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ABSTRACT

We compared two intensity-modulated radiotherapy techniques for left-sided breast treatment, involving lymph
node irradiation including the internal mammary chain. Inverse planned arc-therapy (VMAT) was compared with
a forward-planned multi-segment technique with a mono-isocenter (MONOISO). Ten files were planned per
technique, delivering a 50-Gy dose to the breast and 46.95 Gy to nodes, within 25 fractions. Comparative end-
points were planning target volume (PTV) coverage, dose to surrounding structures, and treatment delivery time.
PTV coverage, homogeneity and conformality were better for two arc VMAT plans; V95%PTV-T was 96% for
VMAT vs 89.2% for MONOISO. Homogeneity index (HI)PTV-T was 0.1 and HIPTV-N was 0.1 for VMAT vs 0.6
and 0.5 for MONOISO. Treatment delivery time was reduced by a factor of two using VMAT relative to
MONOISO (84 s vs 180 s). High doses to organs at risk were reduced (V30left lung = 14% using VMAT vs 24.4%
with MONOISO; dose to 2% of the volume (D2%)heart = 26.1 Gy vs 32 Gy), especially to the left coronary artery
(LCA) (D2%LCA = 34.4 Gy vs 40.3 Gy). However, VMAT delivered low doses to a larger volume, including contra-
lateral organs (mean dose [Dmean]right lung = 4 Gy and Dmeanright breast = 3.2 Gy). These were better protected
using MONOISO plans (Dmeanright lung = 0.8 Gy and Dmeanright breast = 0.4 Gy). VMAT improved PTV coverage
and dose homogeneity, but clinical benefits remain unclear. Decreased dose exposure to the LCA may be clinically
relevant. VMAT could be used for complex treatments that are difficult with conventional techniques. Patient age
should be considered because of uncertainties concerning secondary malignancies.
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INTRODUCTION
Adjuvant radiotherapy (RT) for breast cancer is a standard treatment
used to improve local tumor control and overall survival [1–4]. Lymph
node irradiation is used as an additional treatment for high-risk
patients. However, these large treatment volumes lead to coverage diffi-
culties, with junction issues between the breast and node fields and

exposure of organs at risk (OARs) to higher radiation doses. Some
groups include the internal mammary chain (IMC) in the tangential
fields. This technique is called the modified wide tangent (MWT) [5].
The use of intensity-modulated radiation therapy (IMRT) allows a
homogeneous dose distribution in many kinds of treatments. Volumet-
ric-modulated arc therapy (VMAT) for left-sided breast treatment,
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including lymph node irradiation involving the IMC, was recently com-
pared with MWT [6, 7], but never with a forward-planned multi-
segment technique with a mono-isocenter (MONOISO). Target
volumes coverage appeared better with VMAT than with MWT. The
goal of our study was to compare the dosimetric results of two IMRT
techniques in this treatment subset: VMAT vs MONOISO, in order to
assess whether or not there is an advantage for VMAT.

MATERIALS AND METHODS
Patient selection

We performed 10 planning studies for patients with left-sided breast
cancer, eight after breast conservative surgery and two after mastec-
tomy. Diverse anatomies were selected. Using the same contours and
scanner datasets, treatment planning was provided by Pinnacle®
(version 9.2) for MONOISO and by Raystation® (version 4.0) for
VMAT. Treatment planning was performed using an Elekta multileaf
collimator (MLC) with a 5-mm leaf width (Agility, Elekta, UK).

The clinical target volume (CTV) included the breast/chest wall
(CTVT), and the supraclavicular axillary level II and III nodes and the
IMC in the first three interspaces (CTVN). The CTV was extended
by 5 mm circumferentially, creating the planning target volume
(PTVoutside), both for breast (PTVT outside) and for nodes (PTVN

outside). For planning evaluation, the PTV outside was restricted to
5 mm under the skin and was referred as the PTV. The breast/chest
PTV volumes ranged from 256 to 1458 cm3. The prescription dose
to the breast/chest wall was 50 Gy in 25 fractions (f). The nodal
volume received 46.95 Gy in 25 f (corresponding to 46 Gy in 23 f
with α/β = 4). We did not take into account the tumor bed treat-
ment. The OARs (lungs, heart, left coronary artery [LCA], esopha-
gus, humeral head, thyroid and right breast) were also contoured,
according to the RTOG recommendations [8].

Forward-planned multisegment and monoisocentric
technique

Tangential and node fields were constructed from the PTVoutside with
margins. In order to avoid an underdosage, an overlap of ≤7 mm
between the tangential and node fields was accepted. We used 6-MV
photons (or a mixture of 18- and 6-MV photons for large volumes). The
IMC field was treated using a combination of photons and electrons.
The upper limit of this field was chosen so that the CTV was at a con-
stant depth and could be treated with same electron energy. That depth
defined the position of the unique isocenter that was also the superior
corner of the IMC electron field. Contralateral OARs were excluded
(Fig. 1).

The field-in-field optimization used segments provided by the MLC
and consisting of a few monitor units (MUs) in the main tangential field
to erase areas of overdose by increments of 6% [9]. Three or four seg-
ments were usually used; the main segment that corresponded to the
whole tangential field consisted of ∼80% of the MU. Dose calculation
was carried out according to a collapse-cone algorithm for photons and
pencil beam from Hogstrom [10] for electrons, on a 3 × 3 mmmatrix.

VMAT
For arc-therapy plans, we exclusively used the Elekta system with 6-
MV photons. Our clinical goals were in accordance with the external
RT guidelines published in 2007 [11].

We kept a significant proportional difference between the objec-
tives of target volumes (weight = 100) and those of OAR (weight =
1). We used 13 objectives, requiring a uniform dose of 50 Gy, a
minimum dose (Dmin) of 49 Gy and a maximum dose (Dmax) of 51
Gy on the PTVT−outside; and a uniform dose of 46.95 Gy, a minimal
dose of 46 Gy and a maximum dose of 48 Gy on PTVN−outside. We
included two additional objectives to achieve improved conformality:
the planning system was required not to exceed 47.5 Gy (i.e. 95% of
the prescribed dose) to a ring that was constructed by adding 10 mm
around the PTVs, and not to exceed 25 Gy to a control zone that was
defined as all healthy tissues outside the PTVs and rings. For the left
lung, the objective was to give <15 Gy to 20% of its volume, and for
the heart <10 Gy to 10% of its volume. For the LCA, an objective of
25 Gy for the Dmax was retained [12]. For the contralateral organs
(lung and breast) we used an identical objective of 3 Gy to 20% of
the volume. A valid plan should respect the prescription regarding the
PTVT and fulfill the clinical goals. These clinical goals were defined
as follows: 30 Gy to 5% of the heart; V20 <30% and V30 <20% for
the left lung; and mean dose (Dmean) <4 Gy for contralateral organs
(lung and breast). In addition, the healthy tissues should not receive
>55 Gy to 0.1 cm3. For target volumes, 96% of their volume should
be covered by 95% of the prescribed dose. We used two arcs from
290° to 170° clockwise and inverse, with one control point every 4°.

The optimization process is shown in Fig. 2. To anticipate breast
anatomical modification and lack of breast tissue coverage during
treatment, we used a virtual bolus during the first optimization. A
similar approach was described by Nicolini et al. [13]. This bolus was
removed when the clinical goals had been achieved. Then, we
restarted the process without changing the shape of the segment.

Fig. 1. Fields description of the forward-planned
multisegment technique with a mono-isocenter:
tangential fields (constructed from PTVoutside +5 mm
right/superior/posterior, 15 mm left/anterior and 10 mm
inferior, with a 7 mm maximum overlap with the node
field), node field (+5 mm in every direction, with the
exception of antero–posterior), IMC field (inferior region
of the node field, 3 cm wide and 15°angle), supra-
clavicular field (superior region of the node field) and
axillar post field to cover the external region of the
PTVN).
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Comparison criteria
Target volume coverage should be in conformity with the ICRU83
[14]. The homogeneity index (HI) was calculated according to the
following formula: HI = D2% – D98%/D50%, where D2%, D98% and
D50% = dose to 2%, 50% and 98% of the volume, respectively.
The conformity index (CI) regarding the combined PTV was calcu-
lated according to Van’t Riet et al. [15] as follows: CI = TVRI/TV ×
TVRI/VRI (TV: Target Volume, TVRI: Target volume covered by the
prescription isodose, VRI: volume of the prescription isodose). We
also evaluated the number of MUs and the treatment time. Treatment
time didn’t take into account set-up time and imagery control time.
All results were analyzed using a Wilcoxon’s signed rank test and con-
sidered significant if P was <0.05. The study was approved by the
institutional review boards of our institution.

RESULTS
Dose distributions for target volumes and OARs are summarized
in Table 1 and Fig. 3.

PTV coverage, homogeneity and conformality were better for two
arc VMAT plans; V95%PTV-T was 96% (94.9–97.6) for VMAT vs
89.2% (67.6–94.3) for MONOISO (P = 0.002). HIPTV-T was 0.1
(0.09–0.13) and HIPTV-N was 0.1 (0.1–0.12) for VMAT vs 0.6 (0.18–
0.92) and 0.5 (0.17–0.88) for MONOISO (P =0.02). Treatment
delivery time was reduced by a factor of two using VMAT relative to
MONOISO (84 s vs 180 s). High doses to organs at risk were reduced
(V30left lung = 14% [11.3–17.1] using VMAT vs 24.4% [19.2–31.6]
using MONOISO, P = 0.02; D2%heart = 26.1 Gy [19.3–32.8] vs 32 Gy
[25.2–38.5] P = 0.02), especially to the LCA (D2%LCA = 34.4
Gy [18.8–44.7] vs 40.3 Gy [22.3–50.0] P = 0.018). However, VMAT
delivered low doses to a larger volume, including contralateral
organs (Dmeanright lung = 4 Gy [3–8.5] and Dmeanright breast = 3.2 Gy
[2.5–3.7]). These were better protected using MONOISO plans
(Dmeanright lung = 0.8 Gy [0.6–1] and Dmeanright breast = 0.4 Gy

[0.3–0.6] P = 0.02). Mean doses to the humeral head, thyroid and
esophagus were also higher for VMAT plans (Dmeanhumeral head = 10.4 Gy
[5.8–14.8], Dmeanthyroid= 31.1 Gy [22.5–34.3] and Dmeanesophagus = 11.9
Gy [10.2–14.7] vs 3.7 Gy [2.1–7.3], 24.5 Gy [15.6–31.2] and 7.2 Gy
[5.9–9], respectively, for MONOISO.

DISCUSSION
We chose to study one of the worst case scenarios with respect to
complexity of treatment volume, namely the left breast with whole
node irradiation. Because of the limited number of patients involved,
it was not possible to conduct a statistical analysis. Nevertheless, we
selected a large variety of chest anatomies, allowing for the applica-
tion of our VMAT technique in most cases. It should be noted that
there have been only two previous studies [6, 7] concerning this
subject, and they analyzed only five cases, as opposed to the 10 cases
evaluated in our study. It is worth noting that in the two published
studies [6, 7], the dose to the tumor bed wasn’t taken into account,
as has been done in this work.

Only the VMAT plans achieved delivery of 95% of the prescribed
dose to 95% of the PTVs and respected median doses to both PTVs
(Table 1). Median doses delivered to the target volumes using
MONOISO were higher than the prescribed doses. These results
reflect the advantages regarding the homogeneity and conformity of
the VMAT plans, as suggested by the improved HI and CI.

The high doses delivered to the heart and the LCA (illustrated by
the D2%) were reduced using the VMAT plans. The mean dose to
the heart was acceptable using the VMAT plans, but this was even
lower using a forward-planned multisegment technique with a mono-
isocenter. The left lung received a comparable V10 using both plans;
however, it received an inferior mean dose, D2%, V30 and V20, and a
higher V5 using the VMAT plans. Doses to contralateral organs were
low using VMAT treatment planning, but still higher than using
MONOISO. It should be noted that the average V5 covered 90 cm3

Fig. 2. Flow diagram showing the volumetric-modulated arc therapy planning process.
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Table 1. Plan comparison parameters, mean values and range for VMAT and MONOISO for this study

MONOISO VMAT Wilcoxon’s signed rank test

Mean min max Mean min max

PTVT: breast

D2% (Gy) 53.0 52.5 54.1 52.2 51.7 52.7 0.004

Dmean (Gy) 49.2 44.8 50.5 49.9 49.9 50 0.188*

Dmedian (Gy) 50.8 50.2 51.2 50.0 49.9 50 0.002

V95% (%) 89.2 67.6 94.3 96.0 94.9 97.6 0.002

HI 0.6 0.2 0.9 0.1 0.1 0.1 0.002

CTVevaluation

V95% (%) 94.1 82 97.5 98.9 98.6 99.6 0.002

PTVN: nodes

V95% (%) 86.7 73.5 93.3 96.0 95.2 97 0.002

D2% (Gy) 52.1 51 53.9 49.1 48.9 49.3 0.002

Dmedian (Gy) 48.1 46.4 49.6 47.0 46.9 47 0.008

HI 0.5 0.2 0.9 0.1 0.1 0.1 0.002

PTVcombined CI 0.6 0.4 0.7 0.8 0.7 0.8 0.063*

Heart

Dmean (Gy) 6.7 4.2 9.6 8.6 6.6 10.2 0.063*

D2% (Gy) 32.0 25.2 38.5 26.1 19.3 32.8 0.002

V30 (%) 2.7 1.1 5.2 1.3 0.2 2.9 0.006

LCA

Dmean (Gy) 19.5 11.1 31.3 18.1 11.1 26.3 0.492*

D2% (Gy) 40.3 22.3 50 34.4 18.8 44.7 0.018

Left lung

Dmean (Gy) 16.9 13.6 20.2 15.2 14 16.7 0.025

D2% (Gy) 46.9 45.2 48.8 44.9 42.7 47.2 0.01

V30 (%) 24.4 19.2 31.6 14.0 11.3 17.1 0.002

V20 (%) 32.7 26 41.2 25.4 23 28.8 0.002

V10 (%) 55.1 42.9 67.1 55.3 43 63.3 0.77*

V5 (%) 72.1 57.2 84.6 86.7 78.5 97.2 0.004

Right lung

Dmean (Gy) 0.8 0.6 1 4.0 3 8.5 0.002

D2% (Gy) 2.2 1.7 2.7 9.3 7.9 10.4 0.002

V10 (%) 0.1 0 0.3 7.4 0.6 59.6 0.002

V5Gy (%) 0.2 0 0.6 14.5 11.6 18.2 0.002

Continued
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Table 1. Continued

MONOISO VMAT Wilcoxon’s signed rank test

Mean min max Mean min max

Lungs

Dmean (Gy) 8.1 6.5 9.8 8.8 7.7 9.6 0.016

V5Gy (%) 33.0 26 37.8 47.3 39.9 54.1 0.002

Right breast

Dmean (Gy) 0.4 0.3 0.6 3.2 2.5 3.7 0.002

D2% (Gy) 6.7 1 52.9 12.3 6.3 17.8 0.084*

V5Gy (cm3) 0.0 0 0 90.0 27.7 147 0.002

V5Gy (%) 0.0 0 0 13.8 8 17.5 0.002

Humeral head

Dmean (Gy) 3.7 2.1 7.3 10.4 5.8 14.8 0.002

D2% (Gy) 17.8 4.3 35.7 25.1 20.0 28.6 0.084*

V50Gy (%) 0.0 0.0 0.0 0.0 0.0 0.0

V30Gy (%) 1.7 0.0 7.4 0.2 0.0 1.0 0.125*

V20Gy (%) 3.0 0.0 11.8 11.0 2.0 26.0 0.002

Thyroid

vol (cm3) 12.0 4.2 40.0

Dmean (Gy) 24.5 15.6 31.2 31.1 22.4 34.3 0.002

D2% (Gy) 51.8 48.5 53.6 48.3 47.8 48.7 0.004

V30Gy (%) 45.6 24.8 61.1 46.8 23.8 64.6 0.125*

V35Gy (%) 45.1 24.1 59.6 44.5 19.8 57.4 0.438*

V40Gy (%) 44.1 23.2 56.5 42.0 17.4 51.1 0.109*

Dmean (Gy) left lobe 49.0 42.7 51.8 45.3 42.0 46.9 0.008

Dmean (Gy) right lobe 4.0 2.6 7.5 19.3 14.6 22.9 0.002

Esophagus

Dmean (Gy) 7.2 5.9 9.0 11.9 10.2 14.7 0.002

D2% (Gy) 41.5 27.9 45.6 41.5 30.8 46.1 0.695*

V20Gy (%) 11.6 6.4 18.0 18.2 10.5 23.5 0.002

V45Gy (%) 1.5 0.0 8.0 1.6 0.0 7.4 0.625*

MU 405 381 420 430 376 480 0.02

Treatment time (s) 180 nr nr 84 81 86

*P < 0.05, according to the Wilcoxon’s signed rank test. Min = minimum; max = maximum; PTV = Planning Target Volume; CTV = Clinical Target Volume; LCA = Left
Coronary Artery; D2% = dose to 2% of the volume; Vn(%) = percentage volume receiving ≥nGy; Dmean = mean dose; Dmedian = median dose; HI = homogeneity
index; CI = conformity index; MU =monitor unit.
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Fig. 3. Dose–volume histograms. MONOISO (solid lines) and VMAT (dashed lines). PTV = Planning Target Volume;
CTV = Clinical Target Volume; LCA = Left Coronary Artery.

Fig. 4. Dose distribution of a 3D conformal radiotherapy with field-in-field (A) and two-arcs (B): PTVT and N (black), and
isodose lines of 5 Gy (dark blue), 10 Gy (blue), 25 Gy (light blue), 30 Gy (light green), 35 Gy (dark green), 40 Gy (white),
43.7 Gy (yellow), 45 Gy (orange), 47.5 Gy (dark red) and 50 Gy (red).
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of the right breast volume using the VMAT plans, whereas it was
completely excluded from this isodose using the MONOISO plans.

The number of MUs was comparable in both plans. Treatment
time was reduced by a factor of two using the VMAT as compared
with the MONOISO plans, and by a factor of four if the efficiency of
delivery was taken into consideration. From our recent experience,
shorter treatment planning and delivery times are attractive with
respect to workload (Fig. 4).

Comparable studies with ours used MWT as the reference arm
[6, 7]. They demonstrated a benefit for VMAT treatment planning.
However, results from the use of MONOISO as compared with
MWT plans in our study indicated that they are superior, especially
regarding OARs, as displayed in Table 2. For example, MW delivered
higher doses to the heart and LCA, located in the wide tangential
fields. For this reason, the question was asked of whether the advan-
tages of VMAT over MWT were still accurate when compared with a
forward-planned multisegment technique with a mono-isocenter.

Other studies concerning arc therapy for breast cancer have re-
ported comparable results; however, Pasler et al. [16], Subramaniam
et al. [17], Johansen et al. [18] and Badakhsi et al. [19] mixed the
results for right and left breasts in their studies and excluded the
IMC. Yong-Yin et al. [20], Guang-Hua Jin et al. [21] and Tsai et al.
[22] considered the left breast only, but did not undertake node
irradiation. We also compared our results with those of Goddu et al.
[23] and Caudrelier et al. [24] concerning tomotherapy. The results
of eight studies involving static IMRT [25–30] are also included in
Table 2, with gaps in data varying according to the publications.
Indeed, though the dose to the PTV-T is almost always reported,
some other dosimetric data are missing. Data are more readily avail-
able for OARs.

Our VMAT results are in accordance with those of Popescu et al.
[6] and Sakumi et al. [7]. It should be noted that Popescu et al. [6]
excluded OARs from their PTV, which distorted their results. They
also reported a reduced dose to the left lung, without specifying if
they excluded the PTV from the lung. During the optimization
process, we noticed an interdependency between doses to the heart
and lung, which concur with their [6] finding of the delivery of a
higher dose to the heart. However, their dose delivery to the right
breast was superior, because they only looked at the dose to the
medial contralateral breast.

Regarding the heart, Pasler et al. [16] reported inferior results to
those of other authors, even though the IMC was not treated. Never-
theless, they realized that an overdose to the tumor bed could partly
explain their data. Heart doses are strongly dependent on patient
anatomy, making a quantitative comparison difficult. No study has
reported the D2% to the LCA, which may be more relevant than the
Dmean, as proposed by Jagsi et al. [31]. The lowest doses to the con-
tralateral lung were reported by Popescu et al. [6]; other studies, espe-
cially Goddu et al. [23], have reported higher Dmean and V5 values,
using tomotherapy.

Concerning VMAT, only planning studies without clinical results
have been published to date. VMAT provides dosimetric advantages
relative to traditional plans. These improvements are more visible when
compared with MWT than compared with MONOISO, which is
already a reliable technique that can be used in these complex situations.

The clinical implications of these dosimetric improvements
remain unclear. Improved homogeneity has been proven to provide

better cosmetic outcomes [32–34]. However, the benefit for local
control and overall survival remains to be demonstrated. According to
the older studies reviewed in the ECBTCG meta-analysis [4], the
benefit of RT regarding overall survival after surgery is reduced as a
result of non-cancer mortality, mostly (90%) linked to cardiovascular
mortality; post-radiation coronary injury is the most studied area in
this regard. Because of its location, the LCA is highly vulnerable
when tangential fields are used. However, modern techniques, with
MLC obscuring the heart and the use of mixed photons/electrons for
IMC, have already reduced the level of non-breast cancer–related
mortality [35]. A study by Darby et al. [36] described a linear rela-
tionship between the mean dose to the heart and cardiac events.
There was no threshold under which no events occurred. These
authors failed to demonstrate a relationship between the mean
dose to the LCA and cardiac events, because of the difficulty in visual-
izing that structure. However, this issue has to be taken into account
and in our study, despite a higher mean heart dose with VMAT,
the maximum dose to the heart and to the LCA were decreased.
Other groups have studied the doses to the LCA. The LCA is a ‘serie
organ’; thus, its constraint should be the Dmax. Untereiner et al. [12]
reported a Dmax of 22.94 Gy and a mean dose of 15.84 Gy. Feno-
glietto et al. [37] reported a D1% of 29.2 Gy and a mean dose of 14.1
Gy. Our VMAT plans significantly reduced the D2% to the LCA. The
benefit of lowering high doses to the heart and the LCA may be clin-
ically relevant for reducing cardiac toxicity.

Another option for reducing cardiac radiation exposure involves
techniques that keep the heart outside the radiation fields (breathing
control, maintaining patients in the prone position and partial RT).
These techniques have demonstrated dosimetric improvements [38],
but their clinical benefit regarding arc therapy has still to be evaluated.
The impact of systemic treatment, such as other cardiovascular risk
factors, should also be taken into consideration.

Data concerning secondary cancers that occur after breast RT are
poor. The ECBTCG meta-analysis [4] reported an increased number
of contralateral breast (P = 0.002) and lung (P = 0.0007) cancers
after high-dose exposures near target volumes. Berrington de Gonza-
lez et al. [39] published data on an important series of surviving
patients; 9% developed secondary cancer, and only 8% of these were
caused by RT. The risk was higher for patients aged <45 years at the
time of treatment. Regarding secondary lung cancer, a recent study
[40] demonstrated a linear increase in risk. The risk was even greater
for patients who smoked. Two studies [41, 42] concluded that the
risk of developing contralateral breast secondary cancer was higher
for patients aged <40 years at the time of treatment. Stovall et al. [41]
carried out one of the few studies that have presented findings accord-
ing to the location of contralateral breast secondary cancer. There
were more cases in external quarters and the risk was dose dependent
[41].

New RT techniques have given rise to questions regarding the
impact of low-dose exposure on carcinogenesis. Some modeling has
suggested that there is a doubling of the risk using IMRT [43, 44].
These low doses are caused by many factors, including scattered dose
in the patient, from the head of the accelerator (collimator, leafs and
blocks), and radiation leakage from the head. This leakage may be
lower for IMRT than for conventional 3D treatment. It has been
shown [45] that the accuracy of the convolution–superposition algo-
rithm is limited in the out-of-field region, which can lead to
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Table 2. Plan comparison parameters, mean values for VMAT and MONOISO for this study and for other studies of the literature concerning similar volumes treated with
static and dynamic intensity-modulated radiotherapy

VMAT
(study)

MONO
ISO
(study)

Popescu
[6]

Sakumi
[7]

Pasler
[16]

Caudrelier
[24]

Goddu
[23]

Jagsi
[31]

Krueger
[25]

Dogan
[29]

Van der
Laan
[28]

Beckham
[27]

Popescu
[26]

Cozzi
[30]

n = 10 5 5 10 10 10 10 10 10 10 30 5 10

Technique VMAT MONO
ISO

Rapid
Arc

MWT VMAT MWT VMAT TOMO TOMO IMRT
9 fields

IMRT
9 fields

IMRT
9 fields

IMRT
9 fields

IMRT
11 fields

IMRT
11 fields

IMRT

Target volumes Left breast supra-clav,
II III, IMC

Left breast supra-
clav, II III, IMC

Left breast supra-clav,
III IMC

Left breast
supra-clav,
III + tumor
bed

Left breast
supra-clav, II
III, IMC

Left breast
supra-clav,
II III,
IMC

Left chest-
wall supra-
clav, III,
IMC

Left chest-
wall supra-
clav, II III,
IMC

Left chest-
wall supra-
clav, I II
III, IMC

Left
chest-wall
supra-
clav, IMC

Left breast,
IMC

Left
breast,
IMC

Left and
right
breasts,
IMC

Dose PTVT 50 50 50 50 + 10 50 50 60.0 50 50 50 50 48.6–
50.0

PTVN 47 45 45 50 50 50 52.2 50 50 50 50

PTVT: breast

Dmean (Gy) 50.0 49.0 52.0 51.7c 52.0c 50.2

D2% (Gy) 53.0 52.0 51.8 54.3 56.0 55.9c 61.3d 56.0

V95% (%) 96.0 89.0 95.0 92.0 95.0 35.4
(D98%)c

99.0c 98.0c 96.7 78.0e 50Gy
(D95%)

98.5 86.7

HI 0.1 0.6 0.9a 0.8a 2.1 1.9 1.13a 0.95a 0.96a

CTV evaluation

V95% (%) 99.0 94.0

PTVN: nodes

V95% (%) 96.0 86.7 99.0 95.3 98.7b 53.5 50.6
(D95%)

99.3

D2% (Gy) 49.0 52.0 49.0 54.0 57.4d 55.1

HI 0.1 0.5 0.4 0.4c 0.69c

CI
Combined
PTV

0.8 0.6 0.7 0.4 0.8 0.9 0.9 1.2

UM 430 405 862 489

Treatment
time (s)

84 180 240 300
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Heart

V30 (%) 1.3 2.7 2.6 16.0 3.0 14.0 2.7 1.5 0.0 0.1 5.3 0.7 3.0

D2% (Gy) 26.0 32.0 32.0 47.0 53f

Dmean (Gy) 8.6 6.7 11.0 11.0 11.0 8.9 7.0 12.0 7.2 4.1 10.0 13.0 9.9

LCA

Dmean (Gy) 18.0 19.5 11.2

D2% 34.4 40.3 19.3d

Left lung

Dmean (Gy) 15.0 17.0 12.0 18.0 13.0 15.0 8.3 12.0 18.0 9.5 6.9 12.0 16.0

D2% (Gy) 45.0 47.0 50.0 43.0

V30 (%) 14.0 24.0 17.0 5.1 8.9 17.8 0e 10.0 19.0

V20 (%) 25.0 33.0 17.0 37.0 19.0 38.0 27.0 9.2 18.0 34.4 8e 20.0 17.0 15.0 29.0

V10 (%) 55.0 55.0 40.0 41.0 35.0 67.8 20e 47.0

V5 (%) 87.0 72.0 70.0 47.0 74.0 93.4 52e 84.0

Right lung

Dmean (Gy) 4.0 0.8 2.9 1.0 4.0 3.4 6.2 4.2 3.2 5.8 4.0 4.0 6.3

D2% (Gy) 9.3 2.2 11.0 8.5 27.5f

V5 (%) 15.0 0.2 8.1 0.0 22.0 23.0 38.0 26.0 11.1 14.0 14.0 49.0

Lungs

V5Gy (%) 47.0 33.0 47.0 45.0

Right breast

Dmean (Gy) 3.2 0.4 3.2 4.0 3.1 2.8 4.8 4.3 2.7 2.8 2.7 4.0 4.0 4.1

D2% (Gy) 3.6 23f

V5 (cm3) 90.0 0.0 52.0 85.0 40.0 10.6g 9g 29g 32g 34g

aHI calculated with following formula = D2%/Dr; bV95% for supra-clavicular area alone; cData concerning PTV-T combined to PTV-N; dD1% (Gy); e = data derived from figures; fDmax; gV5(%); min = minimum; max = maximum;
PTV = Planning Target Volume; CTV = Clinical Target Volume; LCA = Left Coronary Artery; D2% = dose to 2% of the volume; Vn(%) = percentage volume receiving ≥n Gy; Dmean = mean dose; Dmed = median dose;
HI = homogeneity index; CI = conformity index; MU =monitor unit; MWT =Modified Wide Tangent; TOMO = tomotherapy; IMRT = Intensity Modulated Radiotherapy; supra-clav = supra-clavicular; IMC = internal mammary
chain.
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underestimated doses outside the field. For VMAT, the estimated
dose is more reliable, because it is partly the result of the treatment
field itself [46]. Most modeling regarding second cancer risk uses
the linear–exponential risk model, but other models [47, 48] may be
more compatible with clinical practice. Even if there are uncertainties
concerning its quantification, and despite the better dose distribution
of VMAT than a forward-planned multi-segment technique with a
mono-isocenter, we cannot neglect the theoretically increased risk of
secondary cancers using new RT techniques. Apart from organiza-
tional concerns, the choice of the irradiation technique should be
guided by many criteria such as patient age, tumor stage and localiza-
tion, patient anatomy and comorbidities. Many parameters can be
modulated to optimize the differential effect on tumor/healthy
tissues, including: radiobiological parameters (volume, dose, staging
and fractionation); technical parameters (IMRT, breathing control
and radiation energy); and individual parameters such as patient and
tumor sensitivity to radiation [49].

VMAT improved PTV coverage and dose homogeneity, but clinical
benefits remain unclear. Decreased dose exposure of the LCA may be
clinically relevant. VMAT could be used for complex treatments diffi-
cult with conventional techniques. Patient age should be considered
because of uncertainties concerning secondary malignancies.

FUNDING
Funding to pay the Open Access publication charges for this article
was provided by Institut Paoli Calmettes.

REFERENCES
1. Ragaz J, Olivetto I, Spinelli J, et al. Locoregional radiation therapy

in patients with high-risk breast cancer receiving adjuvant chemo-
therapy: 20-year results of the British Columbia randomized trial.
J Natl Cancer Inst 2005;97:116–26.

2. Overgaard M, Jensen MB, Overgaard J, et al. Postoperative radio-
therapy in high-risk premenopausal women with breast cancer
who receive adjuvant chemotherapy. Danish Breast Cancer
Cooperative Group 82b Trial. N Engl J Med 1997;337:949–55.

3. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG)
Darby S, McGale P, et al. Effect of radiotherapy after breast-con-
serving surgery on 10-year recurrence and 15-year breast cancer
death: meta-analysis of individual patient data for 10,801 women
in 17 randomised trials. Lancet 2011;378:1707–16.

4. Clarke M, Colins R, Darby S, 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.

5. Marks LB, Bentzen SM, Deasy JO, et al. To treat or not to treat
the internal mammary nodes: a possible compromise. Int J Radiat
Oncol 1994;29:903–9.

6. Popescu CC, Olivetto IA, Beckham WA, et al. Volumetric modu-
lated arc therapy improves dosimetry and reduces treatment time
compared to conventional intensity-modulated radiotherapy for
locoregional radiotherapy of left-sided breast cancer and internal
mammary nodes. Int J Radiat Oncol Biol Phys 2010;76:287–95.

7. Sakumi A, Shiraishi K, Onoe T, et al. Single-arc volumetric modu-
lated arc therapy planning for left breast cancer and regional
nodes. J Radiat Res 2012;53:151–3.

8. Radiation Therapy Oncology Group (RTOG). Contouring atlases:
breast cancer atlas. Copyright © 2015 RTOG. https://www.rtog.
org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx

9. Guilbert P, Gaillot-Petit N, Vieren L, et al. [Conventional 2D
and monoisocentric 3D techniques in breast and lymphatic irradi-
ation: a dosimetric comparison]. Cancer Radiothér 2012;16:
473–8.

10. Hogstrom KR, Mills MD, Almond PR, et al. Electron beam dose
calculations. Phys Med Biol 1981;26:445–59.

11. Ortholan C, Estivalet S, Barillot I, et al. [Guide for external beam
radiotherapy. Procedures 2007]. Cancer Radiothér 2007;11:
329–30.

12. Untereiner M, Frederick B, Burie D, et al. Irradiation du sein
gauche et risque cardiaque: bases pour une étude prospective.
Cancer Radiothér 2010;14:598.

13. Giorgia N, Antonella F, Alessandro C, et al. Planning strategies in
volumetric modulated are therapy for breast. Med Phys 2011;38:
4025–31.

14. International Commission on Radiation Units & Measurements,
Inc. (ICRU). Prescribing, recording, and reporting intensity-
modulated photon-beam therapy (IMRT). ICRU Report 83, 2015.
http://www.icru.org

15. Van’t Riet A, Mak AC, Moerland M, et al. A conformation
number to quantify the degree of conformality in brachytherapy
and external beam irradiation: application to the prostate. Int J
Radiat Oncol Biol Phys 1997:37:731–6.

16. Pasler M, Georg D, Bartelt S, et al. Node-positive left-sided breast
cancer: does VMAT improve treatment plan quality with respect
to IMRT? Strahlenther Onkol 2013;189:380–6.

17. Subramaniam S, Thirumalaiswamy S, Srinivas C, et al. Chest wall
radiotherapy with volumetric modulated arcs and the potential
role of flattening filter free photon beams. Strahlenther Onkol
2012;188:484–90.

18. Johansen S, Cozzi L, Olsen DR, et al. A planning comparison of
dose patterns in organs at risk and predicted risk for radiation
induced malignancy in the contralateral breast following radiation
therapy of primary breast using conventional, IMRT and volumet-
ric modulated arc treatment techniques. Acta Oncol 2009;48:
495–503.

19. Badakhshi H, Kaul D, Nadobny J, et al. Image-guided volumetric
modulated arc therapy for breast cancer: a feasibility study and
plan comparison with three-dimensional conformal and intensity-
modulated radiotherapy. Br J Radiol 2013;86:20130515.

20. Yin Y, Chen J, Sun T, et al. Dosimetric research on intensity-
modulated arc radiotherapy planning for left breast cancer after
breast-preservation surgery.Med Dosim 2012;37:287–92.

21. Jin G-H, Chen L-X, Deng X-W, et al. A comparative dosimetric
study for treating left-sided breast cancer for small breast size
using five different radiotherapy techniques: conventional tangen-
tial field, filed-in-filed, tangential-IMRT, multi-beam IMRT and
VMAT. Radiat Oncol 2013;8:89.

22. Tsai P-F, Lin S-M, Lee S-H, et al. The feasibility study of using
multiple partial volumetric-modulated arcs therapy in early stage
left-sided breast cancer patients. J Appl Clin Med Phys 2012;13:
3806.

23. Goddu SM, Chaudhari S, Mamalui-Hunter M, et al. Helical
tomotherapy planning for left-sided breast cancer patients with

936 • M. Tyran et al.

https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx
http://www.icru.org
http://www.icru.org
http://www.icru.org
http://www.icru.org
http://www.icru.org


positive lymph nodes: comparison to conventional multiport
breast technique. Int J Radiat Oncol Biol Phys 2009;73:1243–51.

24. Caudrelier J-M, Morgan SC, Montgomery L, et al. Helical
tomotherapy for locoregional irradiation including the internal
mammary chain in left-sided breast cancer: dosimetric evaluation.
Radiother Oncol 2009;90:99–105.

25. Krueger EA, Fraass BA, McShan DL, et al. Potential gains for
irradiation of chest wall and regional nodes with intensity modu-
lated radiotherapy. Int J Radiat Oncol Biol Phys 2003;56:1023–37.

26. Popescu CC, Olivotto I, Patenaude, et al. Inverse-planned,
dynamic, multi-beam, intensity-modulated radiation therapy
(IMRT): a promising technique when target volume is the left
breast and internal mammary lymph nodes. Med Dosim 2006;31:
283–91.

27. Beckham WA, Popescu CC, Patenaude VV, et al. Is multibeam
IMRT better than standard treatment for patients with left-sided
breast cancer? Int J Radiat Oncol Biol Phys 2007;69:918–24.

28. Van der Laan HP, Korevaar EW, Dolsma WV, et al. Minimising
contralateral breast dose in post-mastectomy intensity-modulated
radiotherapy by incorporating conformal electron irradiation.
Radiother Oncol 2010;94:235–40.

29. Dogan N, Cuttino L, Lloyd R, et al. Optimized dose coverage of
regional lymph nodes in breast cancer: the role of intensity-modu-
lated radiotherapy. Int J Radiat Oncol Biol Phys 2007;68:1238–50.

30. Cozzi L, Fogliata A, Nicolini G, et al. Clinical experience in breast
irradiation with intensity modulated photon beams. Acta Oncol
2005;44:467–74.

31. Jagsi R, Moran J, Marsh R, et al. Evaluation of four techniques
using intensity-modulated radiation therapy for comprehensive
locoregional irradiation of breast cancer. Int J Radiat Oncol Biol
Phys 2010;78:1594–603.

32. Pignol J-P, Olivetto I, Rakovitch E, et al. A multicenter rando-
mized trial of breast intensity-modulated radiation therapy to
reduce acute radiation dermatitis. J Clin Oncol 2008;26:2085–92.

33. Barnett GC, Wilkinson JS, Moody CB, et al. Randomized con-
trolled trial of forward-planned intensity modulated radiotherapy
for early breast cancer: interim results at 2 years. Int J Radiat
Oncol Biol Phys 2012;82:715–23.

34. Donovan E, Bleakley N, Denholm E, et al. Randomised trial of
standard 2D radiotherapy (RT) versus intensity modulated radio-
therapy (IMRT) in patients prescribed breast radiotherapy.
Radiother Oncol 2007;82:254–64.

35. Cowen D, Gonzafue-Casabianca L, Benot-Rossi I, et al. Thallium-
201 perfusion scintigraphy in the evaluation of late myocardial
damage in left-side breast cancer treated with adjuvant radiother-
apy. Int J Radiat Oncol Biol Phys 1998;41:809–15.

36. Darby SC, Ewertz M, McGale P, et al. Risk of ischemic heart
disease in women after radiotherapy for breast cancer. N Engl J
Med 2013;368:987–98.

37. Fenoglietto P, Lemanski C, Bourgier C, et al. Préservation coro-
naire par l’utilisation de l’arcthérapie volumétrique modulée
(VMAT) pour l’irradiation adjuvante mammaire gauche. Cancer
Radiothér 2013;17:611.

38. Remouchamps VM, Letts N, Vicini MB, et al. Initial clinical
experience with moderate deep-inspiration breath hold using an
active breathing control device in the treatment of patients with
left-sided breast cancer using external beam radiation therapy. Int
J Radiat Oncol Biol Phys 2003;56:704–15.

39. Berrington de Gonzalez A, Curtis RE, Kry SF, et al. Proportion of
second cancers attributable to radiotherapy treatment in adults: a
cohort study in the US SEER cancer registries. Lancet Oncol
2011;12:353–60.

40. Grantzau T, Thomsen MS, Væth M, et al. Risk of second primary
lung cancer in women after radiotherapy for breast cancer.
Radiother Oncol 2014;111:366–73.

41. Stovall M, Smith SA, Langholz BM, 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.

42. Boice JD, Harvey EB, Blettner M, et al. Cancer in the contralateral
breast after radiotherapy for breast cancer. N Engl J Med 1992;
326:781–5.

43. 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.

44. Kry SF, Salehpour M, Folowill DS, et al. The calculated risk of
fatal secondary malignancies from intensity-modulated radiation
therapy. Int J Radiat Oncol Biol Phys 2005;62:1195–1203.

45. Howell RM, Scarboro SB, Kry SF, et al. Accuracy of out-of-field
dose calculations by a commercial treatment planning system.
Phys Med Biol 2010;55:6999–7008.

46. Wang L, Ding GX. The accuracy of the out-of-field dose calcula-
tions using a model based algorithm in a commercial treatment
planning system. Phys Med Biol 2014;59:N113–28.

47. Sachs RK, Brenner DJ. Solid tumor risks after high doses of ioniz-
ing radiation. Proc Natl Acad Sci U S A 2005;102:13040–5.

48. Schneider U, Kaser-Hotz B. Radiation risk estimates after radiother-
apy: application of the organ equivalent dose concept to plateau
dose–response relationships. Radiat Environ Biophys 2005;44:235–9.

49. Azria D, Betz M, Bourgier C, et al., Identifying patients at risk for
late radiation-induced toxicity. Crit Rev Oncol Hematol 2012;84:
e35–41.

Arc therapy for breast cancer • 937



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


