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Introduction
Presently, breast cancer is frequently diagnosed at an early 
stage and has an excellent prognosis. Surveillance, Epidemi-
ology, and End Results data show that 60% of the patients 
are diagnosed at a localized stage, without extension to the 
regional nodes, and the 5 year cancer-specific survival for 
those patients is 98.9%.1 Evolving early-stage breast cancer 
treatment strategies have improved the survival of patients 
who undergo breast conservation surgery. After surgery, 
patients generally receive radiotherapy (RT) of the whole 
breast.2 This strategy allows improving local control and 
overall survival in early-stage patients with breast cancer.3 

However, it has been shown that the risk of developing 
a secondary cancer is increased after RT for females <40 
years old.4

In three-dimensional conformal radiotherapy (3D-CRT) 
for breast cancer, the tangential technique is commonly 
used. Tangential field techniques, such as hard-wedge, 
dynamic-wedge, and field-in-field (FinF) techniques, are 
generally used for whole-breast irradiation to improve 
dose uniformity to the tumor.5–8 Introducing new irradia-
tion techniques may result in differences in the amount of 
dose to the whole body and, thus, in differences in the risk 
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Objective: In this study, we used the concept of 
organ-equivalent dose (OED) to evaluate the excess 
absolute risk (EAR) for secondary cancer in various 
organs after radiation treatment for breast cancer.
Methods: Using CT data set of 12 patients, we gener-
ated three different whole-breast radiation treatment 
plans using 50 Gy in 2 Gy fractions: three-dimensional 
conformal radiotherapy with a field-in-field (FinF) tech-
nique, intensity modulated radiation therapy (IMRT), 
and volumetric modulated arc therapy (VMAT). The 
OEDs were calculated from differential dose–volume 
histograms on the basis of the “linear–exponential,” 
“plateau,” and “full mechanistic” dose–response models. 
Secondary cancer risks of the contralateral breast (CB), 
contralateral lung (CL), and ipsilateral lung (IL) were 
estimated and compared.
Results: The lowest EARs for the CB, CL, and IL were 
achieved with FinF, which reduced the EARs by 77%, 
88%, and 56% relative to those with IMRT, and by 77%, 

84%, and 58% relative to those with VMAT, respec-
tively. The secondary cancer risk for FinF was signifi-
cantly lower than those of IMRT and VMAT. OED-based 
secondary cancer risks for CB and IL were similar when 
IMRT and VMAT were used, but the risk for CL was 
statistically lower when VMAT was used.
Conclusion: The overall estimation of EAR indicated 
that the radiation-induced cancer risk of breast radi-
ation therapy was lower with FinF than with IMRT 
and VMAT. Therefore, when secondary cancer risk is a 
major concern, FinF is considered to be the preferred 
treatment option in irradiation of whole-breast.
Advances in knowledge: Secondary malignancy esti-
mation after breast radiotherapy is becoming an impor-
tant subject for comparative treatment planning.When 
secondary cancer risk a major concern, FinF technique 
is considered the preferred treatment option in whole 
breast patients.

https://doi.org/10.1259/bjr.20190317
mailto:emel.haciislamoglu@ktu.edu.tr


2 of 8 birpublications.org/bjr Br J Radiol;92:20190317

BJR  Haciislamoglu et al

of radiation-induced secondary cancer.9,10 Many studies have 
compared the existing treatment method, 3D-CRT, with more 
advanced methods, such as intensity modulated radiation therapy 
(IMRT) and volumetric modulated arc therapy (VMAT).11–13 An 
advantage of IMRT and VMAT over the 3D-CRT technique is 
they reduce the dose to surrounding normal tissues. However, 
a concern about the IMRT and VMAT treatments is the volume 
that receives a low dose can be significantly higher than that in 
the conventional technique because the former methods have 
greater scattering and monitor units.14,15 This might increase the 
risk for secondary malignancies, which is a very important issue 
regarding the life expectancy of patients with breast cancer.

The excess absolute risk (EAR) of developing a secondary cancer 
after exposure to radiation can be estimated from differential 
dose–volume histograms (dDVHs) based on biological models 
that are fitted to data of atomic bomb survivors and Hodgkin 
patients treated with RT.16–20  The aim of this study was to calcu-
late and compare solid secondary cancer risks among three 
treatment modalities (FinF, IMRT, and VMAT) for breast cancer 
by using the concept of organ-equivalent dose (OED) for the 
linear–exponential, plateau, and full mechanistic dose–response 
models.

methods and materials
Patients and treatment techniques
CT scans that were used previously for whole-breast RT plan-
ning for 12 patients with left-sided breast cancer who had 
undergone breast-conserving surgery and needed adjuvant RT 
without nodal irradiation were selected at random. The CT scans 
were acquired on a CT-simulator according to Karadeniz Tech-
nical University, Department of Radiation Oncology standard 
protocol in 5 mm slices, with the patient in the supine position 
and ipsilateral arm abduction above the head.

Auto contouring of the body and both lungs was used. The clin-
ical target volume (CTV) included the whole breast. Image delin-
eation of the CTV and organs at risk [OARs; heart, contralateral 
breast (CB), contralateral lung (CL), and ipsilateral lung (IL)] 
was performed by using the treatment planning system (Eclipse, 
v. 10; Varian Medical Systems, Palo Alto, CA).

In total, three treatment plans were created for each patient by 
using the three different treatment techniques: FinF, IMRT, and 
VMAT (each with 6 MV photons). The FinF technique was used 
for 3D-CRT because it generates lower scattered radiation than 
those in the hard- and dynamic-wedge techniques. The FinF 
plan consisted of two parallel opposed tangential beams. Gantry 
angles were chosen for best target coverage while completely 

avoiding the CB and minimizing the exposure to the IL. With 
subfields created by a multileaf collimator for dose compensa-
tion. Nine fields were placed at equal intervals and two partial-
arcs arrangements were used for IMRT and VMAT.

The prescription dose was set to 50 Gy in 25 fractions, and the 
plan was normalized as the dose covering 95% of the CTV. All 
plans were optimized and evaluated for optimal target coverage, 
conformality, homogeneity, and dose limits of OARs. Dose 
constraints for IL volumes receiving 20 Gy (V20) and 10 Gy doses 
(V10) were set to <20% and<40% of the lung volume, respectively. 
Doses to the other organs were kept as low as possible without 
compromising target coverage or conformality.

Calculation of secondary malignancy risk estimates
Schneider’s concept of OED was used to compare and estimate the 
risk of radiation-induced secondary malignancies from whole-
breast RT.16,19,21 According to the OED concept, two different 
RT plans that result in the same risk of secondary malignancy 
have the same OED. Therefore, the OED of one plan relative to 
another gives the relative risk of secondary malignancy for those 
two techniques. The OEDs for CB, CL, and IL were calculated on 
the basis of the dDVHs for the linear–exponential, plateau, and 
full mechanistic dose–response models16,22 according to
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VT

∑
i VDiDie−Di

‍�

	﻿‍ OEDplateau = 1
VT

∑
i VDi

1−e−Di
‍�

	﻿‍
OEDmechanistic = 1

VT

∑
i VDi

e−Di
R

(
1 − 2R + R2 eDi −

(
1 − R

)2 e−
R

1−R Di
)

‍�

where VT is the total organ volume and the sum is taken over 
all bins of the DVH and VDi is a volume of the organ that is 
exposed to dose Di. For the full mechanistic model, the organ 
specific parameters ά = 0.044 Gy–1, R = 0.15 for a female breast 
and ά = 0.042 Gy–1, R = 0.83 for lungs have been derived from 
a combined fit to the data of atomic bomb survivors and data 
of Hodgkin patients treated with single doses of 2 up to 40 Gy 
assuming an α/β value of 3 Gy.19 Similarly, α′=0.041 Gy–1 
for the linear‐exponential model and α′=0.115 Gy–1 for the 
plateau model for female breast, and α′=0.022 Gy–1 for the 
linear‐exponential model and α′=0.056 Gy–1 for the plateau 
model for lungs. Table 1 shows the parameters used for OED 
calculations.

The risk of developing a solid secondary cancer after RT is usually 
represented by EAR. The EAR describes the absolute difference 
in cancer rates of persons exposed to a dose d and those not 

Table 1. Parameters for second malignancy risk calculation

“Full Mechanistic” Model “Linear-exponential” Model “Plateau” Model
Site EAR0 ά(Gy−1) R ά(Gy−1) ά(Gy−1)

Female breast 8.2 0.044 0.15 0.041 0.115

Lung 8.0 0.042 0.83 0.022 0.056

EAR, excess absolute risk; Gy = Gray.
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exposed to a dose beyond the natural dose exposition per 10,000 
person‐years (PYs).19

The EAR can be calculated by using the concept of OED 
according to

	﻿‍ EAR = EAR0 OED‍�

where EAR0 is the initial slope, which is the slope of the dose–
response curve at a low dose. All population-related parame-
ters, such as attained age (a), age at exposure (e), and sex (s), are 
included in EAR0 (e,s,a).

For this study, EAR values were calculated at an age at expo-
sure of 30 years and an attained age of 70 years and reported per 
10,000 PYs per Gy. In the calculation of the EAR, the difference 
between the baseline risks of developing cancer without exposi-
tion to radiation for Japanese and Western populations has been 
accounted for, leading to values of EAR0(30,f,70)=8.2 (CI95: 
6.1–11) for female breast and EAR0(30,s,70)=8.0 (CI95: 5.5–11) 
for lung (sex averaged). Since for lungs EAR0 does not vary 
significantly with sex according to Preston et al,23 it was consid-
ered appropriate to use the sex averaged value for the calculation 
of the EAR for lungs in this study. EAR0 values for a Western 
population and for different sites are taken from Schneider et 
al.19 (Table 1).

Statistical analysis
Statistical analysis was performed using SPSS software (v. 18.0). 
Quantitative data were expressed as mean ± standard devia-
tion. Multiple groups of means were compared with one way 
analysis of variance (ANOVA), after testing for equality of vari-
ance. Homogeneity of variance was assessed using Levene's test. 
Post-hoc test was used for situations where there were significant 
differences between groups.

Results
The mean doses (Dmean) from DVHs and mean OED values for 
12 patients generated using the three treatment modalities are 
presented in Table 2, which shows that the OEDs were the lowest 

with the FinF plans. The OEDs in the CL for VMAT were lower 
than those for the IMRT plans. In contrast, the VMAT plans 
resulted in higher OEDs in the IL than those of the IMRT plans.

Similarly, compared with IMRT and VMAT, the FinF technique 
had the lowest EARs for all three organs. Table 3 shows the EARs 
as calculated by the linear–exponential, plateau, and full mech-
anistic models for the CB, CL, and IL for the investigated breast 
RT techniques.

For the FinF technique, the average EARs for the CB, CL, and IL 
according to the mean values of the models used for calculation 
were 4.4 per 10,000 PYs, 3.5 per 10,000 PYs, and 28.5 per 10,000 
PYs, respectively. The lowest EARs for the CB, CL, and IL were 
achieved with FinF, which reduced the EAR by 77%, 88%, and 
56%, respectively, relative to that of IMRT and by 77%, 84%, and 
58% relative to those of the VMAT, respectively.

The secondary cancer risk after the FinF technique was statis-
tically lower than those for IMRT and VMAT. The OED-based 
secondary cancer risks for CB and IL were similar when IMRT 
and VMAT were used, but the risk for the CL was statistically 
lower when VMAT was used (Table 4).

Figure  1 gives a graphical illustration of the Dmean, OED, and 
EAR for all treatment techniques, which shows that the calcu-
lated OEDs were equal to or lower than the mean doses in the 
FinF, IMRT, and VMAT plans for CB, CL, and IL. The differences 
between the OEDs and mean doses were higher for the IL in all 
techniques.

An illustrative DVH comparison for CTV, heart, IL, CL and CB 
for a representative patient is shown in Figure 2. For IMRT and 
VMAT techniques, the 90% isodose curve (45 Gy) fits best to the 
concave shape of the CTV compared to the FinF plan. The IMRT 
and VMAT plans achieved similar sparing of critical organs.

Figure 3 shows the isodose distribution for the FinF, IMRT, and 
VMAT plans in axial plane for a representative patient. The 

Table 2. Mean dose and OED for contralateral breast, contralateral lung and ipsilateral lung.

Plan Contralateral breast
Contralateral 
lung

Ipsilateral 
lung

Mean 
dose 
(Gy)

OEDlin-
exp 
(Gy)

OEDplat 
(Gy)

OEDmech 
(Gy)

Mean 
dose 
(Gy)

OEDlin-
exp 
(Gy)

OEDplat 
(Gy)

OEDmech 
(Gy)

Mean 
dose 
(Gy)

OEDlin-
exp 
(Gy)

OEDplat 
(Gy)

OEDmech 
(Gy)

FinF 0.54 ± 
0.10

0.54 ± 
0.09

0.53 ± 
0.09

0.54 ± 
0.09

0.44 ± 
0.10

0.44 ± 
0.08

0.44 ± 
0.08

0.44 ± 
0.08

7.24 
± 
2.59

3.61 ± 
1.00

3.54 ± 
0.99

3.54 ± 
1.00

IMRT 2.80 ± 
0.58

2.44 ± 
0.44

2.33 ± 
0.40

2.42 ± 
0.43

4.11 ± 
0.77

3.64 ± 
0.61

3.54 ± 
0.58

3.40 ± 
0.55

12.58 
± 
1.75

8.38 ± 
0.99

7.99 ± 
0.93

7.71 ± 
0.89

VMAT 2.82 ± 
0.33

2.42 ± 
0.24

2.30 ± 
0.21

2.39 ± 
0.23

3.10 ± 
0.53

2.85 ± 
0.46

2.80 ± 
0.44

2.70 ± 
0.41

12.71 
± 
1.37

8.99 ± 
0.75

8.52 ± 
0.69

8.16 ± 
0.67

Dmean = mean dose;FinF = field-in-field; Gy = Gray; IMRT = intensity modulated radiation therapy; lin-exp = linear–exponential; mech = full 
mechanistic; OED = organ-equivalent dose; plat = plateau; VMAT = volumetric modulated arc therapy.
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color-wash thresholds were set to 3, 5 and 45 Gy, respectively. The 
received maximum dose of heart in FinF was higher compared 
with IMRT and VMAT. Both IMRT and VMAT achieved a better 
protection on heart. However, the volumes of the healthy tissue 
outside of CTV irradiated by a low dose (3 and 5 Gy) were higher 
for IMRT and VMAT.

The doses of heart according to three different plans are summa-
rized in Table 5. IMRT and VMAT had the low heart maximum 
and V30 doses but resulted in higher heart V5 and V10 doses 
compared to the FinF plan.

Discussion
In the treatment of breast cancer, RT has an important role, and 
the 3D-CRT, IMRT, and VMAT techniques have all been applied 
for this purpose. The 3D-CRT techniques with tangential fields, 
such as hard-wedge, dynamic-wedge, and FinF techniques, 
are generally used for whole-breast radiation to improve dose 
uniformity to the tumor.5,6,8 In recent years, IMRT and VMAT 
have been used increasingly to give more conformal dose distri-
bution in breast cancer treatment. The basic principle of inten-
sity modulated techniques involves irradiation from a number of 
different directions with beams of nonuniform energy fluences, 
which have been optimized to deliver a high dose to the target 
volume and an acceptably low dose to the surrounding normal 
structures. Many dosimetric studies have compared the existing 
treatment method, 3D-CRT, with more advanced methods, such 
as IMRT and VMAT.12,24,25 Most of these studies have shown 
that IMRT and VMAT offer excellent results in terms of target 
coverage, conformity, and homogeneity. However, low-dose 
volumes in the contralateral organs and normal tissues were 
greater with IMRT or VMAT than with 3D-CRT. A larger volume 
of normal tissue exposed to lower radiation doses might increase 
radiation-induced carcinogenesis.26,27

Secondary malignancies are late complications arising after 
RT. The risks for developing a solid secondary cancer after 
RT of breast cancer is becoming more important because of 
improved long-term survival rates. Different dose–response 
models have been developed to predict the EAR of secondary 
cancer after RT based on DVHs of the treatment plans. The 
parameters used in the calculation of EAR involve large errors. 
To keep the uncertainties at a minimum, we opted to use the 
OED values for evaluation of the risk of secondary cancer 
when comparing different radiation techniques. It is known 
that for doses <2 Gy, the dose–response is linear.26 However, 
for higher doses and inhomogeneous dose distributions, the 
dose–response is no longer linear,16,26 and other dose–response 
functions are required. Previous studies have demonstrated 
that for inhomogeneous dose distributions >2 Gy, the full 
mechanistic, plateau, and linear‐exponential models represent 
a better description of the dose–response function than that of 
the linear model.17,19 For therapeutic doses >2 Gy, we calcu-
lated OEDs on the basis of the “linear–exponential,” “plateau,” 
and “full mechanistic” dose–response models because cell 
killing and sterilization of already mutated cells may become 
more important at higher doses.A few studies have published 
comparisons of secondary cancer risks for different techniques Ta
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in breast RT.28–31 Two of these studies have reported the 
secondary cancer risks after 3D-CRT, IMRT, and VMAT for 
breast cancer.28,29 Abo-Madyan et al29 compared tangential 
3D-CRT, tangential IMRT, multibeam IMRT, and VMAT for 
whole-breast treatment of left-sided breast cancer. They esti-
mated an increased EAR in the CB and lungs for IMRT and 
VMAT relative to that of 3D-CRT and tangential IMRT using 
the linear, linear–exponential, and plateau dose–response 
models. Lee et al28 performed measurements in an anthropo-
morphic phantom to compare dose exposition of the CB and 
IL in whole-breast RT and also found an increased secondary 
cancer risk for IMRT and VMAT relative to that for 3D-CRT. 
Combining the results of these studies shows that the risk 
of secondary cancer induction is higher for both IMRT and 
VMAT than for 3D-CRT. This finding is attributed to increased 
out-of-field leakage radiation due to the higher number of 
fields and monitor units used in the IMRT and VMAT plans. 
Similarly, in our study, comparison of the three treatment plan-
ning techniques showed a significant reduction in EAR of the 
CB, CL and IL for FinF relative to those for IMRT and VMAT 
in all dose–response models. The lowest EARs for the CB, CL, 

and IL were achieved with FinF, which reduced the EAR by 
56 to 88% relative to those of IMRT and VMAT. Comparing 
the results for the different risk models in this study showed 
that the differences between the linear–exponential, plateau, 
and full mechanistic dose–response relationships were small, 
except for the IL, which was because the higher doses occur in 
the IL. As only the IL contains pixels with high doses, there is 
a large difference among the models.

The results of this study also showed that the VMAT, as compared 
with the IMRT, resulted in higher OEDs in the IL because of the 
higher volume of irradiation. This tendency is similar to the 
tendency shown in the results of Lee et al.28 Even though the 
VMAT plans resulted in higher OEDs in the IL, there was no 
significant difference in the EAR value of the IL among the two 
techniques. OED-based secondary cancer risks for CB and IL 
were similar when IMRT and VMAT were used; however, the 
risk for the CL was significantly lower when VMAT was used. 
Based on this analysis, it would be safe to say that the shift from 
IMRT to VMAT techniques poses no increased secondary 
cancer risks for the CB and IL but does for the CL; however, the 

Table 4. Estimated p-values for compared treatment modalities in terms of EAR

Contralateral breast Contralateral lung Ipsilateral lung
EAR-exp EAR-plat EAR-mech EAR-exp EAR-plat EAR-mech EAR-exp EAR-plat EAR-mech

FinF vs IMRT <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

FinF vs VMAT <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

IMRT vs VMAT 0.997 0.993 0.994 0.005 0.006 0.007 0.259 0.320 0.423

EAR = excess absolute risk;FinF = field-in-field; IMRT = intensity modulated radiation therapy; lin-exp = linear–exponential; mech = full mechanistic; 
plat = plateau; VMAT = volumetric modulated arc therapy.

Figure 1. Mean dose (Dmean), OED, and EAR of the contralateral breast, contralateral lung, and ipsilateral lung. The OED and EAR 
were calculated on the basis of the DVHs of the (a) contralateral breast, (b) contralateral lung, and (c) ipsilateral lung for all tech-
niques. Calculations of the OED and EAR were performed by using the linear–exponential (dark blue), plateau (blue), and full 
mechanistic (light blue) dose–response models. The mean values per 10,000 person-years per Gy averaged over all 12 patients are 
shown. DVH, dose–volume histogram; EAR, excess absolute risk; IMRT, intensity modulated radiationtherapy; OED, organ-equiva-
lent dose; VMAT, volumetric modulated arc therapy.
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use of the IMRT or VMAT techniques instead of the FinF tech-
nique increases this risk. The risk of developing cancer in the CB 
after RT appears to be common among pre-menopausal females 
(<40 to 45 years) when exposed to RT.32 The results of this study 
are especially important for younger patients (<45 years) who are 
at greater risk for RT-induced secondary malignancies. Although 
intensity modulated techniques may be less safe for younger 

patients in terms of secondary cancer risk, they should still be 
considered to be a valid treatment option for young patients 
with left-sided cancer when considering the risk of late cardiac 
complications. There are several published studies on the various 
techniques to decrease heart irradiation in females treated for 
left-sided breast cancer.33–35 These techniques include breath 
holding techniques, prone positioning or multi beam IMRT. 

Figure 2. Dose-volume histogram comparison of a representative patient for FinF, IMRT and VMAT. Red line, CTV; Magenta line, 
heart; Blue line, IL; Green line, CL; Orange line, CB. CB,contralateral breast; CL, contralateral lung; CTV, clinical target volume; FinF, 
field-in-field; IL, ipsilateral lung; IMRT, intensity modulated radiationtherapy; VMAT, volumetric modulated arc therapy.

Figure 3. The isodose distribution for the three plans in axial plane for a representative patient. Color-wash thresholds were set 
to to 3, 5 and 45 Gy, respectively. (a) FinF; (b) IMRT; and (c) VMAT; Gy (Gray). FinF, field-in-field; IMRT, intensity modulated radia-
tiontherapy; VMAT, volumetric modulated arc therapy.
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This study has shown that specifically with respect to the heart 
doses, IMRT and VMAT decrease the heart volumes receiving 
maximum and V30 doses compared with the FinF. However, 
FinF technique was superior in terms of minimizing the dose to 
normal tissues and contralateral organs.

Conclusions
Comparison of the three treatment planning techniques showed 
a significant reduction in the EARs of the CB, CL, and IL for 

FinF relative to those for IMRT and VMAT in all dose–response 
models. Until now, there have been no clinical analyses reporting 
on secondary cancer induction after IMRT techniques because of 
the limited time span. Additional theoretical and clinical studies 
are needed to determine the correlations between treatment 
techniques and secondary cancer risk. Once sufficient data are 
collected, treatment plans in the future may be evaluated on the 
basis of not only conventional factors from a DVH but also on 
the secondary cancer risk assessments.

Table 5. Comparision of heart dose-volume metrics as a function of plan modality (﻿‍x‍±sd)

Heart (Metric) FinF IMRT VMAT p-value
Dmax (Gy) 45.25 ± 11.86 37.55 ± 8.13 35.42 ± 8.02 <0.001

Dmean (Gy) 4.41 ± 2.20 8.40 ± 2.54 9.26 ± 2.16 <0.001

V5 (%) 9.4 ± 5.28 62.8 ± 19.22 68.4 ± 17.56 <0.001

V10 (%) 7.5 ± 5.41 22.8 ± 10.26 28.1 ± 10.20 <0.001

V20 (%) 6.0 ± 4.80 7.1 ± 5.98 8.0 ± 5.52 <0.001

V30 (%) 5.2 ± 4.28 2.2 ± 1.60 2.1 ± 2.35 <0.001

Dmax = maximum dose; Dmean = mean dose;FinF = field-in-field; Gy = Gray; IMRT = intensity modulated radiation therapy; VMAT = volumetric 
modulated arc therapy; Vx = volume (%) receiving x dose (Gy) or higher.

References

	 1. 	 National Cancer Institute Surveillance 
Epidemiology and End Results Program. 
Cancer Stat Facts: Female Breast Cancer. 
2017. Available from: https://​seer.​cancer.​gov/ 
statfacts/html/​breast.​html.

	 2.	 Bartelink H, Horiot J-C, Poortmans P, 
Struikmans H, Van den Bogaert W, Barillot 
I, et al. Recurrence rates after treatment of 
breast cancer with standard radiotherapy 
with or without additional radiation. N Engl 
J Med Overseas Ed 2001; 345: 1378–87. doi: 
https://​doi.​org/​10.​1056/​NEJMoa010874

	 3.	 Clarke M, Collins R, Darby S, Davies C, 
Elphinstone P, Evans V, et al. Effects of 
radiotherapy and of differences in the extent 
of surgery for early breast cancer on local 
recurrence and 15-year survival: an overview 
of the randomised trials. Lancet 2005; 366: 
2087–106. doi: https://​doi.​org/​10.​1016/​
S0140-​6736(​05)​67887-7

	 4.	 Stovall M, Smith SA, Langholz BM, Boice JD, 
Shore RE, Andersson M, et al. Dose to the 
contralateral breast from radiotherapy and 
risk of second primary breast cancer in the 
WECARE study. Int J Radiat Oncol Biol Phys 
2008; 72: 1021–30. doi: https://​doi.​org/​10.​
1016/​j.​ijrobp.​2008.​02.​040

	 5.	 Baycan D, Karacetin D, Balkanay AY, Barut 
Y. Field-in-field IMRT versus 3D-CRT of 
the breast. cardiac vessels, ipsilateral lung, 
and contralateral breast absorbed doses 
in patients with left-sided lumpectomy: a 

dosimetric comparison. Jpn J Radiol 2012; 
30: 819–23. doi: https://​doi.​org/​10.​1007/​
s11604-​012-​0126-z

	 6.	 Lee J-W, Hong S, Choi K-S, Kim Y-L, 
Park B-M, Chung J-B, et al. Performance 
evaluation of field-in-field technique for 
tangential breast irradiation. Jpn J Clin Oncol 
2008; 38: 158–63. doi: https://​doi.​org/​10.​
1093/​jjco/​hym167

	 7.	 Furuya T, Sugimoto S, Kurokawa C, Ozawa 
S, Karasawa K, Sasai K. The dosimetric 
impact of respiratory breast movement and 
daily setup error on tangential whole breast 
irradiation using conventional wedge, field-
in-field and irregular surface compensator 
techniques. J Radiat Res 2013; 54: 157–65. 
doi: https://​doi.​org/​10.​1093/​jrr/​rrs064

	 8.	 Herrick JS, Neill CJ, Rosser PF. A 
comprehensive clinical 3-dimensional 
dosimetric analysis of forward planned 
IMRT and conventional wedge planned 
techniques for intact breast radiotherapy. 
Med Dosim 2008; 33: 62–70. doi: https://​doi.​
org/​10.​1016/​j.​meddos.​2007.​06.​001

	 9.	 Xu XG, Bednarz B, Paganetti H. A review 
of dosimetry studies on external-beam 
radiation treatment with respect to second 
cancer induction. Phys Med Biol 2008; 53: 
R193–241. doi: https://​doi.​org/​10.​1088/​0031-​
9155/​53/​13/​R01

	10.	 Hall EJ. Intensity-Modulated radiation 
therapy, protons, and the risk of second 

cancers. Int J Radiat Oncol Biol Phys 2006; 
65: 1–7. doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​
2006.​01.​027

	11.	 Swanson EL, Indelicato DJ, Louis D, 
Flampouri S, Li Z, Morris CG, et al. 
Comparison of three-dimensional (3D) 
conformal proton radiotherapy (RT), 
3D conformal photon RT, and intensity-
modulated RT for retroperitoneal and intra-
abdominal sarcomas. Int J Radiat Oncol Biol 
Phys 2012; 83: 1549–57. doi: https://​doi.​org/​
10.​1016/​j.​ijrobp.​2011.​10.​014

	12.	 Reardon KA, Read PW, Morris MM, 
Reardon MA, Geesey C, Wijesooriya K. A 
comparative analysis of 3D conformal deep 
inspiratory-breath hold and free-breathing 
intensity-modulated radiation therapy for 
left-sided breast cancer. Med Dosim 2013; 38: 
190–5. doi: https://​doi.​org/​10.​1016/​j.​meddos.​
2013.​01.​002

	13.	 Haertl PM, Pohl F, Weidner K, Groeger 
C, Koelbl O, Dobler B. Treatment of left 
sided breast cancer for a patient with funnel 
chest: volumetric-modulated Arc therapy 
vs. 3D-CRT and intensity-modulated 
radiotherapy. Med Dosim 2013; 38: 1–4. doi: 
https://​doi.​org/​10.​1016/​j.​meddos.​2012.​04.​
003

	14.	 Becker SJ, Elliston C, Dewyngaert K, 
Jozsef G, Brenner D, Formenti S. Breast 
radiotherapy in the prone position primarily 
reduces the maximum out-of-field measured 

http://birpublications.org/bjr
https://seer.cancer.gov/%20statfacts/html/breast.html
https://seer.cancer.gov/%20statfacts/html/breast.html
https://doi.org/10.1056/NEJMoa010874
https://doi.org/10.1016/S0140-6736(05)67887-7
https://doi.org/10.1016/S0140-6736(05)67887-7
https://doi.org/10.1016/j.ijrobp.2008.02.040
https://doi.org/10.1016/j.ijrobp.2008.02.040
https://doi.org/10.1007/s11604-012-0126-z
https://doi.org/10.1007/s11604-012-0126-z
https://doi.org/10.1093/jjco/hym167
https://doi.org/10.1093/jjco/hym167
https://doi.org/10.1093/jrr/rrs064
https://doi.org/10.1016/j.meddos.2007.06.001
https://doi.org/10.1016/j.meddos.2007.06.001
https://doi.org/10.1088/0031-9155/53/13/R01
https://doi.org/10.1088/0031-9155/53/13/R01
https://doi.org/10.1016/j.ijrobp.2006.01.027
https://doi.org/10.1016/j.ijrobp.2006.01.027
https://doi.org/10.1016/j.ijrobp.2011.10.014
https://doi.org/10.1016/j.ijrobp.2011.10.014
https://doi.org/10.1016/j.meddos.2013.01.002
https://doi.org/10.1016/j.meddos.2013.01.002
https://doi.org/10.1016/j.meddos.2012.04.003
https://doi.org/10.1016/j.meddos.2012.04.003


8 of 8 birpublications.org/bjr Br J Radiol;92:20190317

BJR  Haciislamoglu et al

dose to the ipsilateral lung. Med Phys 2012; 
39: 2417–23. doi: https://​doi.​org/​10.​1118/​1.​
3700402

	15.	 Kourinou KM, Mazonakis M, Lyraraki E, 
Stratakis J, Damilakis J. Scattered dose to 
radiosensitive organs and associated risk for 
cancer development from head and neck 
radiotherapy in pediatric patients. Phys Med 
2013; 29: 650–5. doi: https://​doi.​org/​10.​1016/​
j.​ejmp.​2012.​08.​001

	16.	 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: 
1510–5. doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​
2004.​12.​040

	17.	 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: 253–63. doi: https://​doi.​org/​10.​1007/​
s00411-​007-​0151-y

	18.	 Schneider U. Mechanistic model of 
radiation-induced cancer after fractionated 
radiotherapy using the linear-quadratic 
formula. Med Phys 2009; 36: 1138–43. doi: 
https://​doi.​org/​10.​1118/​1.​3089792

	19.	 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: 27–8. doi: https://​doi.​
org/​10.​1186/​1742-​4682-​8-​27

	20.	 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. 
doi: https://​doi.​org/​10.​1186/​1748-​717X-​6-​67

	21.	 Murray LJ, Thompson CM, Lilley J, 
Cosgrove V, Franks K, Sebag-Montefiore 
D, et al. Radiation-Induced second primary 
cancer risks from modern external beam 
radiotherapy for early prostate cancer: 
impact of stereotactic ablative radiotherapy 
(SABR), volumetric modulated Arc therapy 
(VMAT) and flattening filter free (FFF) 
radiotherapy. Phys Med Biol 2015; 60: 

1237–57. doi: https://​doi.​org/​10.​1088/​0031-​
9155/​60/​3/​1237

	22.	 Zwahlen DR, Ruben JD, Jones P, Gagliardi 
F, Millar JL, Schneider U. Effect of intensity-
modulated pelvic radiotherapy on second 
cancer risk in the postoperative treatment 
of endometrial and cervical cancer. Int J 
Radiat Oncol Biol Phys 2009; 74: 539–45. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2009.​01.​051

	23.	 Preston DL, Ron E, Tokuoka S, Funamoto 
S, Nishi N, Soda M, et al. Solid cancer 
incidence in atomic bomb survivors: 
1958-1998. Radiat Res 2007; 168: 1–64. doi: 
https://​doi.​org/​10.​1667/​RR0763.1

	24.	 Moon SH, Shin KH, Kim TH, Yoon M, Park 
S, Lee D-H, et al. Dosimetric comparison of 
four different external beam partial breast 
irradiation techniques: three-dimensional 
conformal radiotherapy, intensity-modulated 
radiotherapy, helical tomotherapy, and 
proton beam therapy. Radiother Oncol 2009; 
90: 66–73. doi: https://​doi.​org/​10.​1016/​j.​
radonc.​2008.​09.​027

	25.	 Beckham WA, Popescu CC, Patenaude VV, 
Wai ES, Olivotto IA. Is multibeam IMRT 
better than standard treatment for patients 
with left-sided breast cancer? Int J Radiat 
Oncol Biol Phys 2007; 69: 918–24. doi: 
https://​doi.​org/​10.​1016/​j.​ijrobp.​2007.​06.​060

	26.	 Hall EJ, Wuu C-S. Radiation-Induced second 
cancers: the impact of 3D-CRT and IMRT. 
Int J Radiat Oncol Biol Phys 2003; 56: 83–8. 
doi: https://​doi.​org/​10.​1016/​S0360-​3016(​03)​
00073-7

	27.	 Kry SF, Salehpour M, Followill DS, Stovall M, 
Kuban DA, White RA, et al. The calculated 
risk of fatal secondary malignancies from 
intensity-modulated radiation therapy. Int J 
Radiat Oncol Biol Phys 2005; 62: 1195–203. 
doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​2005.​03.​
053

	28.	 Lee B, Lee S, Sung J, Yoon M. Radiotherapy-
Induced secondary cancer risk for breast 
cancer: 3D conformal therapy versus IMRT 
versus VMAT. J Radiol Prot 2014; 34: 325–31. 
doi: https://​doi.​org/​10.​1088/​0952-​4746/​34/​2/​
325

	29.	 Abo-Madyan Y, Aziz MH, Aly MMOM, 
Schneider F, Sperk E, Clausen S, et al. Second 

cancer risk after 3D-CRT, IMRT and VMAT 
for breast cancer. Radiother Oncol 2014; 110: 
471–6. doi: https://​doi.​org/​10.​1016/​j.​radonc.​
2013.​12.​002

	30.	 Donovan EM, James H, Bonora M, Yarnold 
JR, Evans PM. Second cancer incidence 
risk estimates using BEIR VII models 
for standard and complex external beam 
radiotherapy for early breast cancer. Med 
Phys 2012; 39: 5814–24. doi: https://​doi.​org/​
10.​1118/​1.​4748332

	31.	 Han EY, Paudel N, Sung J, Yoon M, Chung 
WK, Kim DW. Estimation of the risk 
of secondary malignancy arising from 
whole-breast irradiation: comparison of 
five radiotherapy modalities, including 
TomoHDA. Oncotarget 2016; 7: 22960–9. 
doi: https://​doi.​org/​10.​18632/​oncotarget.​
8392

	32.	 Travis LB, Ng AK, Allan JM, Pui C-H, 
Kennedy AR, Xu XG, Ng AK, Xu XG, 
et al. Second malignant neoplasms 
and cardiovascular disease following 
radiotherapy. J Natl Cancer Inst 2012; 104: 
357–70. doi: https://​doi.​org/​10.​1093/​jnci/​
djr533

	33.	 Mayo CS, Urie MM, Fitzgerald TJ. Hybrid 
IMRT plans--concurrently treating 
conventional and IMRT beams for improved 
breast irradiation and reduced planning 
time. Int J Radiat Oncol Biol Phys 2005; 61: 
922–32. doi: https://​doi.​org/​10.​1016/​j.​ijrobp.​
2004.​10.​033

	34.	 Schubert LK, Gondi V, Sengbusch E, 
Westerly DC, Soisson ET, Paliwal BR, et al. 
Dosimetric comparison of left-sided whole 
breast irradiation with 3DCRT, forward-
planned IMRT, inverse-planned IMRT, 
helical tomotherapy, and topotherapy. 
Radiother Oncol 2011; 100: 241–6. doi: 
https://​doi.​org/​10.​1016/​j.​radonc.​2011.​01.​004

	35.	 Haciislamoglu E, Colak F, Canyilmaz E, 
Dirican B, Gurdalli S, Yilmaz AH, et al. 
Dosimetric comparison of left-sided 
whole-breast irradiation with 3DCRT, 
forward-planned IMRT, inverse-planned 
IMRT, helical tomotherapy, and volumetric 
Arc therapy. Phys Med 2015; 31: 360–7. doi: 
https://​doi.​org/​10.​1016/​j.​ejmp.​2015.​02.​005

http://birpublications.org/bjr
https://doi.org/10.1118/1.3700402
https://doi.org/10.1118/1.3700402
https://doi.org/10.1016/j.ejmp.2012.08.001
https://doi.org/10.1016/j.ejmp.2012.08.001
https://doi.org/10.1016/j.ijrobp.2004.12.040
https://doi.org/10.1016/j.ijrobp.2004.12.040
https://doi.org/10.1007/s00411-007-0151-y
https://doi.org/10.1007/s00411-007-0151-y
https://doi.org/10.1118/1.3089792
https://doi.org/10.1186/1742-4682-8-27
https://doi.org/10.1186/1742-4682-8-27
https://doi.org/10.1186/1748-717X-6-67
https://doi.org/10.1088/0031-9155/60/3/1237
https://doi.org/10.1088/0031-9155/60/3/1237
https://doi.org/10.1016/j.ijrobp.2009.01.051
https://doi.org/10.1667/RR0763.1
https://doi.org/10.1016/j.radonc.2008.09.027
https://doi.org/10.1016/j.radonc.2008.09.027
https://doi.org/10.1016/j.ijrobp.2007.06.060
https://doi.org/10.1016/S0360-3016(03)00073-7
https://doi.org/10.1016/S0360-3016(03)00073-7
https://doi.org/10.1016/j.ijrobp.2005.03.053
https://doi.org/10.1016/j.ijrobp.2005.03.053
https://doi.org/10.1088/0952-4746/34/2/325
https://doi.org/10.1088/0952-4746/34/2/325
https://doi.org/10.1016/j.radonc.2013.12.002
https://doi.org/10.1016/j.radonc.2013.12.002
https://doi.org/10.1118/1.4748332
https://doi.org/10.1118/1.4748332
https://doi.org/10.18632/oncotarget.8392
https://doi.org/10.18632/oncotarget.8392
https://doi.org/10.1093/jnci/djr533
https://doi.org/10.1093/jnci/djr533
https://doi.org/10.1016/j.ijrobp.2004.10.033
https://doi.org/10.1016/j.ijrobp.2004.10.033
https://doi.org/10.1016/j.radonc.2011.01.004
https://doi.org/10.1016/j.ejmp.2015.02.005

