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IntroDuCtIon
Breast cancer is the most common type of cancer in females 
worldwide. After mastectomy, radiotherapy (RT) to the 
infra-  and supraclavicular (levels III–IV) lymph nodes is 
the standard treatment in patients at high-risk of relapse as 
it improves locoregional control and overall survival.1–4 The 
usual technique for treating the chest wall and lymph nodes 
was for a long time three dimensional conformal radio-
therapy (3DCRT) but, given the complex target shape, it was 
challenging to achieve a uniform target dose distribution with 
optimal sparing of adjacent organs at risk (OARs) such as the 
lungs, heart, spinal cord and contralateral breast. To overcome 
these difficulties, intensity modulated RT (IMRT) adminis-
tered with linear accelerators (linac-based IMRT), volumetric 
modulated arc therapy (VMAT), helical tomotherapy (HT) or 
direct tomotherapy (DT) were developed.5–11

Linac-based IMRT is administered when the linac head 
reaches the position that was established during treatment 
planning; leaves are either stationary during delivery (step 
and shoot) or are continuously modified (sliding windows) 
to modulate the beam fluence at different gantry angles. Volu-
metric modulated arc therapy delivers treatment with the 
gantry rotating in one or more arcs using a dynamic multileaf 
collimator, variable dose-rates and gantry speeds. In tomo-
therapy, the couch moves inside the bore and beam intensity 
is modulated by rapidly moving micromultileaf collimators, 
so RT is delivered in multiple tiny beamlets. In HT, the linac 
rotates 360° around the patient while DT uses fixed gantry 
positions. All these IMRT techniques use inverse planning 
and optimize non-uniform beam intensities by means of treat-
ment plans that are generated by specific algorithms. The RT 
dose is calculated according to a convolution–superposition 

Received: 
16 November 2016

Accepted: 
21 February 2018

Revised: 
13 February 2018

© 2018 The Authors. Published by the British Institute of Radiology

objective: To compare the dosimetric outcomes of four 
radiotherapy (RT) techniques for treating the chest wall 
plus draining nodes after mastectomy and breast recon-
struction.
Methods: Three-dimensional conformal radiotherapy, 
linac-based intensity modulated RT, helical tomotherapy 
(HT) and direct tomotherapy treatments were planned for 
40 breast cancer patients. Dose prescription was 50 Gy. 
Plans were compared in terms of doses to the planning 
target volume, organs at risk and the homogeneity index. 
The non-parametric Friedman test for paired data and the 
Conover post hoc analysis were used for data analysis.
results: HT provided the highest D90 and D98% and 
the lowest HI, V107% and D2%. HT was associated with 

the lowest D2% and V25  Gy to the heart in left-sided 
treatments but the mean cardiac dose was highest. HT 
provided the highest V5 Gy and V20 Gy to the ipsilateral 
lung, but the V30 Gy was lower. The contralateral breast 
and lung were more exposed with HT.
Conclusion: The present dosimetric study together 
with daily use of CT-MV image guided RT have led 
us to opt for HT after mastectomy and breast recon-
struction and to draw up a suitable protocol for 
treating the chest wall and levels III and IV draining  
nodes.
advances in knowledge: HT is a suitable for 
treating the chest wall and levels III and IV draining  
nodes.
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algorithm (C/S), which is based on a collapsed cone convolution 
approach.12

In patients with breast cancer, the present investigation compared 
the dosimetric results of three IMRT techniques with 3DCRT for 
treatment of the chest wall plus draining nodes after mastectomy 
and breast reconstruction.

MethoDs anD MaterIals
3DCRT, linac-based step and shoot IMRT, HT and DT treat-
ments were planned for 40 breast cancer patients (20 right-sided, 
20 left) after mastectomy with immediate breast reconstruction. 
Table 1 reports the demographics and clinical details of patients. 
All patients received RT to the chest wall and to the infra-and 
supraclavicular lymph nodes (levels III–IV lymph nodes). The 
RT dose was calculated according to a convolution–superposi-
tion algorithm (C/S), which is based on a collapsed cone convo-
lution approach.12

Computed tomography simulation and volume 
definition
Free breathing CT scans without contrast medium were acquired 
in the treatment position. Each patient lay supine with both arms 
raised above her head, and was supported by a breast board that 
was inclined in 11 patients and flat in 29. Radiopaque landmarks 
identified chest wall margins. CT data were acquired from the 
mandible to the diaphragm with 5 mm slice thickness in the first 
9 patients and 2.5 mm slice thickness in the last 31, in accor-
dance with policy in our unit.2 All CT scans were sent to the 
Pinnacle3 treatment planning system V9.8 (Philips Radiation 
Oncology Systems, Fitchburg, WI). One radiation oncologist 
contoured the clinical target volume (CTV), i.e. chest wall and 
levels III and IV lymph nodes and OARs, following the Italian 
guideline atlas,2,13 reproducibility of which were assessed in an 
Italian national multicentre study.14 Contoured OARs were the 
lungs, heart, contralateral breast, spinal cord, larynx, mandible, 
thyroid, esophagus and humeral head.

The planning target volume (PTV) chest wall coincided with the 
CTV chest wall as it was not expanded. For PTV lymph nodes, 
expansion was 0.5 cm in all directions. To create PTVevals, all 
PTVs were restricted to 2 mm skin depth. To surround the 
PTVs, two rings with 10 mm expansion were created inside the 
body (chest wall and lymph node rings). To restrict high doses to 
the PTVs, a healthy tissue structure was created from the whole 
body minus PTVs, ring structures and 2 mm skin depth. To 
obtain the spinal cord planning risk volume), the spinal cord was 
expanded by 5 mm.

Dose prescription was 50 Gy to the PTVevals in 25 fractions. The 
maximum (D2%) and the minimum (D98%) doses were planned 
in accordance with the ICRU 83 recommended range.13 Dose 
constraints followed the QUANTEC recommendations,15–18 
supplemented by an internal dose constraint protocol (Table 2).

3DCRT planning
For each patient, the 3DCRT plan was based on a monoisocen-
tric technique. Two tangential, opposed, wedged quarter-beams 
treated the chest wall. Gantry angles were selected using the 
beam’s eye view of the Pinnacle3 treatment planning system, 
avoiding direct exposure of the contralateral breast. Three 
oblique, wedged halfbeams treated the lymph nodes. Two were 
anterior, with a mean gantry angle of ±39°, while the third was 
posterior, with a gantry angle chosen to avoid direct exposure of 
the spinal cord. Wedge angles and beam weights were selected 
during optimization to avoid hot spots and cover underdosed 
areas. Beam energy was 6 MV. To achieve better dose distribution 
in large breasts or when the chest separation was >21–22 cm, 15 
MV were used. Usually a field-in-field technique was adopted to 
further reduce hot spots. When dose constraints were not satis-
fied, leaves shielded the ipsilateral lung or the heart in the left-
sided treatments.

IMRT planning
In linac-based IMRT plans, six beams were equally spaced 
throughout the 180° sector angle in the axial plane. The beam 
energy was 6 MV for all beams. The optimization algorithm was 

Table 1. The demographics and clinical details of patients

Median age 47.5 years (range 32–76)
Stage 

        IIA 8 patients (20%)

        IIIA 19 patients (47.5%)

        IIIB 2 patients (5%)

        IIIC 10 patients (25%)

        Chest wall relapse 1 patient (2.5%)

Histology 

        CI NST 37 patients (92.5%)

        Lobular carcinoma 2 patients (5%)

        Mucinoso 1 patient (2.5%)

Grade 

        G1 4 patients (10%)

        G2 9 patients (22.5%)

        G3 27 patients (67.5%)

Hormonal receptor 

        Positive 30 patients (75%)

        Negative 10 patients (25%)

HER-2 

        Positive 8 patients (20%)

        Negative 32 patients (80%)

Hormonal therapy 

        Yes 30 patients (75%)

        No 10 patients (25%)

        Chemotherapy 40 patients (100%)

Trastuzumab 

        Yes 8 patients (20%)

        No 32 patients (80%)

CI NST, infiltrating carcinoma non special type.
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Table 2. Dose constrains and optimization objectives

Structure Dose Constraints IMRT linac-based planning 
aims (weight) 

HT and DT planning aims 
(weight) 

PTV breast\chest wall eval, PTV LN evals   Min dose = 45 Gy (5) Min dose = 47.5 Gy (5) 

Min dVH 50% = 50 Gy (5) V50 Gy = 50% 

Min DVH 95% = 47.5 Gy (5) V49 Gy = 95% 

Uniform dose = 50 Gy (5) V51 Gy = 5%  

Max dose=52 Gy (10) Max dose = 52.5 Gy (10) 

PTV breast\chest wall, PTV LN   Min dose = 45 Gy (1)   

Ipsilateral lung     V5 Gy < 75% V5 Gy = 75% (5) V5 Gy = 75% (5) 

V20 Gy < 30% V20 Gy = 30% (5) V20 Gy = 30% (5) 

V30 Gy < 20% V30 Gy = 20% (5) V30 Gy = 20% (5) 

    Max dose = 47.5 Gy (1) 

Contralateral lung V5 Gy < 26% V5 Gy = 26% (5) V5 Gy = 26% (5) 

  V15 Gy < 10% V15 Gy = 5% (5) V15 Gy = 5% (5) 

    Max dose = 25 Gy (1) 

Total lung V5 Gy < 45% V5 Gy = 42% (5) V5 Gy = 42% (1) 

V15 Gy < 30% V15 Gy = 25% (5) V15 Gy = 25% (1) 

    Max dose = 47.5 Gy (1) 

Heart Left-sided treatment: Left-sided treatment: Left-sided treatment: 

V25 Gy < 10% V25 Gy = 10% (5) V25 Gy =10% (5) 

    Max dose = 40 Gy (1) 

Right-side treatment: Right-sided treatment: Right-sided treatment: 

V15 Gy < 5% V15 Gy = 5% (5) V5 Gy = 50% (1) 

  V5 Gy = 50% (1) V15 Gy = 5% (5) 

    Max dose = 30 Gy (1) 

PRV SC D2% < 20 Gy Max dose = 20 Gy (1) V10 Gy = 50% 

    V18 Gy = 1% 

    Max dose =20 Gy (1) 

Contralateral breast D2% < 10 Gy D50% = 5 Gy (5) D50% = 5 Gy (5) 

Dmean < 5 Gy Max dose = 10 Gy (5) Max dose = 10 Gy (5) 

Ipsilateral humeral head D2% < 30 Gy Max dose = 30 Gy (1) D50% = 20 Gy (5) 

    D1% = 29 Gy (5) 

Max dose = 30 Gy (1)

Mandible   Max dose = 10 Gy (5) D50% = 2 Gy (5) 

  Max dose = 10 Gy (1) 

Thyroid   Dmean < 35 Gy (1) D50% = 25 Gy (1) 

Max dose = 50 Gy (5) Max dose = 50 Gy (5) 

Larynx   Max dose = 45 Gy (1) D50% = 20 Gy (1) 

  Max dose = 45Gy (1) 

Ring breast/chest wall   Max dose = 47.5 Gy (1) D50% = 45 Gy (1) 

  Max dose = 47.5 Gy (1) 

(Continued)
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the direct machine parameter optimization with the following 
parameters: maximum 50 segments, minimum 5 Monitor Units 
for each segment, a minimum segment area of 8 cm2. The calcu-
lation grid was 2.0 mm. Optimization objectives are listed in 
Table 2.

Helical and direct tomotherapy planning
After contouring, CT and volumes were transferred via 
DICOM-RT to the tomotherapy planning system. HT treatment 
plans were generated and optimized using Tomotherapy HD 
treatment planning station v. 5.0.4 (Accuray, Sunnyvale, CA). HT 
plan parameters were: 5.02 cm field width (FW), 0.287 pitch, and 
2.7–3 modulation factor (MF). The planning risk volume spinal 
cord, mandible, contralateral breast and lung, were spared by 
directional blocks. To prevent posterior and contralateral beam-
lets from entering the chest wall/breast area another L-shaped 
directional block was used, excluding lymph node areas.

DT planned for seven beams to the chest wall/breast PTVeval 
and from 4 to 7 beams to lymph node PTVevals. Four or five 
flash beams compensated for intrafraction motion. The FW 
and the pitch were set at respectively, 5.02 cm and 0.287. 
In three cases, a pitch of 0.430 was used. Modulation factor 
ranged from 1.8 to 3. The OAR sparing directional blocks were 
the same as for HT, while the L-shaped directional block was 
not used.

Table 2 shows DVH starting points and penalties for HT and DT.

Plan comparisons and statistical analyses
Plans were compared in terms of doses to the PTVs, homoge-
neity index (HI) and doses to OARs.

Parameters for minimum PTV doses were D98, D90, D95%. 
Parameters for maximum PTV doses were D2% and V107%. 
Dose indicators were D50% and Dmean. HI for each technique 
was calculated using the formula HI = (D2–D98%)/D50%. The 
lower the HI, the more homogeneous dose distribution across 
the PTV.15,18

OAR parameters, i.e. volume indices, Dmean and D2%, varied 
with the OAR.

V100% of healthy tissue assessed high doses outside the PTV.

The Shapiro–Whilk test showed variable distribution was asym-
metric. The non-parametric Friedman test for paired data and 
the Conover post hoc analysis were used to compare the four irra-
diation techniques. All statistical analyses were performed using 
IBM-SPSS® v. 22.0 (IBM Corp., Armonk, NY, 2011). A two-sided 
p-value < 0.05 was considered significant.

results
HT emerged as best for target coverage. Compared with 3DCRT, 
linac-based IMRT and DT, D90 and D98% were significantly 
higher. For example, the median HT D98% was:  +13 Gy  vs  
3DCRT, +2.7 Gy  vs  linac-based IMRT and +0.5 Gy  vs  DT. HI, 
V107% and D2% were significantly lower than with the other 
techniques.

D95, D50% and Dmean were almost the same for HT and DT. 
In particular, median HT D95% was 1 Gy more than linac-based 
IMRT and 5  Gy more than 3DCRT. Compared with 3DCRT, 
median Dmean was significantly increased by 1.5 Gy for linac-
based IMRT, 1.9 for HT and DT (Table 3).

Significantly different OAR doses are summarized below and 
reported in full in Table 4.

Ipsilateral lung
3DCRT provided the lowest V5 and V20 Gy. Compared with 
3DCRT, the median linac-based IMRT V5 Gy was +34.6 Gy, 
HT was +31.2 Gy and DT was +30.63 Gy and the median linac-
based IMRT V20 Gy was +4.72 Gy, HT was +3.25 Gy and DT was  
+3.7 Gy. HT was associated with the lowest V30 Gy (median 
value −5.5 Gy  vs  3DCRT). In 14 cases, linac-based IMRT did 
not satisfy the normal tissue constraint guidelines of V5  Gy 
<75% (9 cases), V20 Gy <30% (3 cases) and V30 Gy <20% (2 
cases). In eight cases, 3DCRT did not satisfy the normal tissue 
constraint guidelines for V20 Gy (four cases) and V30 Gy (four 
cases). In four cases, HT failed V5  Gy dose constraints (two 
cases) and V20 Gy constraints (two cases). In two cases, DT 
failed V5  Gy dose constraints (one case) and V20  Gy (one 
case).

Structure Dose Constraints IMRT linac-based planning 
aims (weight) 

HT and DT planning aims 
(weight) 

Ring LN   Max Dose=47.5 Gy (1) D50%=45 Gy (1) 

  Max Dose 47.5 Gy (1) 

Healthy tissue   Max dose=45 Gy (1) D30% = 5 Gy (1) 

  D20% = 10 Gy (5) 

  D2% = 30 Gy (5) 

  Max dose = 45 Gy (1) 

DT, direct tomotherapy; HT, helical tomotherapy; LN, lymph node; PRV, planning risk volume; PTV breast/chest wall eval, planning target volume 
breast/chest wall evaluation; PTV LN eval, planning target volume LN evaluation; SC, spinal cord.

Table 2. (Continued)
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Contralateral lung
DT provided the lowest V15 Gy while HT was associated with 
the highest. 3DCRT provided the lowest V5  Gy. Linac-based 
IMRT, HT and DT did not satisfy normal tissue constraint of 
V5 Gy < 26% in nine, seven and two cases respectively.

Heart (left-sided treatment)
HT was associated with the lowest D2% and V25 Gy. 3DCRT had 
the lowest Dmean and highest D2%. Compared with 3DCRT, 

median Dmean was +3 Gy for linac-based IMRT, DT, and HT. 
Median D2% value was −9.6 Gy for linac-based IMRT, 4.48 Gy 
for DT, dropping to −20 Gy for HT.

Heart (right-sided treatment)
3DCRT provided the lowest Dmean, D2% and V15 Gy. DT was 
associated with a lower Dmean, than HT and linac-based IMRT 
and lower D2% than linac-based IMRT.

Table 3. Comparison of PTV tot eval dosimetry for three-dimensional conformal radiotherapy, intensity modulated radiotherapy, 
helical tomotherapy, and direct tomotherapy

3DCRT 
(range)

IMRT 
(range)

HT 
(range)

DT 
(range) p

D90% 44.99 Gy 
(39.50–47.50)

46.71 Gy 
(42.10–48.37)

47.97 Gy 
(46.91–49.10)

47.87 Gy 
(46.15–48.73)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p < 0.0001;

HT  vs  DT: p = 0.0064.

D95% 41.65 Gy 
(25–45.60)

45.33 Gy 
(43.70–47.26)

46.46 Gy 
(45.08–48.69)

46.66 Gy 
(42.74–47.92)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p < 0.0001;

HT  vs  DT: p = 0.74.

D98% 31.80 Gy 
(6.00–43.00)

43.54 Gy 
(40.40–45.88)

44.75 Gy 
(42.22–47.86)

44.24 Gy 
(38.69–46.55)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.0115;

HT  vs  DT: p = 0.03.

V107% 0.21% 
(0.00–5.05)

0.61% 
(0.00–3.31)

0.12% 
(0.00–1.56)

0.44% 
(0.01–2.65)

3DCRT  vs  IMRT: p = 0.167;
3DCRT  vs  HT: p = 0.05;
3DCRT  vs  DT: p = 0.538;
IMRT  vs  HT: p = 0.607;
IMRT  vs  DT: p = 0.441;
HT  vs  DT: p = 0.2007.

D2% 52.79 Gy 
(49.00–54.40)

52.79 Gy 
(51.20–53.90)

52.44 Gy 
(51.92–53.256)

52.71 Gy 
(51.87–53.69)

3DCRT  vs  IMRT: p = 0.008;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p = 0.001;
IMRT  vs  HT: p = 0.004;
IMRT  vs  DT: p = 0.595;

HT  vs  DT: p = 0.019.

D50% 49.60 Gy 
(48.30–50.50)

49.75 Gy 
(46.15–50.20)

50.14 Gy 
(49.49–50.56)

50.95 Gy 
(49.90–50.59)

3DCRT  vs  IMRT: p = 0.643;
3DCRT  vs  HT: p = 0.004;
3DCRT  vs  DT: p = 0.019;
IMRT  vs  HT: p = 0.001;
IMRT  vs  DT: p = 0.005;

HT  vs  DT: p = 0.579.

Dmean 47.96 Gy 
(44.03–49.67)

49.44 Gy 
(48.23–49.96)

49.89 Gy 
(49.27–50.31)

49.84 Gy 
(49.27–50.33)

3DCRT  vs  IMRT: p = 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p < 0.0001;

HT  vs  DT: p = 0.81.

HI 0.43 
(0.19–0.91)

0.19 
(0.11–0.24)

0.15 
(0.09–0.20)

0.17 
(0.11–0.29)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.0366;

HT  vs  DT: p = 0.050.

3DCRT, three dimensional conformal radiotherapy; DT, direct tomotherapy; HI, homogeneity index; HT, helical tomotherapy; IMRT, intensity 
modulated radiotherapy; PTV, planning target volume.
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Table 4. Comparison of OARs dosimetry for three-dimensional conformal radiotherapy, intensity modulated radiotherapy, helical 
tomotherapy, and direct tomotherapy

3DCRT 
(range)

IMRT 
(range)

HT 
(range)

DT 
(range) p

Ipsilateral lung

V5 Gy 38.46% 
(23.93–48.45)

73.62% 
(61.67–82.05)

71.54% 
(64.66–77.22)

70.65% 
(51.54–75.10)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p < 0.0001;

HT  vs  DT: p = 0.748.

V20 Gy 22.05% 
(11.25–35.21)

29.15% 
(17.43–33.64)

27.64% 
(24.79–31.61)

27.40% 
(25.27–30.87)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p = 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.007;
IMRT  vs  DT: p = 0.026;

HT  vs  DT: p < 0.639.

V30 Gy 17.81% 
(7.99–26–63)

17.84% 
(10.18–20.45)

14.20% 
(11.27–16.81)

15.43% 
(8.81–20.40)

3DCRT  vs  IMRT: p = 0.010;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.005;
HT  vs  DT: p < 0.0001.

Contralateral lung

V5 Gy 5.75% 
(0.00–6.98)

21.99% 
(6.48–56.06)

24.21% 
(17.87–38.63)

21.75% 
(7.90–26.22)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.568;
HT  vs  DT: p < 0.0001.

V15 Gy 0.00% 
(0.098–5.537)

0.09% 
(0.00–6.98)

2.26% 
(0.10–5.54)

0.37% 
(0.00–2.05)

3DCRT  vs  IMRT: p = 0.25;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p = 0.604;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.096;
HT  vs  DT: p < 0.0001.

Heart (right-sided treatment)

Dmean 0.80 Gy 
(0.62–1.90)

7.42 Gy 
(5.53–10.29)

7.54 Gy 
(5.81–9.07)

6.76 Gy 
(4.46–7.84)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.033;
IMRT  vs  DT: p = 0.843;

HT  vs  DT: p = 0.052.

D2% 2.61 Gy 
(1.90–11.44)

18.90 Gy 
(13.27–24.30)

18.49 Gy 
(14.00–22.23)

16.84 Gy 
(11.68–20.31)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.294;
IMRT  vs  DT: p = 0.923;

HT  vs  DT: p = 0.340.

V15 Gy 0.00% 
(0.00–5.32)

6.50% 
(0.01–30.40)

4.50% 
(0.39–7.04)

4.31% 
(0.05–7.22)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.285;
IMRT  vs  DT: p = 0.868;

HT  vs  DT: p = 0.218.

Heart (left-sided treatment)

(Continued)
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Contralateral breast
3DCRT provided the lowest Dmean and D2%. HT was asso-
ciated with the highest Dmean. Compared with 3DCRT 
median Dmean was +3 Gy for linac-based IMRT and DT, rising 
to +4 Gy for HT; the median D2% was +7 Gy for all IMRT  
techniques.

Other OARs
3DCRT provided the lowest Dmean for the spinal cord, esoph-
agus, humeral head, larynx and the lowest D2% for the humeral 
head and larynx. HT provided the lowest D2% for the spinal cord. 
Linac-based IMRT provided the lowest D2% for the esophagus 
and thyroid. 3DCRT and linac-based IMRT provided the lowest 
Dmean and D2% for the mandible. 3DCRT irradiated healthy 
tissue the most and HT the least (V100% = 0.19 vs  0.00%; p < 
0.001).

DIsCussIon
Our RT Centre designed the present study comparing the 
dosimetric parameters of 3DCRT, linac-based IMRT, HT and 
DT in order to select the best technique for post-operative RT 
delivery to the chest wall plus levels III–IV draining nodes 
after mastectomy with breast reconstruction. To our knowl-
edge, a similar assessment has not been performed elsewhere. 
Other research groups focused on tomotherapy in different 
clinical situations, e.g. left breast cancer after conserving 
surgery and adjuvant RT only to the breast,19–22 mastectomy or 
conserving surgery and adjuvant RT to chest wall/breast and 
different lymph node stations (levels I–IV ± internal mammary 
chain).8–10 Consequently, comparing our results with others 
is arduous but one common finding was that tomotherapy 
provided optimal target coverage, dose conformity and homo-
geneity, sparing OARs from high radiation doses.8,10

3DCRT 
(range)

IMRT 
(range)

HT 
(range)

DT 
(range) p

Dmean 5.58 Gy 
(2.09–8.62) 

8.60 Gy 
(6.22–13.31)

11.70 Gy 
(8.42–14.67)

9.06 Gy 
(6.63–12.58)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.201;
IMRT  vs  DT: p = 0.007;

TH  vs  DT: p = 0.148.

D2% 42.65 Gy 
(28.25–48.24)

34.69 Gy 
(19.80–38.60)

29.00 Gy 
(23.74–33.74)

34.90 Gy 
(21.91–42.14)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p < 0.0001;

HT  vs  DT: p < 0.0001.

V25 Gy 7.28% 
(0.62–14.19)

6.71% 
(4.00–15.49)

4.31% 
(0.00–6.59)

6.71% 
(1.23–8.32)

3DCRT  vs  IMRT: p = 0.036;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.001;

HT  vs  DT: p = 0.001.

Contralateral breast

Dmean 0.58 Gy 
(0.38–3.49)

3.36 Gy 
(1.95–5.27)

4.78 Gy 
(3.34–5.90)

3.76 Gy 
(2.18–4.87)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.024;
HT  vs  DT: p < 0.0001.

D2% 2.10 Gy 
(1.38–16)

8.84 Gy 
(5.80–13.60)

9.52 Gy 
(7.77–11.22)

8.81 Gy 
(3.07–12.49)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;

IMRT  vs  HT: p = 0.308;
IMRT  vs  DT: p = 0.0008;

HT  vs  DT: p = 0.016.

Healthy tissue

V100% 0.1900% 
(0.0009–1.85)

0.0013% 
(0.000–0.49)

0.0000% 
(0.0000–0.30)

0.0045% 
(0.0000–0.05)

3DCRT  vs  IMRT: p < 0.0001;
3DCRT  vs  HT: p < 0.0001;
3DCRT  vs  DT: p < 0.0001;
IMRT  vs  HT: p < 0.0001;
IMRT  vs  DT: p = 0.2814;

HT  vs  DT: p < 0.0001.

3DCRT, three dimensional conformal radiotherapy; DT, direct tomotherapy; HT, helical tomotherapy; IMRT, intensity modulated radiotherapy.

Table 4. (Continued)
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In fact, in the present study 3DCRT provided the poorest 
target coverage. Factors accounting for this result include 
target shape complexity and underdosage of the junction 
of two contiguous fields between the chest wall and lymph 
nodes. Moreover, 3DCRT was associated with the highest HI, 
supporting previous evidence that IMRT techniques provided 
more homogeneity and fewer hotspots.19,20 When IMRT tech-
niques were analyzed, linac-based IMRT provided the poorest 
values. HT was associated with the best target coverage and 
lowest HI, so it delivered the most homogeneous dose inside 
the PTV. It provided significantly lower maximum doses 
(D2%) and hotspots (V107%) than the other two IMRT tech-
niques, proving it had a higher modulation potential which 
may impact on choice of RT delivery.

In assessing the dose to the OARs, dose constraints and low 
dose volumes need to be considered. It is worth noting that 
lung constraints derive from lung cancer patients who received 
chemo-RT and very few data are available for breast cancer 
patients. To ensure a low risk of pneumonitis in breast cancer 
patients Quantec constraints for the ipsilateral lung recom-
mend V20 Gy < 30%16 which was medianly achieved with all 
four techniques. Although Quantec did not make any recom-
mendations for V30 Gy, it is usually kept <20%23,24 and, in fact, 
in the present study, the median value was always <20%, but 
HT was significantly lower than the other techniques. V5 Gy 
was accepted as another significant dose constraint in the 
development of pneumonitis.25,26 In accordance with Goddu 
et al8  the present study established, and medianly achieved, 
V5 Gy as 75% for the ipsilateral lung and 26% for the contra-
lateral with linac-based IMRT, HT and DT. V5 Gy was lowest 
with 3DCRT because field angles were set to avoid direct expo-
sure of both lungs.

Dose spillage was an issue with all IMRT techniques. Due to 
the HT rotational delivery, multiple beams transverse through 
normal tissue that would otherwise be unexposed to radiation 
with the fixed angles of 3DCRT, thus accounting for HT’s larger 
low-dose volumes (V5  Gy) in both lungs. Despite their fixed 
angles, linac-based IMRT and DT were similar to HT because 
once multiple beams leave the target some pass through adjacent 
OARs, resulting in a low dose exposure, as occurs with rotation 
techniques.

Although cardiac toxicity, a major issue in patients under-
going RT for breast cancer, may be linked to systemic adju-
vant treatments such as hormone therapy, antracycline or 
trastuzumab,27 limiting the RT cardiac dose is crucial. Indeed, 
improvements in treatment planning and RT delivery have 
significantly reduced the incidence of cardiac toxicity.28,29 
Quantec reported that V25 Gy <10%, which was achieved in 
the present study for left breast treatment planning with all 
techniques, was associated with a < 1% mortality at 15 years 
after RT.17 HT delivered the lowest V25  Gy and the lowest 
maximum cardiac dose, confirming its heart-sparing property. 
For the right breast, V15 Gy <5% was accepted as constraint 
and results were best with 3DCRT. Furthermore, the mean 
cardiac dose is emerging as a parameter to be considered in 

treatment planning since Darby et al28 (28) reported a mean 
dose of 4.9 Gy overall (6.6 Gy for left breast cancer patients and 
2.9 Gy for right breast cancer) and stated that a 1 Gy increase 
was associated with a 7.4% relative increase in cardiac events.28 
Our mean doses were lowest with 3DCRT and highest with HT 
for both left and right breast irradiation. Although the mean 
threshold dose has not yet been established, our new IMRT 
protocols now require the mean heart dose to be 5 Gy or below 
for the left breast and 4 Gy or below for the right in accordance 
with our latest dosimetric results.30

Dose constraints were recently suggested for the left anterior 
descending artery, which has emerged as another OAR for 
cardiac toxicity.31,32 In the present study, dose to the left ante-
rior descending was not evaluated as it was not contoured due 
to difficulties in its delineation33,34 even on a contrast medium 
CT scan.35

The risk of contralateral breast cancer needs to be consid-
ered with IMRT techniques, particularly with HT because 
it delivers the highest dose to the contralateral breast. As its 
absolute risk, though low overall, is greatest in females < 40–45 
years old36 the benefits and side effects of HT, e.g. target dose 
homogeneity  vs  OAR exposure to low doses, need to be care-
fully weighed up in these young patients.

Technically speaking, 3DCRT and IMRT each has its own 
pitfalls but common to all is the risk of lower than prescribed 
dose to the target surface, due to the patient breath motion. 
To counterbalance this interference, strategies vary with 
the technique: 3DCRT uses an anterior margin in the chest 
wall/breast beams; DT copes by means of its built-in flash 
beam in the planning software. With linac-based IMRT, the 
PTV is expanded outside the body, to try and force beam 
opening on to the target surface. No options are suggested 
for HT as the surface dose is higher than a fixed beam tech-
nique.37 Another problem with HT and DT is dose fall-off 
caudally and cranially which becomes more marked as the 
field widens.38 Consequently, the present study considered 
the mandible as an OAR and applied a directional block. 
One option for counteracting dose fall-off is to narrow FW, 
which however, is associated with lengthened treatment  
times.

ConClusIon
We are confident that present data will be useful to other RT 
centres that use tomotherapy to treat breast cancer patients. 
IMRT techniques, particularly HT, were associated with best 
HI and target dose coverage but at the cost of a greater OAR 
exposure to low doses and to higher mean doses. 3DCRT 
provided the poorest target coverage and was associated with 
the highest HI, probably on account of target shape complexity 
and underdosage of the junction of two contiguous fields 
between the chest wall and lymph nodes.

Present dosimetric results have led us to opt for HT after 
modifying some approaches so as to design the new protocol, 
which is currently in use in our centre. The cardiac dose is now 
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