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ABSTRACT

Purpose: This study aims at comparing the treatment quality of breast conformal radiotherapy (CRT) with 
sequential boost to tumor bed against intensity-modulated radiation therapy (IMRT) with simultaneously 
integrated boost to tumor bed by analyzing their corresponding dosimetric and radiobiological metrics.

Subjects and Methods: This work includes 20 primary left-sided breast cancer patients (10 with super-
clavicular node involvement (SCV) and 10 without SCV). In total 20 CRT plans and 20 IMRT plans were 
created. In the CRT plans, the whole breast with or without SCV irradiation receives a dose of 50Gy in 25 
fractions with a sequential boost to the tumour bed of 10Gy in 5 fractions. In the IMRT plans, the whole 
breast receives 50Gy and the tumor bed 60Gy in 25 fractions. Each plan was evaluated in terms of PTV 
coverage, primary tumour conformity index, maximum plan dose, ipsilateral lung dose (Dmean, V20Gy, V10Gy, 
V5Gy), heart dose (Dmean, Dmax, V15Gy), contralateral lung dose (V5Gy) contralateral breast dose (max, D5%) and 
spinal cord dose (D0.03cc). The tumor control and normal tissues complication probabilities (TCP and NTCP) 
were calculated for each plan.

Results: IMRT created more conformal plans in all cases, (conformity index: CRT=0.35, IMRT=0.75 
with SCV and CRT=0.33, IMRT=0.76 without SCV). CRT plans delivered higher heart V15Gy (CRT=6.5%, 
IMRT=5.2% with SCV and CRT=1.6%, IMRT=0.7% without SCV). CRT plans delivered higher V20Gy ipsilateral 
lung doses with SCV (CRT=15.0%, IMRT=12.8%). Also, IMRT plans delivered lower D0.3cc spinal cord doses 
(CRT=17.3Gy, IMRT=7.1Gy with SCV and CRT=2.6Gy, IMRT=0.5Gy without SCV). The NTCP values of heart 
and ipsilateral lung were lower for IMRT (0.03% and 1.87%) than CRT (1.10% and 4.70%) with SCV, 
respectively.

Conclusions: IMRT plans showed superior dose conformity, lower NTCP values and shorter treatment 
duration. Especially, when there is SCV node involvement, it should be considered as the treatment of 
choice.
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Introduction
A significant number of breast cancer patients are still treated 

using 3D-Conformal techniques [1,2] with various approaches re-
garding treatment parameters such as: angles of the tangential fields, 
sequential or integrated boost to the tumor bed, fractionation scheme 
[3-6]. However, the last years the use of highly conformal treatment 
modalities such as MLC-based IMRT or Tomotherapy have gained 
popularity. Intensity modulated radiation therapy (IMRT) produces 
more conformal distributions as compared to conformal radiation 
therapy (CRT) techniques by reducing radiation dose and toxicity to 
nearby critical organs [7-11]. IMRT may therefore significantly im-
prove dose delivery since it employs significantly more degrees of 
freedom in conforming the dose distribution to the demands imposed 
by the dose objectives and constraints used during treatment plan-
ning [2-14]. It has been demonstrated that intensity modulated radio-
therapy (IMRT) can significantly reduce radiation dose and toxicity to 
critical organs producing better results than conventional and simple 
conformal radiation therapy techniques. Expecially, the sparing of 
heart has gained interest by the radiotherapy community [15-18]. In 
the literature, there are reports on the physical comparison of dose 
distributions delivered by advanced radiotherapy techniques includ-
ing fixed-beam intensity-modulated radiotherapy (IMRT), non-co-
planar volumetric modulated arc therapy (NC-VMAT), multiple arc 
VMAT (MA-VMAT), and tomotherapy (TOMO) [19-23]. Those studies 
indicate that still there is no technique that performs better than the 
other at all aspects. This finding is also supported by studies that in-
corporated tumor control and normal tissue complication probabili-
ties (TCP and NTC) [24-27].

Furthermore, the expected clinical impact of breathing motion, 
patient setup uncertainties and risk for secondary malignancies were 
among the factors that have not been thoroughly studied [28,29]. 
Many radiotherapy centers are still debating whether to proceed to 
a change of their treatment methodologies being cautious about the 
cost-benefit issues. One of the purposes of this study is to indicate the 
margin of benefit in the expected clinical outcome for breast cancer 
cases, which stems from the much higher conformality of the MLC-
based IMRT modality compared to the 3D-Conformal techniques. In 
this study the difference between a combination of a SIB and IMRT 
and the traditional conformal two-phase approach were compared, to 
determine if any technique provides an improvement in plan confor-
mity. Furthermore, a translation of the observed differences to radio-
biological terms will show the clinical impact of those differences on 
the treatment outcome. 

Subjects and Methods
In this study, the data of 20 primary left-sided breast cancer pa-

tients (10 with and 10 without supraclavicular radiotherapy (SCV-
RT)) treated at University General Hospital in Larissa were used. For 
the patients with SCV-RT the whole-breast – SCV volumes and the 
primary tumor volumes ranged from 407.6 to 2282.6 cm2 and 41.9 to 
199.7 cm2, respectively. For the patients without SCV-RT, the whole-
breast volumes and the primary tumor volumes ranged from 353 to 
1429.9 cm2 and 18.9 to 135.8 cm2, respectively. The range of breast 
sizes and shapes is typical of those encountered clinically. Computed 
tomography (CT) images were obtained in 3mm slices using a scan-
ner with 16 detector arrays (Toshiba aquilion 16), with patients in the 
supine position on a breast board with both arms above their heads. 
Scanning was performed with free breathing. The attending radiation 
oncologist contoured the clinical target volumes (CTV) and the plan-
ning target volumes (PTV) for the whole-breast, whole-breast-SCV 
and tumour bed, subtracting 3 mm off the build-up region from the 
skin surface of the breast. Furthermore, OARs delineated included 
heart, lungs, contralateral breast and spinal cord. 

Conformal Radiotherapy Plans

For the whole-breast plans, an isocentric technique was used with 
conventional coplanar opposed fields (medial and lateral) with a leaf 
margin of 3 cm to the skin side. Also, a Field-in-Field technique was 
used in order to facilitate better control of dose homogeneity. For the 
irradiation of the tumour bed, two coplanar fields were used keeping 
the same isocentre and selecting gantry and collimator angles accord-
ing to its size and location. The energies, the gantry and collimator an-
gles, the beam weights and the wedges were manually optimized for 
both PTVs. Mainly 6MV beams were used, however 10MV and 15MV 
were also used when necessary. The collapsed cone convolution dose 
algorithm was used to calculate the dose. Additionally for the SCV-
RT, 2 opposed fields were mainly applied in the anterior-posterior 
direction (AP and PA) with gantry angles close to 350° and 170°, re-
spectively and energies 6MV for the AP and 15MV for the PA. Field in 
Field technique was also used where necessary. The CRT plans were 
performed using a standard regimen where the whole breast receives 
a dose of 50 Gy in 25 fractions of 2 Gy and the tumour bed receives 
a dose of 60 Gy in 30 fractions of 2 Gy. A typical CRT beam setup is 
shown in Figures 1 & 2.
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Figure 2: Treatment plans with super-clavicular lymph node irradiation. Upper panel: Typical field arrangement for a whole breast with 
simultaneously integrated tumour bed photon boost using intensity modulated radiotherapy (IMRT). Lower panel: Typical field arrangement 
for a conformally planned whole breast and sequential tumour bed photon boost (CRT). Central axial slices are shown on the left side, whereas 
sagittal slices are shown on the right. The colormap of the isodose lines is also shown.

Figure 1: Treatment plans without superclavicular lymph node irradiation. Upper panel: Typical field arrangement for a whole breast planned 
with simultaneously integrated tumour bed photon boost using intensity modulated radiotherapy (IMRT). Lower panel: Typical field arrangement 
for a conformally planned whole breast with sequential tumour bed photon boost (CRT). The colormap of the isodose lines is also shown.
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IMRT with SIB Plans

An MLC-based dynamic IMRT plan was created for each patient 
using 3 lateral fields with 5 degrees step, 3 medial fields with the 
same step and 1 field fixed to tumour bed selected at gantry angle 
determined by the location of the tumour bed. All the plans use 6 MV 
photon beams and were developed with maximum number of control 
points per beam of 200 and minimum segment width of 1 cm. Those 
IMRT plans were developed using a sequential integrated boost (SIB) 
scheme where the tumour bed receives a dose of 60 Gy in 25 fractions 
of 2.4Gy and the whole breast or the whole breast and SCV receives 
a dose of 50 Gy in 25 fractions of 2Gy. Objectives were created at the 
inverse planning stage to ensure that both the whole breast PTV or 
the whole breast and SCV and the tumour bed PTV received 50 Gy and 
60 Gy over 25 fractions, respectively. The Monte Carlo dose algorithm 
was used to calculate dose. A typical IMRT beam set up is shown in 
Figures 1 & 2.

Endpoints

Treatment plans were prescribed as follows: V50Gy to the whole 
breast or the whole breast and SCV PTV and V60Gy to the tumour bed 
PTV should be at least 95%, respectively [30]. Dose to the surround-
ing tissue should be kept as low as possible. For the IMRT plans the 

prescription was done to the mean dose of PTVbed (60Gy mean dose 
of PTVbed). Measured data for plan comparison included:

•	 The coverage of PTVs and the overall maximum plan doses. 
•	 The lung doses to the ipsilateral lung in the form of mean 

dose, V20Gy, V10Gy and V30Gy. 
•	 The mean and the maximum heart doses as well as V15Gy. 
•	 The dose to the contralateral lung in the form of D5Gy.
•	 The dose to the spinal cord in the form of D0.03cc. 
•	 The dose to the contralateral breast in the form of mean dose 

and D5%.

A summary of the prescribed doses and dose constraints to the 
organs at risk (OAR) is shown in Table 1. After creating the dose-vol-
ume histograms (DVHs) and using the required parameters, the Con-
formity index Lomax and Scheib for the tumour bed was calculated 
[30,31]. Conformity index = TVRI/VRI and it is defined as the ratio be-
tween the target volume covered by the reference isodose (TVRI) and 
the volume of the reference isodose (VRI). An index value of 1 indicates 
ideal conformity. In this study, the reference isodose used was the 57 
Gy (95% of 60 Gy) isodose line. For two typical cases of patients with-
out and with SCV involvement, the DVHs of the targets and primary 
organs at risk (OAR) are shown in Figure 3.

Figure 3: Dose volume histograms (DVHs) of tumor bed, planning target volume (PTV), heart, ipsilateral and contralateral lungs for two typical 
cases of patients without (upper plot) and with (lower plot) super-clavicular (SCV) lymph node involvement.
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Table 1: Summary of the dose constraints and clinical goals for the 
different targets and organs at risk used in treatment plan optimiza-
tion.

Constraint Value

PTVbed D95% 60 Gy

PTVbreast/breastScf D95% 50 Gy

Mean heart dose (Gy) ≤ 4 Gy

Heart V15Gy ≤ 15%

Ipsilateral lung mean dose ≤ 9 Gy

Ipsilateral lung V20Gy ≤ 15%

Ipsilateral lung V10Gy ≤ 30%

Ipsilateral lung V5Gy ≤ 50%

Contralateral lung V5Gy ≤ 3%

Contralateral breast D5% ≤ 2 Gy

Spinal cord D0.03cc ≤ 8 Gy

Statistical Method

All the simple statistical values (average, standard deviations, 
range) of the different dose metrics were taken from the Monaco 
Treatment Planning System (version 5.11.03, ELEKTA), using dose 
volume histogram information and volumetric data. The results were 
analyzed using a paired t-test. A resultant p-value of <0.05 implied a 
statistically significant difference.

Radiobiological Models

The dose-response relation of tumors and normal tissues is de-
scribed by the Poisson model based on the following mathematical 
expression: [32]

 2 50( / )( /ln ln 2)( ) exp( )GYe D D eP D e γ γ−=  (1)

where P(D) is the probability of response for a voxel in a tumor or 
OAR when it is irradiated uniformly with a dose D. In Eq. (1), D2Gy is 
the 2 Gy equivalent dose and it is calculated by the following equation: 
[32]
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where D is the total voxel dose, d is the corresponding dose per 
fraction and α/β is a parameter that expresses the fractionation char-
acteristics of that organ. 

The probabilities of tumor control, PT and overall benefit, PB, are 
estimated by the following expressions: [33-36]
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where Ntumors is the total number of tumors and M is the total num-
ber of voxels or subvolumes of the tumor.

The probabilities of normal tissue injury, POAR and overall injury PI, 
for a number of OARs is expressed by the following equation: [33-36]

  1/
1

[1 [1 ( ) ] ]i
M vs s

OAR ii
P P D ∆

=
= − −∏  

(5)

 	
1

1 (1 )organsN j
I OARj

P P
=

= − −∏  (6)

where Norgans is the total number of OARs and M is the total num-
ber of voxels or subvolumes of the OAR.   is the fractional subvolume 
of the organ being irradiated. 

To express the radiobiological effectiveness of a given dose distri-
bution in dosimetric terms, the value of biologically effective uniform 

dose, D   is used [35]. 
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The overall quality of a treatment plan is evaluated by the com-
plication-free tumor control probability (P+), which represents the 
probability of achieving tumor control without causing damage to 
normal tissues [8,9]. The P+ index can be calculated by the following 
equation: [36]

  	 B B I B IP P P P P+ = − ≈ −  (8)

The dose-response parameters of those models are the D50, which 
is the dose for having 50% response and  , which is the maximum nor-
malized dose-response gradient. In the Relative Seriality model, the 
relative seriality parameter, s, which characterize the volume effect 
of the tissue is also involved. The dose-response parameters of the 
target and OARs that were used in this analysis are presented in Table 
2. [37,38] The α/β was assumed to be 10 tumors and 3 for normal 
tissues.
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Table 3: Summary of the dosimetric and plan quality parameters for the two sets of plans without supraclavicular irradiation.
Parameters CRT IMRT

Plan evaluation index

Conformity index 0.33 ± 0.10 0.76 ± 0.10

Range 0.26 – 0.49 0.65 – 0.87

p-value < 0.01

Maximum plan dose 

Maximum dose (Gy) 63.5 ± 0.6 65.5 ± 1.0

Range 62.4 – 64.2 63.3 – 65.9

p-value 0.07

PTVs coverage

Breast V95% (%) 96.5 ± 1.0 95.9 ± 0.8

Range (%) 95.1 – 97.9 95.1 – 97.4

p-value 0.02

Primary tumour V95% (%) 99.7 ± 0.5 98.0 ± 1.6

Range (%) 98.5 – 100.0 95.4 – 99.5

p-value < 0.01

Heart

Mean heart dose (Gy) 2.2 ± 0.7 2.9 ± 0.5

Range (Gy) 1.1 – 3.1 2.0 – 3.7

p-value < 0.01

Average max heart dose (Gy) 46.5 ± 4.9 32.1 ± 7.8

Range (Gy) 36.5 - 51.1 17.4 – 42.2

p-value < 0.01

V15Gy <15% 1.6 ± 1.3 0.7 ± 0.5

Range (%) 0.3 – 3.8 0.01 – 1.3

p-value 0.05

Ipsilateral lung 

Mean lung dose (Gy) 6.1 ± 1.7 6.8 ± 1.4

Range (Gy) 3.2 – 9.0 4.5 – 8.1

p-value 0.11

V20Gy (%) 9.6 ± 3.6 9.8. ± 3.3

Range (%) 4.0 – 15.4 5.6 – 15.1

p-value 0.70

V10Gy (%) 14.7 ± 4.4 18.0 ± 4.6

Range (%) 7.1 – 21.9 11.4 – 22.8

p-value 0.02

V5Gy (%) 24.1 ± 5.8 31.0 ± 7.6

Range (%) 12.6 – 33.0 16.9 – 45.3

p-value 0.01

Contralateral lung 

V5Gy (%) 0.0 ± 0.0 2.92 ± 0.04

Range (%) 0.0 – 0.0 0.0 – 8.6

p-value 0.05
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Contralateral breast

Max breast dose (Gy) 4.4 ± 0.6 6.0 ± 1.0

Range (Gy) 3.6 – 5.5 4.3 – 7.5

p-value < 0.01

D5% (Gy) 1.9 ± 0.4 2.4 ± 0.3

Range (Gy) 2.0 – 3.1 1.5 – 2.5

p-value 0.02

Spinal cord

D0.03cc (Gy) 0.5 ± 0.1 2.6 ± 1.3

Range (Gy) 0.4 – 0.6 1.1 – 4.5

p-value < 0.01

Results
Patients without SCV Irradiation (Dosimetric Analysis)

The breast PTV coverage of CRT plans is better in 8 of 10 cases 
(average CRT = 96.5%, IMRT = 95.9%) with statistically significant 
importance (p = 0.018) and the tumour bed coverage of CRT plans is 
better in 9 of 10 cases (average CRT = 99.7%, IMRT = 98.0 %) with 
statistically significant importance (p = 0.004) (Table 3). IMRT plans 
delivered higher maximum plan doses in 6 of 10 cases (average CRT = 
63.5 Gy, IMRT = 65.5 Gy) without statistically significant importance 
(p>0.05) (Table 3). CRT plans delivered lower mean heart doses in 8 
of 10 cases (average CRT = 2.2 Gy, IMRT = 2.9 Gy) with statistically sig-
nificant importance (p = 0.009). On the contrary they delivered higher 
maximum doses in all cases (average CRT = 46.5 Gy, IMRT = 32.1 Gy) 
with statistically significant importance (p = 0.001). Also IMRT plans 
delivered lower V15Gy heart dose in 8 of 10 cases (average CRT = 
1.6%, IMRT = 0.7% with statistically significant importance (p = 0.05) 
(Table 3). 

IMRT plans delivered higher mean ipsilateral lung doses in 7 of 10 
cases (average CRT = 6.1 Gy, IMRT = 6.8 Gy) and V20Gy in 6 of 10 cases 
(average CRT = 9.6%, IMRT = 9.8%) without statistically significant 
importance (p>0.05). IMRT plans also delivered higher V5Gy and V10Gy 
ipsilateral lung dose in 8 of 10 cases (average CRT = 14.7%, IMRT = 
18% for V10Gy and average CRT = 24.1%, IMRT = 31.0% for V5Gy) with 
statistically significant importance (p = 0.016) and (p = 0.014) respec-
tively. (Table 2). CRT plans delivered lower V5Gy in all cases (average 
CRT = 0.0 %, IMRT = 2.9 %) with statistically significant importance 
(p = 0.045) (Table 2). CRT plans delivered lower contralateral breast 
maximum doses in 9 of 10 cases (average CRT = 4.4 Gy, IMRT = 6.0 
Gy). They also delivered lower D5% in 7 of 10 cases (average CRT = 1.9 
Gy, IMRT = 2.4 Gy) with statistically significant importance (p = 0.001) 
and (p = 0.019) respectively (Table 2). CRT plans delivered lower spi-
nal cord D0.3cc in all cases (average CRT = 0.5 Gy, IMRT = 3.3 Gy) 
with statistical significance (p = 0.001) (Table 2). In all cases, IMRT 
plans were considered more conformal when using conformity index. 
The average CRT plan conformity index was 0.33 compared with the 

average IMRT conformity index 0.76 with significance importance (p 
= 0.0001) (Table 3).

Patients With SCV Irradiation (Dosimetric Analysis)

The whole breast PTV coverage of IMRT plans is better in 8 of 
10 cases (average CRT = 95.6%, IMRT = 95.9%) without statistically 
significant importance (p>0.05), whereas the tumour bed coverage 
of CRT plans is better in 8 of 10 cases (average CRT = 99.1%, IMRT 
= 97.8 %) with statistically significant importance (p = 0.007) (Ta-
ble 4). IMRT plans delivered higher maximum plan doses in 7 of 10 
cases (average CRT = 64.0 Gy, IMRT = 64.3 Gy) without statistically 
significant importance (p>0.05) (Table 4). IMRT plans delivered low-
er mean heart doses in 8 of 10 cases (average CRT = 4.7 Gy, IMRT = 
4.3 Gy) with statistically significant importance (p = 0.042). They also 
delivered lower maximum doses in all cases (average CRT = 49.9 Gy, 
IMRT = 38.6 Gy) with statistically significant importance (p = 0.001). 
Also IMRT plans delivered lower V15Gy heart dose in 9 of 10 cases 
(average CRT = 5.2%, IMRT = 6.5% with statistically significant im-
portance (p = 0.034) (Table 4). CRT plans delivered higher mean ip-
silateral lung doses in 8 of 10 cases (average CRT = 8.7 Gy, IMRT = 8.5 
Gy) without statistically significant importance (p>0.05) and V20Gy in 
8 of 10 cases (average CRT = 15.0%, IMRT = 12.8%) with statistically 
significant importance (p = 0.012). On the contrary, CRT plans deliv-
ered lower V10Gy ipsilateral lung dose in 5 of 10 cases (average CRT 
= 21.4%, IMRT = 22.3%) without statistically significant importance 
(p>0.05) and V5Gy ipsilateral lung dose in 8 of 10 cases (average CRT 
= 32.4%, IMRT = 39.8%) with statistically significant importance (p 
= 0.05) (Table 4). CRT plans delivered lower V5Gy to the contralateral 
lung in all cases (average CRT = 0.0 %, IMRT = 2.4 %) without statis-
tically significant importance (p>0.05) (Table 4). CRT plans delivered 
the same contralateral breast maximum doses (average CRT = 8.0 
Gy, IMRT = 8.0 Gy) and the same D5%. CRT plans delivered lower spi-
nal cord D0.3cc in all cases (average CRT = 17.3Gy, IMRT = 7.1Gy) with 
statistical significance (p = 0.003) (Table 4). In all cases, IMRT plans 
were more conformal. The average CRT plan conformity index was 
0.35 compared with the average IMRT conformity index 0.76 with sig-
nificance importance (p = 0.000) (Table 4).
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Table 4: Summary of the dosimetric and plan quality parameters for the two sets of plans with supraclavicular irradiation.
Dosimetric parameters CRT IMRT

Plan evaluation index

Conformity index 0.35 ± 0.09 0.76 ± 0.06

Range 0.2 – 0.5 0.6 – 0.9

p-value < 0.01

Maximum plan dose 

Maximum dose (Gy) 64.0 ± 0.6 64.3 ± 0.7

Range 62.7 – 64.5 63.1 – 65.2

p-value 0.24

PTVs coverage

Whole breast-scf V95% (%) 95.6 ± 0.8 95.9 ± 0.8

Range (%) 94.8 – 97.2 94.7 – 97.2

p-value 0.26

Primary tumour V95% (%) 99.1 ± 1.5 97.8 ± 1.5

Range (%) 95.3 – 100.0 95.9 – 100

p-value < 0.01

Heart

Mean heart dose (Gy) 4.7 ± 1.6 4.3 ± 1.8

Range (Gy) 2.9 – 7.8 2.4 – 8.1

p-value 0.04

Max heart dose (Gy) 49.9 ± 1.2 38.6 ± 3.0

Range (Gy) 48.3 – 51.4 32.6 – 43.0

p-value < 0.01

V15Gy <15% 6.5 ± 4.0 5.2 ± 3.9

Range (%) 1.1 – 14.5 1.4 – 13.7

p-value 0.03

Ipsilateral lung 

Mean lung dose (Gy) 8.7 ± 2.3 8.5 ± 1.2

Range (Gy) 3.3 – 11.2 5.8 – 10.4

p-value 0.71

V20Gy (%) 15.0 ± 5.3 12.8 ± 4.1

Range (%) 2.5 – 20.9 2.8 – 18.0

p-value 0.01

V10Gy (%) 21.4 ± 6.7 22.3 ± 5.4

Range (%) 6.2 – 29.0 9.6 – 28.7

p-value 0.38

V5Gy (%) 32.4 ± 8.4 39.8 ± 4.1

Range (%) 13.9 – 44.3 34.0 – 47.2

p-value 0.05

Contralateral lung 

V5Gy (%) 0.0 ± 0.001 2.43 ± 0.04

Range (%) 0.0 – 0.2 0.0 – 9.5

p-value 0.08
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Contralateral breast

Max breast dose (Gy) 8.0 ± 3.3 8.0 ± 2.9

Range (Gy) 4.1 – 15.3 4.8 – 13.3

p-value 1.00

D5% (Gy) 2.9 ± 0.9 2.8 ± 0.7

Range (Gy) 1.9 – 4.7 2.1 – 4.4

p-value 0.78

Spinal cord

D0.03cc (Gy) 17.3 ± 8.0 7.1 ± 4.1

Range (Gy) 2.6 – 28.7 2.4 – 15.2

p-value < 0.01

Patients Without SCV Irradiation (Radiobiological Analy-
sis)

The TCP of the tumor bed (PTVbed) was higher for the CRT plans 
in 6 of 10 cases (average CRT = 92.3%, IMRT = 91.1%) with statisti-
cally significant importance (p = 0.02), whereas the TCP for the breast 
PTV was on average better for the IMRT plans (average CRT = 94.6%, 
IMRT = 95.3 %) without statistically significant importance p = 0.48) 
(Table 5). A statistically important difference (p = 0.04) between the 
two modalities was observed in the NTCP of heart (CRT = 0.2% vs. 
IMRT = 0.0%). For ipsilateral lung, the NTCP values of the IMRT plans 
were lower than those of CRT (0.4 vs. 0.6%) but with no statistical sig-
nificance (p = 0.65). For spinal cord and contralateral lung, the NTCP 
values were zero for all the plans. Examining the effectiveness of the 
plans as a whole, it is shown that the values of P+ were better for 
the IMRT plans (94.5 vs. 93.6%) but without statistically significant 
importance (p = 0.31). Similar were the findings for the values of PB 

(IMRT = 94.9%, CRT = 94.3%, p = 0.55). The corresponding PI values 
were also lower for IMRT (0.4%) than CRT (0.8%) with p = 0.24. Al-
though the average values give the edge to IMRT, in most cases the 
differences were very small and in both directions.

Table 5: Summary of the radiobiological evaluation for the breast 
without supraclavicular irradiation for the CRT and IMRT radiation 
modalities.

Radiobiological parameters CRT IMRT

Plan evaluation

P+ (%) 93.6 ± 2.8 94.5 ± 0.8

Range 86.8 – 95.7 92.9 – 95.3

p-value 0.31

PB (%) 94.3 ± 2.9 94.9 ± 0.7

Range 86.9 – 96.1 93.3 – 95.6

p-value 0.55

PI (%) 0.8 ± 1.0 0.4 ± 0.4

Range 0.004 – 3.4 0.004 – 1.2

p-value 0.24

PTVbed

TCP (%) 92.3 ± 1.3 91.1 ± 0.1

Range 90.8 – 94.0 90.8 – 91.2

p-value 0.02

D  (Gy)
62.7 ± 1.0 61.8 ± 0.1

Range 61.6 – 64.2 61.6 – 61.9

p-value 0.02

Dmean (Gy) 60.7 ± 0.8 60.0 ± 0.0

Range 59.8 – 61.9 60.0 – 60.0

p-value 0.02

PTVbreast

TCP (%) 94.6 ± 3.2 95.3 ± 0.8

Range 86.5 – 96.9 93.7 – 96.4

p-value 0.48

D  (Gy)
50.7 ± 2.9 51.1 ± 1.0

Range 44.4 – 53.6 49.2 – 52.7

p-value 0.77

Dmean (Gy) 53.8 ± 0.9 52.3 ± 0.8

Range 52.7 – 54.8 51.4 – 53.6

p-value <0.001

Heart

NTCP (%) 0.2 ± 0.3 0.0 ± 0.0

Range 0.0 – 0.7 0.0 – 0.0

p-value 0.04

D  (Gy)
20.3 ± 4.6 12.3 ± 3.7

Range 12.6 – 25.8 5.5 – 17.4

p-value <0.001
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Dmean (Gy) 2.2 ± 0.7 2.9 ± 0.5

Range 1.2 – 3.1 2.0 – 3.7

p-value 0.01

Ipsilateral Lung

NTCP (%) 0.6 ± 1.0 0.4 ± 0.4

Range 0.0 – 3.4 0.0 – 1.2

p-value 0.65

D  (Gy)
5.9 ± 1.7 6.1 ± 1.4

Range 3.0 – 8.8 4.0 – 7.6

p-value 0.75

Dmean (Gy) 6.1 ± 1.7 6.8 ± 1.4

Range 3.2 – 9.0 4.5 – 8.1

p-value 0.11

Table 6: Summary of the radiobiological evaluation for the breast 
with supraclavicular irradiation for the CRT and IMRT radiation mo-
dalities.

Radiobiological parameters CRT IMRT

Plan evaluation

P+ (%) 87.9 ± 4.1 93.0 ± 1.6

Range 82.1 – 94.3 88.9 – 94.3

p-value <0.001

PB (%) 93.3 ± 3.2 94.8 ± 0.5

Range 86.9 – 95.9 94.1 – 95.7

p-value 0.16

PI (%) 5.7 ± 4.7 1.9 ± 1.9

Range 0.0 – 13.0 0.0 – 6.6

p-value 0.01

PTVbed

TCP (%) 92.2 ± 1.4 91.1 ± 0.1

Range 90.2 – 94.8 90.7 – 91.3

p-value 0.03

D  (Gy)
62.7 ± 1.2 61.8 ± 0.1

Range 61.2 – 65.1 61.6 – 61.9

p-value 0.03

Dmean (Gy) 60.8 ± 0.9 60.0 ± 0.0

Range 59.5 – 62.6 60.0 – 60.0

p-value 0.03

PTVbreastScf

TCP (%) 93.4 ± 3.5 95.1 ± 0.6

Range 86.2 – 96.4 94.4 – 96.3

p-value 0.14

D  (Gy)
49.7 ± 2.9 50.9 ± 0.8

Range 44.3 – 52.7 50.0 – 52.5

p-value 0.19

Dmean (Gy) 52.9 ± 0.9 52.2 ± 0.8

Range 51.6 – 54.5 51.3 – 53.7

p-value <0.001

Heart

NTCP (%) 1.1 ± 1.0 0.0 ± 0.1

Range 0.0 – 3.2 0.0 – 0.1

p-value 0.01

D  (Gy)
26.0 ± 3.5 17.4 ± 2.6

Range 18.3 – 30.9 14.4 – 21.9

p-value <0.001

Dmean (Gy) 4.7 ± 1.6 4.3 ± 1.8

Range 2.4 – 8.1 2.4 – 8.1

p-value 0.04

Ipsilateral Lung

NTCP (%) 4.7 ± 4.4 1.9 ± 1.9

Range 0.0 – 12.1 0.0 – 6.5

p-value 0.02

D  (Gy)
8.4 ± 2.3 7.6 ± 1.4

Range 2.8 – 10.8 4.2 – 9.7

p-value 0.07

Dmean (Gy) 8.7 ± 2.3 8.5 ± 1.2

Range 3.3 – 11.2 5.8 – 10.4

p-value 0.70

Patients With SCV Irradiation (Radiobiological Analysis)

The TCP of the tumor bed (PTVbed) was higher for the CRT plans 
in 7 of 10 cases (average CRT = 92.2%, IMRT = 91.1%) with statisti-
cally significant importance (p = 0.03), whereas the TCP for the breast 
PTV was on average better for the IMRT plans (average CRT = 93.4%, 
IMRT = 95.1 %) without statistically significant importance (p = 0.14) 
(Table 6). A statistically important difference (p = 0.01) between the 
two modalities was observed in the NTCP of heart (CRT = 1.1 vs. IMRT 
= 0.0%). For ipsilateral lung, the NTCP values of the IMRT plans were 
lower than those of CRT (1.9 vs. 4.7%) with statistical significance (p 
= 0.02). For spinal cord and contralateral lung, the NTCP values were 
zero for all the plans. Examining the effectiveness of the plans as a 
whole, it is shown that the values of P+ were considerably better for 
the IMRT plans (93.0 vs. 87.9%) with statistically significant impor-
tance (p < 0.001). The values of PB were better for IMRT (94.8%) than 
CRT (93.3%) but there difference was not statistically significant (p = 
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0.16). However, a large difference was observed in the sparing of the 
primary organs at risk, where the corresponding PI values were much 

lower for IMRT (1.9%) than CRT (5.7%) with statistical significance 
(p = 0.01) (Table 6).

Table 2: Summary of the model parameter values for the breast cancer case. D50 is the 50% response dose, γ is the maximum normalized value 
of the dose-response gradient and s is the relative seriality, which characterizes the volume dependence of the organ.

Relative Seriality model D50 (Gy) γ s α/β (Gy)

PTVbed 50.0 3.0 — 10.0

PTVbreast/breastScf 35.0 2.0 — 10.0

Heart 52.3 1.3 1.0 3.0

Ipsilateral lung 15.55 1.2 0.05 3.0

Contralateral breast 30.0 5.0 0.2 3.0

Spinal cord 57.0 6.7 1.0 3.0

Discussion
The results of this study indicate that the dose coverage as ex-

pressed by V95% in the whole breast and tumour bed with and with-
out SCV irradiation are very similar between the two sets of CRT and 
IMRT plans. However, the IMRT SIB plans demonstrate a significantly 
higher dose homogeneity (p < 0.001). For the cases including SCV ir-
radiation, ipsilateral lung sparing was better for the IMRT plans re-
garding mean lung dose and V20Gy, which are the clinically relevant 
dose constraints but the differences were statistically significant only 
for the V20Gy. For the cases not including SCV irradiation, the mean 
lung doses and the V20Gy are quite similar. The CRT plans give better 
V10Gy and V5Gy with statistically significant importance but the differ-
ences in absolute values are so small that are not expected to have a 
significant impact in clinical outcome. In most cases, the IMRT plans 
give better results for the heart. When SCV irradiation is included 
mean heart dose, maximum heart dose and V15Gy are lower for the 
IMRT plans with statistically significant importance. Only the mean 
heart dose is lower for the CRT plans when SCV irradiation is not in-
cluded but the differences between the two sets are very small. Those 
findings are in-line with other reports, which indicate a better sparing 
of heart by IMRT plans. [9,13,39] More specifically, Jöst et al showed 
that compared with the established 3D-CRT technique, a technique 
combining IMRT and VMAT allows for a decrease in dose, particularly 
of the mean heart and lung dose with comparable target volume ac-
quisition and without disadvantageous low-dose load of contralateral 
structures.

Also, the IMRT plans give better results for the spinal cord in the 
cases with SCV irradiation. Although, the IMRT SIB plans deliver on 
average higher doses to the rest of the OARs (namely: contralateral 
lung and contralateral breast), those doses are at a level of very low 
clinical significance. 

A significant practical implication is that in the IMRT SIB tech-
nique the overall treatment duration is reduced by 5 fractions. In busy 
departments that treat large numbers of breast cancer patients this 
can be important. The implementation of the IMRT technique does 
not require extra work on the behalf of radiation oncologists, how-

ever the IMRT plans require additional quality assurance testing by 
physics. For CRT plans, the size and location of both whole breast and 
tumour bed, influenced the choice of photons energy, however, for 
IMRT boost fields, 6-MV photons were used exclusively to treat the 
PTVs. The ability to create a comparable plan using only 6-MV pho-
tons, can be advantageous to departments in which higher energies 
like 15 MV are not available on every linear accelerator. There are 
very few studies analyzing the comparison between different treat-
ment techniques in breast radiotherapy using radiobiological metrics. 
[7,32,37] The application of radiobiological measures on the two sets 
of 3D-Conformal and MLC-based IMRT treatment plans indicate that 
the TCP values of PTVbreast and PTVbed are very similar both in the 
cases with and without SCV irradiation. Regarding the primary organs 
at risk (heart and ipsilateral lung), the NTCP values were found to be 
similar in the cases without SCV irradiation but when SCV irradiation 
was needed the superiority of IMRT was very clear and statistically 
significant in terms of clinical outcome.

We have to acknowledge that a number of factors that were 
not examined by the present analysis such as the impact of use of 
deep-inspiration breath-hold (DIBH). More specifically, in a recent 
study that compared cardiac doses of different whole-breast optimi-
zation schemes including free-breathing (FB) tangential radiothera-
py (TRT), (DIBH) TRT, and FB helical tomotherapy (HT), it was con-
cluded that DIBH offers clear mean heart dose reductions (3.1Gy vs. 
1.1Gy). [15] Another study examining the plans of 63 patients found 
a significant reduction of mean cardiac dose from 6.1Gy to 3.2Gy (p 
< 0.001) when DIBH was compared with FB. [16] Darapu and col-
leagues showed in their study that the difference in ipsilateral lung 
doses between FB and DIBH showed statistically significant p values, 
and the differences were found to be 7, 15.7, 11.8, and 10.7% for V5, 
V20, V30, and Dmean, respectively. [17] However, although the use 
of DIBH seems to have a beneficial impact on the quality of the treat-
ment, another study showed that there is no significant difference in 
mean heart dose between VMAT-DIBH and TRT(field-in-field)-DIBH. 
[18] For patients who are not compliant with breath-hold the use of 
a 4D robust optimization has shown to limit the doses to cardiac and 
substructures during free-breathing RT with both IMRT/VMAT even 
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if it cannot fully outperform DIBH or conventional 4D-CT-based plan-
ning with IMRT/VMAT in heart sparing. [40]

Conclusion
Based on this analysis, it is found that the MLC-based IMRT deliv-

er better plans in terms of dose homogeneity than the 3D-Conformal 
modality. Plan quality is shown to be very similar in the case without 
SCV irradiation both in regards to the coverage of the PTVs and spar-
ing of the organs at risk. However, when SCV irradiation was involved, 
IMRT could spare the organs at risk at a much higher level, which 
could be seen in both the dosimetric as well as in the radiobiological 
metrics. 
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