OED.

Dose-response models for carcinoma induction

Several different dose-response relationships for carcinoma induction are considered

here. The first is a linear response over the whole dose range:

RED (D) = D (6)

The second is a recently developed mechanistic model which accounts for cell killing

and fractionation effects and is for carcinoma induction of the form [21]:

RED (D) =
e−α′D

α′R

⎛
⎜⎝1 − 2R + R2eα

′D − (1 − R)2e
−

α′R
1 − R

D

⎞
⎟⎠ , (7)

where it assumed that the tissue is irradiated with a fractionated treatment schedule

of equal dose fractions d up to a dose D. The number of cells is reduced by cell killing

which is proportional to a’ and is defined using the linear quadratic model

α′ = α + βd = α + β
D

DT
dT , (8)

where DT and dT is the prescribed dose to the target volume with the corresponding

fractionation dose, respectively. For analyzing the Hodgkin data from Dores et al. [22]

we used for DT = 40 Gy and for dT = 2 Gy. The repopulation/repair parameter
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R characterizes the repopulation/repair-ability of the tissue between two dose fractions

and is 0 if no and 1 if full repopulation/repair occurs. It is assumed here an a/b = 3

Gy for all tissues, since analysis of breast cancer data has shown that the dose-response

model is robust with variations in a/b [23].

Since a dose-response model as described by Eq. 7 is based on various assumptions

and thus related to uncertainties it was decided to include two limiting cases. The first

one, commonly named bell-shaped dose-response curve, is defined by completely

neglecting any repopulation/repair effect and thus fractionation and is derived by tak-

ing Eq. 7 in the limit of R = 0:

RED (D) = D exp
(−α′D

)
(9)

Although the case R = 0 represents an acute dose exposure, repopulation/repair

effects are certainly important. However, any repopulated cell is not irradiated (as long

as the time scale of irradiation is small) and thus, in the context of carcinogenesis,

repopulation/repair effects are in this case irrelevant.

The second limiting case is a dose-response relationship in case of full repopulation/

repair, and is derived by taking Eq. 7 in the limit of R = 1:

RED (D) =
1 − exp

(−α′D
)

α′ (10)

Organ equivalent dose for the dose-response curves defined by Eqs. 6,7,9 and 10

become in the limit of small dose:

lim
D→0

OED =
1
VT

∑
i

ViRED (Di) =
1
V

∑
i

ViDi = D (11)

Hence OED is, in the case of a homogenous distribution of small dose, average

absorbed organ dose D;-. Thus in the limit of small dose all proposed dose-response

relationships approach the LNT model and the initial slope b can be obtained from

the most recent data for solid cancer incidence. Here the data for a follow-up period

from 1958 to 1998 was used from a publication of Preston et al. [1].

Dose-response models for sarcoma induction

The excess risk of sarcomas observed from the study of the A-bomb survivors [1] is an

order of magnitude smaller than for carcinomas. Data from radiotherapy patients indi-

cate however that sarcoma induction at high dose is at a comparable magnitude than

carcinoma induction. Therefore it is not appropriate to assume a pure linear dose-

response relationship for sarcoma induction. A recently developed sarcoma induction

model was used which accounts for cell killing and fractionation effects and is based

on the assumption that stem cells remain quiescent until external stimuli like ionizing

radiation trigger re-entry into the cell cycle. The corresponding mechanistic model

which accounts also for cell killing and fractionation effects is of the form [21]:

RED (D) =
e−α′D

α′R

⎛
⎜⎝1 − 2R + R2eα

′D − (1 − R)2e
−

α′R
1 − R

D
− α′RD

⎞
⎟⎠ , (12)
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where is assumed that the tissue is irradiated with a fractionated treatment schedule

of equal dose fractions d up to a dose D and the parameters have the same meaning

than in Eq. 7. Since a dose-response model as described by Eq. 12 is based on various

assumptions and thus related to uncertainties it was decided, similar to the carcinoma

case, to study three cases. The first one is defined by looking at minimal repopulation/

repair effects by using Eq. 12 with a fixed R = 0.1. The second one is defined by look-

ing at intermediate repopulation/repair effects by using Eq. 12 with a fixed R = 0.5.

The third case is a dose-response relationship in case of full repopulation/repair, and is

derived by taking Eq. 12 in the limit of R = 1:

RED (D) =
exp

(−α′D
)

α′
(−1 − α′D + exp

(
α′D

))
. (13)

Organ equivalent dose for the dose-response curves for sarcoma induction defined

by Eqs. 12 and 13 become, in the limit of small dose:

lim
D→0

OED =
1
VT

∑
i

ViRED (Di) =
α2R

6 (1 − R)
D3 (14)

Sarcoma risk from a homogenous distribution of small dose is proportional to the

cube of dose and thus results in a much lower cancer risk than expected from a linear

model. This is consistent with the observations of the A-bomb survivors.

Modeling of the Hodgkin’s patients

Cancer risk is only proportional to average organ dose as long as the dose-response

curve is linear. At high dose it could be that the dose-response relationship is non-lin-

ear and as a consequence, OED replaces average dose to quantify radiation induced

cancer. In order to calculate OED in radiotherapy patients, information on the three-

dimensional dose distribution is necessary. This information is usually not provided in

epidemiological studies on second cancers after radiotherapy. However, in Hodgkin’s

patients the three-dimensional dose distribution can be reconstructed.

For this purpose data on secondary cancer incidence rates in various organs for

Hodgkin’s patients treated with radiation were included in this analysis. Data on Hodg-

kin’s patients treated with radiation seem to be ideal for an attempted combination

with the A-bomb data. These patients were treated at a relatively young age, with cura-

tive intent and hence secondary cancer incidence rates for various organs are known

with a good degree of precision. Since the treatment of Hodgkin’s disease with radio-

therapy has been highly successful in the past, the treatment techniques have not been

modified very much over the last 30 years. This can be verified, for example, by a com-

parison of the treatment planning techniques used from 1960 to 1970 [24] with those

used from 1980 until 1990 [25]. Additionally, the therapy protocols do not differ very

much between the institutions that apply this form of treatment. These factors make it

possible to reconstruct a statistically averaged OED for each dose-response model RED

(D), which is characteristic for a large patient collective of Hodgkin’s disease patients.

The overall risk of selected second malignancies of 32,591 Hodgkin’s patients after

radiotherapy has been quantified by Dores et al. [22]. They found, for all solid cancers

after the application of radiotherapy as the only treatment, an excess absolute risk of

33.1 per 10,000 patients per year. The site-specific excess risks are listed in Table 3.
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The total number of person years in these studies was 92,039 with a mean patient age

at diagnosis of 37 years. The mean follow-up time of the Hodgkin’s patients was 8

years. The mean age at diagnosis (agex = 37) and the mean attained age (agea = 45)

was then used with the temporal patterns of the atomic bomb data (Eq. 2) to obtain

the site specific risks at agex = 30 and agea = 70 years for the Dores data (Table 3).

For bladder cancer the temporal pattern could be determined only with a large error

which results in a variation of the corresponding EARorg by more than one order of

magnitude. Therefore it was decided to apply for bladder cancer the temporal pattern

for all solid cancers.

Typical treatment techniques for Hodgkin’s disease radiotherapy were reconstructed

in an Alderson Rando Phantom with a 200 ml breast attachment. Treatment planning

was performed on the basis of the review by Hoppe [25] and the German Hodgkin dis-

ease study protocols http://www.ghsg.org. We used for treatment planning the Eclipse

External Beam Planning system version 8.6 (Varian Oncology Systems, Palo Alto, CA)

using the AAA-algorithm (version 8.6.14) with corrected dose distributions for head-,

phantom- and collimator-scatter. Three different treatment plans were computed

which included a mantle field, an inverted-Y field and a para-aortic field. All plans

were calculated with 6 MV photons and consisted of two opposed fields. The techni-

que for shaping large fields included divergent lead blocks. Treatment was performed

at a distance of 100 cm (SSD). Anterior-posterior (ap/pa) opposed field treatment tech-

niques were applied to insure dose homogeneity.

The dose-volume histograms of the organs and tissues (exclusive of bone and soft

tissue) which are listed in Table 1 were converted into OED according to the dose-

response relationships for carcinomas (Eqs. 6, 7, 9 and 10). A statistically averaged

OED was then obtained by combining the OED from different plans with respect to

Table 3 Observed excess absolute risk of site-specific radiation induced cancer from the
study of Dores et al. [22].

Site EARorg

agex = 37 and agea = 45
EARorg

agex = 30 and agea = 70

All solid 33.1 112.1

Female breast 10.5 28.8

Lung 9.7 62.0

Rectum 0.40 1.53

Colon 2.0 62.4

Mouth and pharynx 2.7 9.1

Esophagus 0.7 1.6

Stomach 1.5 3.5

Small Intestine 0.1 3.1

Liver 0.4 2.3

Cervix 1.6 5.4

Bladder 0.8 2.7

Skin 0.9 9.5

Brain and CNS 0.5 1.7

Thyroid 1.4 2.5

Salivary Gland 0.5 1.7

Bone 0.3 0.3

Soft tissue 1.0 0.9

Patients were primarily treated for Hodgkin’s disease with radiotherapy. The data for agex = 30 and agea = 70 years
were converted using the temporal patterns of the atomic bomb data (Eq. 2) with the coefficients listed in Table 2.
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the statistical weight of the involvement of the individual lymph nodes [26]. The same

was executed with bone and soft tissue using the sarcoma dose-response relationships

from Eqs. 12 and 13. Here it is assumed that radiation causes in bone and soft tissue

exclusively sarcomas, in all other organs which are listed in Table 1 carcinomas.

Combined fit of A-bomb survivor and Hodgkin’s patients

Since the dose distribution in a Hodgkin’s patient is highly inhomogenous and the

dose-response relationships as described by Eqs. 7, 9, 10, 12 and 13 are non-linear, it is

not appropriate to apply a straight forward fit to the data. An iterative fitting proce-

dure needs to be used instead. For this purpose, as described in the previous section,

the dose-volume histograms for the different organs of interest were converted into

OED for given model parameters a and R. The initial slope b was taken from Table 1

for carcinoma induction and kept fix. For sarcoma dose-response curves the para-

meters b and a were varied and R was kept fix at 0.1, 0.5 and 1, respectively.

The fitted EAR values were compared to the original data. The a- and R-values, and

a- and b-values were fitted iteratively by minimizing c2 for carcinoma and sarcoma

induction, respectively

χ2 =

(
EARorg − βUK

EAR
1
VT

∑
i

V (Di)RED (Di,α,R)

)2

, (15)

where the sum is taken over all bins of the dose volume histogram of the specific

organ. The coefficient of variation (CV) was calculated to estimate the quality of the

fit:

CV =

√
χ2

EARorg
(16)

A fit was accepted as significant good when CV < 0.05.

The linear model from Eq. 6 was optimized by allowing a variation of the initial

slope b in the 95% confidence interval of the A-bomb survivor data (Table 1).

The procedure described above was slightly varied to fit all solid cancers, since for all

solid cancers combined statistically significant A-bomb data up to approximately 5 Gy

are available. Thus the a- value for all solid cancers combined could be obtained using

the A-bomb data and was fixed at 0.089 [18].

Results
The results of the parameter fits are listed in Table 4 for carcinoma induction and in

Table 5 for sarcoma induction. Not all dose-response models could fit the data well

(CV > 0.05). This was indicated by “nc” in the tables. The Figures show the fitted dose

response models for the different organs and tissues. In Figures 1 (all solid), 2 (female

breast), 3 (lung), 4 (colon), 5 (mouth and pharynx), 6 (stomach), 7 (small intestine), 8

(liver), 9 (cervix), 10 (bladder), 11 (skin), 12 (brain and CNS) and 13 (salivary glands)

carcinoma induction is plotted using the linear model indicated by the black line, the

full model marked by the red line, the model neglecting fractionation and thus repopu-

lation with R = 0 (sometimes called a bell-shaped dose-response) labeled by the green

line and finally the model describing full repopulation between dose fractions with R =

1 (sometimes called a plateau dose-response) marked by the blue line. Figures 14
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(bone) and 15 (soft tissue) show sarcoma induction for the model with low repopula-

tion effects and R = 0.1 labeled by the green line, with intermediate repopulation

effects and R = 0.5 labeled by the red line and finally the model describing full repopu-

lation between dose fractions with R = 1 marked by the blue line.

All dose-response models are plotted for a age at diagnosis of 30 and an attained age

of 70 years, but they can easily converted to other ages by using the temporal patterns

described by Eq. 2 with the parameters listed in Table 1.

From the analysis excluded were Esophagus and Thyroid, since theses organs were

covered by a limited dose range of 30-55 Gy and 44-46 Gy, respectively.

Discussion
Figure 1 shows the dose-response models fitted to the whole body structure (the com-

plete Alderson phantom). The initial slope b of the A-bomb survivor data is that for

all solid tumors. The linear model was not converging, all other models could be fitted.

Table 4 Results of the fits to the Hodgkin data for the different dose-response models
for carcinoma induction.

Site Linear
(Eq.6)

Full model
(Eq.7)

No fractionation (bell
shape) R = 0

(Eq.9)

Full tissue recovery
(plateau) R = 1

(Eq.10)

b† CV a* R CV a* CV a* CV

All solid nc 0.089 0.17 6.4E-3 0.065 4.8E-3 0.317 8.7E-4

Female breast nc 0.044 0.15 1.1E-5 0.041 8.6E-4 0.115 1.9E-3

Lung nc 0.042 0.83 2.0E-5 0.022 1.2E-2 0.056 1.7E-3

Rectum nc nc 8.7E-1 nc 8.7E-1 nc 8.7E-1

Colon 7.2 1.8E-4 0.001 0.99 7.1E-3 0.001 2.5E-2 0.001 2.0E-4

Mouth and pharynx nc 0.043 0.97 3.8E-4 0.017 2.0E-3 0.045 6.6E-3

Esophagus excluded

Stomach nc 0.460 0.46 8.4E-6 0.111 4.7E-3 nc 1.4E0

Small Intestine nc 0.591 0.09 3.0E-5 0.480 2.9E-5 nc 3.2E0

Liver 0.22 3.4E-3 0.323 0.29 2.6E-5 0.243 3.4E-5 0.798 4.5E-2

Cervix 1.9 5.4E-4 nc 6.2E-1 nc 6.2E-1 nc 6.2E-1

Bladder nc 0.219 0.06 1.9E-5 0.213 4.1E-4 0.633 1.0E-4

Skin 1.1 2.5E-3 nc 5.8E-1 nc 5.9E-1 nc 5.8E-1

Brain and CNS 0.44 9.8E-3 0.018 0.93 1.3E-4 0.009 4.8E-3 0.021 4.2E-3

Thyroid excluded

Salivary Gland nc 0.087 0.23 3.4E-5 0.059 4.0E-3 0.282 2.2E-4

The fitted variables b, a and R are listed for each organ and each model. In addition the coefficient of variation (CV) is
given. A fit corresponding to a CV > 0.05 was denoted as not converging (nc).

* in Gy-1

† in (10,000 PY Gy)-1

Table 5 Results of the fit to the Hodgkin data for the different dose-response models
for sarcoma induction.

Site Low repopulation R = 0.1
(Eq.10)

Intermediate repopulation R = 0.5
(Eq.10)

Full tissue recovery R = 1
(Eq.11)

b† a* CV b† a* CV b† a* CV

Bone 1.70 0.019 2.1E-4 0.20 0.067 1.1E-3 0.10 0.078 4.3E-3

Soft tissue 3.30 0.040 1.9E-6 0.60 0.060 1.7E-4 0.35 0.093 5.8E-4

The fitted variables b and a are listed for each organ and for three different values for R (0.1, 0.5 and 1.0). In addition
the coefficient of variation (CV) is given.

* in Gy-1

† in (10,000 PY Gy)-1
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Figure 1 Plot of excess absolute carcinoma risk for all solid cancers per 10,000 persons per year as
a function of point dose in the organ. The bell-shaped, plateau and full dose-response relationships are
depicted by the green, blue and red line, respectively. The fits are presented for age at exposure of 30
years and attained age of 70 years.

Figure 2 Plot of excess absolute carcinoma risk for female breast cancer per 10,000 persons per
year as a function of point dose in the organ. The bell-shaped, plateau and full dose-response
relationships are depicted by the green, blue and red line, respectively. The magenta curve represents the
results from a fits to case control studies [23]. The fits are presented for age at exposure of 30 years and
attained age of 70 years.
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Figure 3 Plot of excess absolute carcinoma risk for lung cancer per 10,000 persons per year as a
function of point dose in the organ. The bell-shaped, plateau and full dose-response relationships are
depicted by the green, blue and red line, respectively. The magenta curve represents the results from a fits to
case control studies [27]. The fits are presented for age at exposure of 30 years and attained age of 70 years.

Figure 4 Plot of excess absolute carcinoma risk for colon cancer per 10,000 persons per year as a
function of point dose in the organ. The linear, bell-shaped, plateau and full dose-response relationships
are depicted by the black, green, blue and red line, respectively. The fits are presented for age at exposure
of 30 years and attained age of 70 years.
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Figure 5 Plot of excess absolute carcinoma risk for cancers of the mouth and pharynx per 10,000
persons per year as a function of point dose in the organ. The bell-shaped, plateau and full dose-
response relationships are depicted by the green, blue and red line, respectively. The fits are presented for
age at exposure of 30 years and attained age of 70 years.

Figure 6 Plot of excess absolute carcinoma risk for stomach cancer per 10,000 persons per year as
a function of point dose in the organ. The bell-shaped and full dose-response relationships are depicted
by the green and red line, respectively. The fits are presented for age at exposure of 30 years and attained
age of 70 years.
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Figure 7 Plot of excess absolute carcinoma risk for cancer of the small intestine per 10,000 persons
per year as a function of point dose in the organ. The bell-shaped and full dose-response relationships
are depicted by the green and red line, respectively. The fits are presented for age at exposure of 30 years
and attained age of 70 years.

Figure 8 Plot of excess absolute carcinoma risk for liver cancer per 10,000 persons per year as a
function of point dose in the organ. The linear, bell-shaped, plateau and full dose-response relationships
are depicted by the black, green, blue and red line, respectively. The fits are presented for age at exposure
of 30 years and attained age of 70 years.
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Figure 9 Plot of excess absolute carcinoma risk for cervix cancer per 10,000 persons per year as a
function of point dose in the organ. The linear dose-response relationship is depicted by the black line.
The fit is presented for age at exposure of 30 years and attained age of 70 years.

Figure 10 Plot of excess absolute carcinoma risk for bladder cancer per 10,000 persons per year as
a function of point dose in the organ. The bell-shaped, plateau and full dose-response relationships are
depicted by the green, blue and red line, respectively. The fits are presented for age at exposure of 30
years and attained age of 70 years.
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Figure 11 Plot of excess absolute carcinoma risk for skin cancer per 10,000 persons per year as a
function of point dose in the organ. The linear dose-response relationship is depicted by the black line.
The fit is presented for age at exposure of 30 years and attained age of 70 years.

Figure 12 Plot of excess absolute carcinoma risk for cancer of the brain and CNS per 10,000
persons per year as a function of point dose in the organ. The linear, bell-shaped, plateau and full
dose-response relationships are depicted by the black, green, blue and red line, respectively. The fits are
presented for age at exposure of 30 years and attained age of 70 years.
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Figure 13 Plot of excess absolute carcinoma risk for cancer of the salivary glands per 10,000
persons per year as a function of point dose in the organ. The bell-shaped, plateau and full dose-
response relationships are depicted by the green, blue and red line, respectively. The fits are presented for
age at exposure of 30 years and attained age of 70 years.

Figure 14 Plot of excess absolute risk for sarcoma incidence in bone per 10,000 persons per year as
a function of point dose in the organ. The dose-response relationships representing low, intermediate,
and full repopulation/repair are depicted by the green, red and blue line, respectively. The fits are
presented for age at exposure of 30 years and attained age of 70 years.
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There is strong variation for intermediate dose levels around 10 Gy. It should be noted

here that for inhomogenous dose distributions a dose response relationship for the

whole body should be used with extreme care, as two completely different distributions

of dose in the organs could result in the same OED for the whole body. The dose-

response relationships for the whole body obtained in this report should be therefore

used only for Hodgkin’s patients treated with mantle fields. In contrast the dose-

response relationships for single organs can be used generally for analyzing any dose

distribution.

The quality of the applied fits shows that the linear model fits best colon, cervix and

skin. All other organs are best fitted by the full model indicating that the repopulation/

repair ability of tissue is neither 0 nor 100% but somewhere in between. It seems that

for most organs at large doses the dose-response relationship is flattening or

decreasing.

It should be noted that Mouth and Pharynx was covered by a limited dose range

from 16-45 Gy. Thus the resulting dose-response relationship for dose levels outside

that range should be used with care. For rectum none of the dose response models

could predict the Hodgkin data. The linear model fitted colon, liver, cervix, skin and

Brain/CNS. The model with full repopulation/repair did not fit rectum, cervix and

skin.

Bone and soft tissue sarcoma were fitted by all the models well. In the low dose

range beyond 1 Gy sarcoma risk is negligible. For increasing dose sarcoma risk

increases rapidly and reaches a plateau at around 30 Gy. This is in agreement with

Figure 15 Plot of excess absolute risk for sarcoma incidence in soft tissue per 10,000 persons per
year as a function of point dose in the organ. The dose-response relationships representing low,
intermediate, and full repopulation/repair are depicted by the green, red and blue line, respectively. The fits
are presented for age at exposure of 30 years and attained age of 70 years.
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observations which demonstrate small sarcoma risk at low dose from the A-bomb sur-

vivors and significant sarcoma risk in the high dose regions of radiotherapy patients.

The results of this study can be compared to EAR-modeling based on case control

studies. In two recent publications excess absolute risk of breast and lung cancer was

fitted to the model including fractionation [23,27]. For breast cancer the obtained

model parameters where a = 0.067 Gy-1 and R = 0.62 and for lung a = 0.061 Gy-1 and

R = 0.84. The corresponding dose-response curves are plotted in Figures 2 and 3 as

the magenta lines for comparison with the results obtained in this study. If it is consid-

ered that the dose-response relationships were derived from two completely different

data sets with two different methods the agreement is satisfying.

The epidemiological data from the Atomic-bomb survivors and the Hodgkin’s

patients are associated with large errors as discussed below. Nevertheless some basic

conclusion can be tentatively drawn from the analysis presented here.

Increased risks of solid cancers after Hodgkin’s disease have been generally attributed

to radiotherapy. An important question is whether chemotherapy for Hodgkin’s disease

also adds to the solid cancer risk, and if so, at which sites. If chemotherapy indeed

affects induction of solid tumors, one would expect that patients receiving combined

modality treatment would have a greater relative risk than patients treated solely with

radiotherapy. In several studies, no increased risk of solid cancers overall was observed

after the application of chemotherapy alone. Dores et al. [22] calculated both the risk

after radiotherapy alone and the solid cancer risk after combined modality therapy and

found an excess absolute risk of 39 and 43 per 10,000 patients per year, respectively.

As a consequence, the difference in risk between combined modality treatment and

radiotherapy alone (4 per 10,000 patients per year) can be tentatively attributed to

either chemotherapy or a genetic susceptibility of the Hodgkin patient population with

regard to cancer or both. The risk difference accounts approximately for 10% of all

solid cancers and can be regarded as not substantial when compared to other errors

involved for risk estimation and is also not statistically significant (see Table 1).

It is well known that genetic susceptibility underlies Hodgkin’s disease [28]. It is not

clear whether this genetic susceptibility would also affect the development of other

cancers. There is the possibility of a cancer diathesis, the prospect that, for some rea-

sons related to genetic makeup, a person who developed one cancer has an inherently

increased risk of developing another. However, such cancer susceptibility would result

in a minimal excess cancer incidence compared to the incidence of radiation related

tumors, since such an excess cancer incidence of solid tumors should also be seen in

Hodgkin’s patients after treatment with chemotherapy alone. However, there is no sta-

tistically significant increase for all solid tumors combined. Therefore, such an effect

will be hidden in the 95% confidence interval of the observed cancer incidence after

chemotherapy.

In this work EAR has been used to quantify radiation-induced cancer. EAR is used

here, since the risk calculations of the Hodgkin’s cohort are based on extremely inho-

mogenous dose distributions. It is assumed that the total absolute risk in an organ is

the volume weighted sum of the risks of the partial volumes which are irradiated

homogenously. Currently there is no available method for obtaining analogous organ

risks using ERR without modeling the underlying baseline risk. Shuryak et al. [16,17]

recently published a model including the description of typical background
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carcinogenesis in addition to radiation induced cancer. They could thus obtain a

microscopic ERR model. The advantage of their model in comparison to our approach

is that they could determine directly ERR the disadvantage is a larger number of adjus-

table parameters (three more parameters) which must be introduced to model back-

ground cancer risk.

The A-bomb survivor data used in this work were taken from a recent report from

Preston et al. [1]. Preston determined the initial slope of the dose-response relationship

by using an RBE of 10 for the neutrons. Recent research by Sasaki et al. however indi-

cated that the neutron RBE might by larger and varying with dose [29]. It could be

important to determine site specific cancer induction also for a dose varying RBE simi-

lar to the work which was done for all solid cancers combined [18].

Conclusions
A comparison of dose distributions in humans, for example in radiotherapy treatment

planning, with regard to cancer incidence or mortality can be performed by computing

OED, which can be based on any dose-response relationship. In this work OED for var-

ious organs was calculated for a linear, a bell-shaped, a plateau and a mixture between

a bell-shaped and plateau dose-response relationship for typical treatment plans of

Hodgkin’s disease patients. The model parameters (a and R) were obtained by a fit of

the dose-response relationships to these OED data and to the A-bomb survivors. For

any three-dimensional inhomogenous dose distribution, cancer risk can be compared

by computing OED using the coefficients obtained in this work.

For absolute risk estimates, EARorg can be determined by taking additionally the

initial slope b from Table 1 and multiplying it with the population-dependent modify-

ing function using the coefficients of Table 1. However, absolute risk estimates must

be viewed with care, since the errors involved are large.
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