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ORIGINAL ARTICLE

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 Volumetric modulated arc treatment techniques

SAFORA JOHANSEN!, LUCA COZZI*? & DAG RUNE OLSEN"*

U Institute for Cancer Research, Norwegian Radium Hospital, Rikshospitaler University Hospital, N-0310 Oslo, Norway,
2Oncology Institute of Southern Switzerland, Bellinzona, Switzerland, >Faculty of Medicine, University of Lausanne,
Switzerland and 4Departmenz of Physics, University of Oslo, Norway

Abstract

Purpose. To investigate the impact of using different radiation therapy techniques on contra-lateral breast (CB) dose, and also
dose to other involved organs at risk such as heart and lungs following radiation therapy of breast and regional lymph nodes.
Furthermore, to predict the risk for induced malignancies in CB using linear and non linear models. Material and methods.
Eight patients with stage II-III breast cancer were included in this analysis. It was focused on three treatment techniques;
conventional radiotherapy technique forwardly planed, IMRT and volumetric modulated arc (RapidArc) techniques,
inversely planed. The CC algorithm was employed to calculate the standard treatment plans whereas for the IMRT and
RapidArc treatment plans AAA algorithm was adopted. The dose results based on mostly DVH analysis were compared. The
excess relative risk (ERR) for cancer induction in CB, employed both linear and non-linear models, was estimated. Results. A
better homogeneity and conformation in PTV was observed in the RapidArc plans. The highest minimum dose to PTV was
observed in the conventional plans while no difference was observed for minimum significant doses Dgge, and Dgge, where
Dxo, is the dose received by X% of the PTV volume. In terms of organ sparing, the IMRT and RapidArc plans spare
ipsilateral-lung better, but a 40% lower mean dose in the contra-lateral lung in the conventional plans is observed. The mean
dose to the contra-lateral breast was lowest for the RapidArc plans as well as the V;ogy and the maximum dose. The mean
predicted ERR for the eight patients were lower for the conventional and RA plans than for the IMRT plans assuming a linear
dose-risk relationship. The mean predicted ERR when using a non linear model was lower for all the three techniques (with
lowest ERR for RapidArc plans). Conclusions. From a clinical perspective, it should be concluded that all three solutions
investigated in the study can offer high quality treatment of patients. Further comparative analysis of the two algorithms used
in the present study, however, should be performed especially on the peripheral organ dose. The impact of CB exposure to a
low-dose radiation on minimizing the risk of radiation induced malignancy in CB can be interpreted differently when using
linear or non linear models to predict ERR. In general, no detriment was observed when using RapidArc compared to
conventional treatments while a potentially higher risk could be associated to IMRT treatments with fixed gantry.

Radiotherapy to the breast/breast wall and regional
lymph nodes using 4-5 field conventional technique
is commonly given to breast cancer patients in
stadium II-III. This treatment will also involve the
irradiation of heart, lungs and contralateral breast
(CB). One of the aims in modern radiotherapy is to
avoid early and late side effects associated with the
treatment; this can be achieved by steep dose
gradients between the target volume and the sur-
rounding normal tissues. One of the late side effects
that have received increasing attention the last years

is radiation induced malignancies. In patients treated
for breast cancer, the most common secondary
cancer is contralateral breast cancer [1-3], account-
ing for approximately 50% of all second cancers [4].
New treatment techniques are employed to mini-
mize the radiation induced adverse effects without
compromising the planned target volume (PTV)
dose coverage. One of the relatively new develop-
ments in radiation treatment techniques used to
improve target dose distribution and spare non-
involved organs is intensity modulated radiation
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therapy (IMRT). IMRT is already applied to several
sites such as prostate [5], lung [6], head and neck [7]
and breast [8] primaries. Another intensity modu-
lated radiation delivery method is intensity modu-
lated arc therapy (IMAT) with infinite number of
beam directions [9-15]. In this article, radiotherapy
treatment plans for eight breast cancer patients
applying seven fields IMRT and RapidArc (RA), a
single arc volumetric IMAT techniques [9-15], are
compared with four fields conventional breast radio-
therapy technique. RA is a relative new planning and
delivery technique based on an idea by K. Otto [16].
It has been developed to at the same time: i) improve
OARs and healthy tissue sparing compared to other
IMRT solutions; ii) maintain or improve the same
degree of target coverage; iii) reduce significantly the
treatment time (beam on time) per fraction.

The aim of this comparative study is to investigate
the impact of using different radiation therapy
techniques on CB dose, as well as other involved
organs at risk (OAR) such as heart and lungs. The
data on CB dose is further used to predict the risk
for induced malignancies in CB employed linear and
non linear models as described in an earlier study
[17]. The estimated risk results based on dose data
by the three techniques included in the present study
are further compared and discussed.

Material and methods

Eight patients with stage II-III breast cancer under-
going 4-field post-operative radiotherapy of the
primary breast and regional lymph nodes were
included in this analysis. All the patients had ablatio
mammae before radiotherapy. Radiotherapy was
delivered to the chest wall, the infraclavicular, inter-
nal mammary and axillary nodes. Three of the
included breast cancer patients were left-sided and
the rest were right-sided. Radiation therapy planning
was based on CT scans covering a region from the 6th
cervical vertebra to the middle part of abdomen. The
clinical target volume (CTV) and the organs at risk
(OARs), such as ipsilateral lung (IPSI-L), heart,
contralateral lung (CL) and contralateral breast
(CB) were delineated in the planning CT images.
The CTV is delineated with 5 mm margin under the
body outline. The PTV includes the CTV with one
cm margin. All the patients involved in this study
received 25 fractions of 2 Gy to the regional lymph
nodes and the chest wall, to a total dose of 50 Gy. All
plans were designed to achieve the highest target
coverage and the lowest dose possible to organs at
risk. In practice, the goal was to achieve a maximum
dose lower than 105% and minimum dose higher
than 90% in planed target volume (PTV). Further-
more, the treatment plans aimed at achieving a dose

lower than 20 Gy to the CL and lower than 15 Gy to
the CB and the lowest dose possible to IPSI-L and
heart.

This study focused on three treatment techniques;
conventional radiotherapy technique forwardly
planed, IMRT and RA, both inversely planed. The
treatment techniques compared in the current study
were planed respectively on the following treatment
planning systems (TPS): Masterplan Oncentra by
Nucletron (version 3.0 SP1) for the conventional
plan, Eclipse by Varian for IMRT (release 7.5.14.3)
and for RA (8.6.05). The photon beam energy was 6
MV for all the treatment plans, using a Varian Clinac
2100CD equipped with multileaf collimator (MLC)
80 leaves for the conventional plans and 6EX
equipped with Millennium Multileaf Collimator
with 120 leaves for IMRT and RA treatment
techniques. The Collapsed Cone (CC) photon
dose calculation algorithm [18] was used to calculate
conventional plans while the Anisotropic Analytical
Algorithm (AAA) [19-27] was used for IMRT and
RA calculations. No bolus was applied. The dose
calculation grid for the inversely and forward opti-
mised dose plans was set to 3 mm (CC) and 2.5 mm
(AAA). The slice thickness was 0.5 cm.

For PTV, the values of mean and minimum doses
are reported together with the standard deviation
over the eight included cases. In addition a PTV
volume receiving at least 90% of the prescribed dose
(V90%) is reported. The degree of conformality of
the plans was measured with a conformity index,
Clype,, defined as the ratio between the treated
volume receiving at least 90% of the prescribed
dose and the volume of the PTV. The standard
deviation in PTV is used as a measure of the dose
inhomogeneity. For OAR, the analysis included also
the mean and maximum doses and a set of appro-
priate V-values for each OAR.

Maximum and minimum significant doses have
been reported as Djo, Dooyy Dogey, and Dgge,
respectively where Do, is the dose received by X%
of the volume under consideration.

The effect of organ motion has not been considered
in this study and all the plans were designed with no
allowance of movement of the heart and chest wall.

To assess the differences among the three studied
techniques (conventional versus IMRT plans and
conventional versus RA plans), the paired-sample,
SPSS (Statistical Package for the Social Sciences)
paired t-test was applied. Data were considered
statistically significant for p <0.05.

Conventional plans

This technique was used as the baseline reference in
the present study. In the conventional treat-



ment plans, the beam arrangement consisted of four
half-beams with two tangential beams covering the
caudal part of the target volume, and one anterior-
posterior field (0°) and one oblique field, typically
110-115° from the anterior-posterior field, covering
the cranial part. The beam angles, apertures, weights
and dynamic wedges were optimized individually.
The dose plans were normalized to the mean dose to
PTV. The slice thickness was 0.5 cm.

IMRT plans

Intensity modulated plans were computed selecting
the ‘conventional’ approach with fixed gantry and
intensity modulated beams delivering the dose by
means of the sliding window approach. In Eclipse,
the optimisation engine of IMRT, computes optimal
fluence maps from dose volume constraints derived
from the general planning objectives. Optimal flu-
ence maps are then converted by a leaf motion
calculator into actual fluence maps which are
deliverable using a multileaf collimator, for dynamic
mode through the so-called ‘sliding window’ seg-
mentation method. In the present study, IMRT
plans were designed with seven fields equally spaced,
with gantry from 30° to 210°, every 30°, describing
an arc of 180° on the actual side of the patient as
described in an earlier study [28]. No extra margin
to PTV outside the body contour was selected.

RA plans

At planning level, RA performs optimisation of the
dose distribution based on dose-volume objectives,
also accounting for the main features of the linac
head (e.g. head scatter) and of the MLC (e.g.
speed, transmission, rounded leaf tip and tongue
and groove design). To achieve the desired level of
modulation required, the optimiser is enabled to
vary also the instantaneous dose rate, DR, from 0
to the maximum (600 or 1 000 MU/minute
depending on the linac type), as well as the gantry
rotational speed (from a maximum of ~5.5 °/s). To
minimise the contribution of tongue and groove
effect during the arc rotation and to benefit from
leaf trajectories non coplanar with respect to
patient’s axis, the collimator rotation in RapidArc
is set to values different from zero. The entire
gantry rotation is described in the optimisation
process by a sequence of 177 control points (i.e.
one control point (CP) every roughly 2°). The final
dose calculation is performed in Eclipse by means
of the AAA algorithm only. Further details about
the RA optimisation process can be found in the
earlier studies [26-28].
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Risk Prediction

Linear and non-linear models (Equations 1 and 4) as
described in more details in an earlier study [17]
were employed to estimate excess relative risk (ERR)
for breast cancer induction.

ERR = ERR,D (1)

where ERRp is ERR per dose (Gy) and with a
suggested value of 0.86 Gy ' for breast cancer
induction caused by acute irradiation [29] and D is
the mean CB dose. In this study ERRp was reduced
by a factor of 2 and set to 0.43 Gy~ ' to account for
fractionated radiation treatment [17].

The non linear model is suggested by Dasu et al.
[30] and consists of two terms that effectively give
the yield of pre malignant cells. The first term
describes the induction of DNA mutations, and
thus pre-malignant cells. The second term describes
the cell survival:

D2
Effect = (a1D+ﬁl )

n

2
X exp {— (aczD + FD )] (2)
n

where D is each dose interval of the dose-volume
histogram, n number of fractions, «; and P; are
radiation induced mutation parameters, and o, and
B, are cell survival parameters. Different parameters
were investigated: o; =0.001-0.1 Gy ', o, =0.25
Gy !, and o4 /B; and o, /B, =2-8 Gy. The risk was
estimated with parameter values o,/B; and o,/pf, =4
Gy, o, =0.002 Gy !, 0, =0.25 Gy ' in this paper.
However, the risk for induced malignancies is calcu-
lated for each dose interval of dose volume histogram
using the non-linear model [17]. Total effect model
by Equation 3 was further used to integrate the result
according to the dose distribution in CB:

Zvi x Effect(D;)
Total effect = — 3)

Qv
i

where v; is the volume of tissue receiving dose D;
given in n individual fractions. The final ERR
product is estimated by Equation (4) as explained
in an earlier study [17].

ERR = Total effect x K (4)

where K is the proportionality factor linking the yield
of pre-malignant cells and excess relative risk [17].

Results

A summary of DVH analysis can be found in Table I
where mean values over the cohort of eight patients
are reported together with their standard deviation
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Table I. Summary of DVH analysis for PTV and OAR for the cohort of 8 breast cancer patients included in this study, for 4 fields
conventional, IMRT and RA treatment techniques. Data are shown as mean values plus or minus one standard deviation; in brackets the

range. The patients were treated planned for 6 MV beams to a dose of 50 Gy in 25 fractions.

IMRT Plans
Conv. Plans Mean +Std dev. [range] RA Plans
Target
Mean(Gy) 50.0+0.0 [50, 50] 50.0+0.0 [50, 50] 50.0+0.0 [50, 50]
Min(Gy) 39.3+8.7 [20.8, 45.5]* 31.3+42.6 [27.2, 35.3] 39.2+1.1 [37.5, 40.7]
Max(Gy) 56.5+1.0 [55.5, 58.7]* 59.9+1.7 [58.7, 64.0] 54.8+0.8 [53.4, 55.8]*
V90% 97.1+2.5 [93.1, 99.6] 96.3+1.5 [93.8, 98.4] 98.54+0.7 [97.1, 99.4]
CI90% 2.0+0.2 [1.7, 2.4] 1.240.2 [1.0, 1.7] * 1.340.00 [1.2, 1.3]*
Std.d. 2.74+0.9 [1.8, 4.5] 3.442.2 [2.1, 8.7] 1.76 +0.24 [1.39, 2.099]*
D1% 54.3+1.0 [52.3, 55.8]* 56.2+0.7 [55.5, 57.6] 53.3+40.5 [52.7, 53.9]*
D2% 54.0+1.0 [51.8, 55.3]* 55.5+0.4 [55.1, 56.2] 53.040.4 [52.4, 53.4]*
D98% 45.943.6 [39.8, 52.7] 43.841.0 [42.3, 45.5] 45.540.7 [44.6, 46.6]
D99% 42.7+4.3 [34.7, 46.2] 42.5+1.2 [40.7, 44.2] 44.8+0.7 [43.9, 46.1]
Heart
mean dose 2.6+1.6 [1.0, 4.8] * 5.5+1.3 [4.1, 7.3] 4.6+2.4 [2.4, 8.6]
max(Gy) 23.2+421.2 [3.9, 47.2] 20.4+11.8 [10.6, 43.9] 14.4410.9 [6.8, 34.5]
V4-Gy 8.9+10.3 [0.1, 25.6] * 63.84+20.1 [42.3, 90.1] 41.1430.4 [6.3, 75.5]
D1% 20.2419.0 [2.8, 43.8] 13.4+4.0 [9.4, 19.0] 11.6+8.8 [4.9, 28.2]
D2% 17.6+17.1 [2.4, 42.1] 12.243.4 [9.0, 16.2] 10.6+7.8 [4.6, 25.5]
IPSI lung
Mean dose 18.041.0 [17.2, 20.3] 13.6+1.8 [11.6, 16.5]* 14.340.9 [13.2, 15.6]*
max(Gy) 52.3+1.9 [49.8, 55.4] 53.1+1.5 [51.0, 55.6] 46.94+1.3 [45.3, 48.9]*
V10-Gy 52.4+2.8 [48.7, 56.6] 54.5+11.8 [41.8, 77.2] 55.2+45.3 [46.4, 62.4]*
V20-Gy 41.5+2.7 [38.0, 46.7] 18.6+3.8 [14.5, 24.9] * 24.04+3.3 [19.8, 29.8]*
D1% 48.2+0.9 [46.8, 49.4] 43.5+2.5 [40.9, 48.5] * 41.8+1.4 [39.1, 43.4]*
D2% 47.540.8 [46.2, 48.6] 40.94-2.8 [37.8, 46.6] * 40.14+1.4 [37.5, 41.4]*
Cont. Lung
Mean dose* 1.4+0.3 [1.0, 2.0]* 2.940.4 [2.2, 3.5] 2.940.4 [2.5, 3.8]
max(Gy) 28.7+17.2 [10.5, 53.3] 15.5+8.2 [0.3, 27.2] 8.342.3 [6.3, 10.7]*
V10-Gy 1.2+1.7 [0.0, 4.8] 1.3+1.1 [0.1, 3.1] 0.2+0.4 [0.0, 1.1]
V20-Gy 0.1+0.1 [0.0, 0.2] 0.0+0.0 [0.0, 0.0] 0.0+0.0 [0.0, 0.0]
D1% 12.3+14.8 [3.4, 47.7] 10.0+1.8 [7.5, 12.3] 6.8+1.9 [5.1, 10.1]
D2% 11.1+15.2 [2.9, 47.0] 8.9+1.6 [6.7, 10.7] 6.4+1.7 [4.9, 9.4]
CB
mean dose 2.2+1.0 [1.3, 4.2] 2.9+40.8 [1.6, 4.2] 2.040.4 [1.6, 2.6]
max(Gy) 19.349.3 [15.2, 42.1] 15.646.9 [6.4, 29.3] 6.440.8 [4.9, 7.6] *
V10-Gy 7.1+5.2 [1.5, 17.0] 0.7+0.8 [0.0, 2.3] * 0.040.0 [0.0, 0.0] *
D1% 13.8+2.4 [11.5, 19.0] 9.142.9 [3.9, 14.2] * 4.3+0.7 [3.2, 5.4] *
D2% 12.34+2.2 [8.2, 15.3] 7.9+2.1 [3.7., 10.6] * 3.940.6 [3.0, 4.8] *

* Value significantly different from the other techniques with p <0.05

for the most interesting physical parameters. The
mean and Vg in PTV were not statistically
significant different among techniques. Clgge, was
on average nearly two times higher for conventional
plans than for IMRT and RA plans. This difference
was statistically significant (p <0.01 for both IMRT
versus conventional and RA versus conventional).
The minimum dose to PTV was highest for the
conventional plans. The difference was only statisti-
cally significant for the conventional plans versus
IMRT plans with a p-value of 0.02. No statistically
significant differences were observed in terms of
minimum significant doses (Dggo, or Dggo,). Our
data shows a more homogeneous dose distribution in
PTV for the RA plans compared to the other two

techniques. The statistically significant difference in
inhomogeneity between the RA plans and the con-
ventional technique was confirmed with a p-value
<0.05 (0.012). For the maximum significant doses
D;o, and Do, in the PTV, the conventional and RA
plans are statistically significant lower than the
IMRT plans as well as the maximum dose to PTV
is statistically significant lower in the RA plans versus
conventional (p-value of 0.007) and versus IMRT
with a p =0.002.

It has been previously shown that D,,,, is corre-
lated to cardiac toxicity following breast cancer
irradiation [31]. In our analysis no statistically
significant difference in D, was found between
the different plans. However, it should be noted that



our patient population comprised only 3 left-sided
breast cases and no conclusion can therefore be
drawn.

The summary of findings on ipsilateral lung
indicates that the difference in mean dose and V,oay
were significantly lower in the IMRT and RA plans
compared to the conventional plans (p <0.01). The
maximum dose was significantly lower only in the RA
plans versus conventional plans with a p value inferior
to 0.01. The differences in the V;ogy to the IPSI-L
between conventional plans versus IMRT and RA
were not significant. Our data show that approxi-
mately an IPSI-L volume of 52% receiving a dose of
10 Gy for the conventional plans compared to an
IPSI-L volume of 55% for both the IMRT and RA
plans. In the case of Vyygy both IMRT and RA
showed values significantly inferior to conventional
plans and consistent with about 22% V,oGy [32]. The
significantly lowest Do, and D,e, doses for IPSI-L.
were observed in the IMRT and RA plans (p =0.00).

The contra-lateral lung received as expected
statistically significant lower mean dose for the
conventional plans (p =0.00) than the IMRT and
RA plans, with a relative reduction of more than
40% in the average mean CL dose. Nevertheless, for
all techniques, low Vjogy was achieved (with RA
showing the lowest level).

The mean dose to the contra-lateral breast was
lowest for the RA plans versus conventional and
IMRT plans. This difference was not statistically
significant. Vjogy in the CB was found to be
statistically significant lower for IMRT and RA plans
compared to conventional (p =0.009 for the IMRT
versus conventional plans and p =0.006 for the RA
versus conventional plans). Our result also shows a
statistically significant lower maximum point dose to
CB in the RA plans versus conventional with a p-
value of 0.016. The difference in maximum point
dose between IMRT and conventional plans is not
statistically significant; however, the average max-
imum dose is around 10% lower in the IMRT plans
versus conventional plans. Maximum significant
doses D¢, and D,o, for CB are statistically signifi-
cant lowest in the IMRT and RA plans versus
conventional plans with p values of 0.001, 0.00,
0.002 and 0.00, respectively.

The cumulative dose volume histograms for the
PTV and CB for conventional, IMRT and RA plans
are displayed in Figure 1 for each patient. This figure
shows that the dose to the target between the eight
patients included in the present study vary more
distinctly in the conventional and IMRT plans than
in the RA plans. A larger CB volume receiving a dose
more than 10 Gy for the conventional and IMRT
plans compared to the RA plans are also revealed in
the same figure.
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Figure 1. Dose volume histograms in cumulative form showing
the dose distribution for CB and target using conventional
treatment technique (upper panel), IMRT (middle panel) and
RapidArc (lower panel).

Mean dose to CB for each of the patients included
in the analysis with three treatment techniques is
shown in the Table II. The average mean CB dose
for the eight patients in the conventional, IMRT and
RA plans is below 4.4%, nearly 5.7% and 4% of the
prescribed dose, respectively. The mean CB dose,
however, varies from approximately 1.3 to 4.3, 1.6 to
4.2 and 1.6 to 2.6 Gy between the patients, i.e. by a
factor of approximately 3, 2.6 and 1.6 for the
conventional, IMRT and RA plans, respectively.
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Table II. Mean dose to CB and ERR calculated using the linear and non-linear models for the 8 patients using standard conventional
treatment technique, IMRT and volumetric modulated arc techniques. The mean CB dose is used to predict the risk for radiation induced
malignancy in CB using the linear model. Calculations applying the non-linear model are based on the patients’ individual dose volume
histogram and assuming o; =0.002Gy !, a, =0.25Gy ! and both o;/p; =0,/B, =4Gy.

Pat. No. Mean CB dose conventional ERR-linear conventional ERR-nonlinear conventional
1 2.97 1.28 0.33
2 1.6 0.69 0.3
3 2.06 0.89 0.31
4 4.27 1.84 0.39
5 2.79 1.2 0.35
6 1.25 0.54 0.27
7 1.38 0.59 0.29
8 1.3 0.56 0.26
Mean 2.2+1.0 0.94+0.46 0.31+0.04
IMRT IMRT IMRT
1 4.2 1.81 0.41
2 1.6 0.69 0.3
3 3.1 1.33 0.41
4 3.2 1.38 0.43
5 1.9 0.82 0.35
6 3 1.29 0.42
7 3 1.29 0.41
8 2.8 1.2 0.4
Mean 2.85+0.80 1.23+0.35 0.39+0.04
RA RA RA
1 2.55 1.1 0.37
2 2.46 1.06 0.37
3 1.68 0.72 0.29
4 2.07 0.89 0.34
5 1.79 0.77 0.31
6 1.6 0.69 0.29
7 1.85 0.79 0.32
8 1.73 0.74 0.31
Mean 1.97+0.36 0.85+0.16 0.33+0.03
The calculated ERR, using the linear and non- Discussion

linear models, as described in the Equations 1 and
and 4, are shown in Table II. Figure 2 presents
graphically the same information. The mean pre-
dicted ERR for the eight patients included in the
analysis was shown to be somewhat higher for the
IMRT plans as compared with the two others when
assuming a linear dose-risk relationship; this differ-
ence was however not statistically significant. When
assuming a non-linear dose-risk relationship the
mean predicted ERR was statistically significant
lower for all the techniques; there were however no
statistically significant differences in predicted mean
ERR between the techniques. The calculated aver-
age ERR for the eight patients is approximately 2.3,
3.1 and 2.6 times higher when assuming a linear
relationship as compared to a non-linear relationship
for the conventional, IMRT and RA plans, respec-
tively. The ERR of secondary cancer predicted by
the linear model for the three techniques included in
this analysis varies considerably between the eight
patients as the mean CB dose varies (factor 3, 2.6
and 1.6) for the three techniques.

Intensity modulation gives the possibility to generate
concave dose distribution. The nearly concave shape
of the PTV in breast cancer patients, make this
patient group a relatively ideal choice for such
treatment techniques. The present study compared
two relatively new techniques; an IMRT technique
with 5-9 fields together with a single arc volumetric
IMAT technique (RA) against a well-established
four field conventional treatment technique for
radiotherapy of breast cancer with nodal involve-
ments (infraclavicular and internal mammary
chains). The major purpose of this comparison was
to investigate the estimated dose to contra-lateral
breast for each of the techniques included in the
present study under comparable conditions, i.e.
PTV coverage and aiming at the lowest possible
involvement of organs at risk. It need to be men-
tioned that our results regarding the heart are
relatively sparse and not sufficient to be discussed
since only eight patients both left-and right-sided
were included in the study.
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Figure 2. ERR predicted by linear and non linear models for
radiation induced malignancy in CB for three different techniques
in 8 included patients is shown in upper and lower panels,
respectively.

Although, the minimum doses in PTV was sig-
nificantly lower for IMRT plans and not significantly
lower for RA plans versus the conventional plans as
shown in Table I, it is clear from Vgqo, and from the
DVHs of Figure 1, that this underdosage observed
for conventional plans is small and therefore clini-
cally not relevant. The Clgg, showed a better
conformation in the IMRT and RA plans than the
conventional ones implying consequently, an im-
proved sparing of normal healthy tissues surrounding
the mammary gland with these techniques compared
to conventional approaches. Similarly, findings on
standard deviation in PTV for RA plans, showed also
a statistically significant improvement in homogene-
ity in the PTV. In addition, the larger variation in
PTV dose distribution between the patients shown
for conventional and IMRT plans (Figure 1) suggests
that individual anatomical differences between the
patients play a more crucial and potentially detri-
mental role, differently from what observed for RA
data where interpatient variability has an almost
marginal impact. This is consistent with what is
reported by Wim et al. [33] where several numbers of
fields were proven to be needed when the inner radius
of the concave PTV increases to avoid underdosage
in PTV, whilst keeping OAR spared. The size of PTV
varies considerably among breast cancer patients and
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therefore it could be advantageous if the number of
fields is adjusted to the PTV size (conventional and
IMRT cases). For RA, a single continuous arc of 360
degrees was used as described in the methods,
representing the minimum number of “fields” defin-
ing a volumetric IMAT treatment.

It has been demonstrated [34] that the mean lung
dose and the percentage lung volume receiving more
than 20 Gy (V20Gy) are good predictors for lung
toxicity. Our results show a significant improvement
in mean IPSI-L dose and V,pgy in IMRT and RA
plans versus the conventional ones. In terms of CL
dose, our data indicate no clinically significant
difference in the three techniques except in mean
and maximum CL dose which is lower in the
standard and RA plans, respectively.

In the current study the lowest mean CB dose is
observed in the RA plans. Our data also shows that a
larger volume of CB, for most of the patients, receive
a dose higher than 10 Gy (Table I and Figure 1) in
the conventional plans. LLandau et al. [35] concluded
in their study that in the case of breast radiotherapy,
any variation from the conventional beam arrange-
ment is likely to result in substantially increased low-
dose irradiation to the contralateral breast and both
lungs. This is partially confirmed for CB in the low
dose region by the present results, but the substan-
tially different shapes of DVH in the medium dose
levels (with RA preferable to IMRT or conventional
plans) makes it difficult to draw a generalised
conclusion.

In fact, results reported for ERR estimates for
secondary CB cancer employing linear and non-
linear models suggest that conventional and RA data
are highly consistent while a slight deterioration was
observed for IMRT. The ERR predictions as shown
in Table II and Figure 2, demonstrate similar
estimations as presented in our recent study [17]. It
is reported [17] that the linear model predicts a
substantially higher ERR for the higher dose group,
but similar ERR as for the low dose group (over 3-4
Gy) using a non linear model. The reason for this
difference in predicted ERR by the two models for
the high and low dose groups, respectively, are
already discussed in our earlier study [17]. According
to the non-linear model further reduction in risk of
radiation induced malignancy can best be achieved
by reducing the dose to those regions where the dose
already is low; whereas the linear model would
recommend reducing the dose to those regions
receiving the highest dose. Based on these considera-
tions and the present results, the conventional treat-
ment technique would be the one with lowest risk of
radiation induced secondary CB malignancy, if a
linear dose-risk relationship is assumed. The differ-
ence between techniques with respect to predicted
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ERR were, however, not statistically significant. On
the contrary, when a more elaborated model is
assumed as in the case of the two-component model
to predict the risk of malignancy in CB, the most
suitable techniques would be the volumetric modu-
lated arc solution or the conventional technique. In
fact, conventional dose distributions showed a larger
CB volume receiving a medium-higher dose com-
pared to RA compensating the smaller CB volume
irradiated at very low-dose. IMRT plans present, on
the contrary, larger involvement of the CB gland in
both dose regions and this will result into a better
minimizing the risk for radiation induced secondary
CB cancer for RapidArc and conventional treatments
compared to IMRT [17].

A final note of caution shall be devoted to the
photon dose calculation algorithms applied in the
present study. The CC algorithm was employed to
calculate the standard treatment plans whereas for
the IMRT and RA treatment plans AAA algorithm
was adopted. In an earlier study [36] the calculation
accuracy of CC and Pencil Beam, with special
emphasis on peripheral dose, was investigated and
compared with measured data. The study revealed a
good agreement between CC calculations and mea-
surements, superior to the corresponding for pencil
beam. Similar investigations have been carried out
recently to assess the behaviour of AAA (as well as
CC and other algorithms) in the presence of
heterogeneities in different geometrical or clinical
conditions [22-25,37] using as reference either
measurements or Monte Carlo simulations. In gen-
eral these studies proved that: i) AAA and CC have
similar behaviour when applied to clinical condi-
tions. Hasenbalg et al. [37] showed a slightly super-
ior quality of CC versus AAA based on a qualitative
comparison of five clinical cases (lung and breast)
benchmarked against Monte Carlo while, on the
contrary, Knoos [25] showed substantial equiva-
lence. On a quantitative basis, Fogliata et al. [23,24]
investigated on geometrical phantoms and on clin-
ical breast patients with different respiratory phases,
the behaviour of the algorithms measured in terms of
v estimates, DVH analysis and correlations between
tissue density and calculation accuracy. In these
investigations, AAA and CC resulted equivalent to
Monte Carlo simulations with some different pattern
of accuracy depending on the localisation in the
treated volumes but insufficient to claim superiority
of any of the two algorithms. No peripheral dose
calculation accuracy is, however, investigated in the
study of Hasenbalg et al. [37] while it was implicitly
investigated in Fogliata et al. [24] showing in this
case a modest superiority of AAA but at the limit of
statistical relevance. Further comparative analysis of
the two algorithms used in the present study should

be performed especially on the peripheral dose
where calculations should be compared against
measurements or Monte Carlo simulations with
sufficient statistical power.

In conclusion, our data shows a better homogene-
ity and conformation in PTV in the RA plans versus
conventional and IMRT plans. The highest mini-
mum dose to PTV was observed in the conventional
plans while no difference was observed for minimum
significant doses. In terms of organ sparing, the
IMRT and RA plans spare IPSI-L better, while the
mean CL dose was, obviously given the essentially
“tangential” geometry of the treatment, lower in the
conventional plans. The cardiac sparing, for the same
reason, is also better for the conventional plans
versus the two other techniques for both the left-
sided patients as well as the right-sided. The mean
CB dose and the volume receiving medium-high dose
levels resulted lowest for RA plans. IMRT and RA
showed, as expected for the same reasons mentioned
above, a slightly larger CB volume receiving a low-
dose radiation. The impact of CB exposure to a low-
dose radiation on minimizing the risk of radiation
induced malignancy in CB can be interpreted
differently when using linear or non linear models
to predict ERR. In general, no detriment was
observed when using RA compared to conventional
treatments while a potentially higher risk could be
associated to IMRT treatments with fixed gantry.

From a clinical perspective, it should be con-
cluded that all three solutions investigated in the
study can offer high quality of patient treatments and
estimates of radiation induced malignancies do not
truly differentiate among them. The selection of the
more appropriate treatment should therefore depend
on other factors like: i) minimisation of set-up and
planning uncertainties (e.g. given by the usage
of beam matching or field patching); ii) minimisa-
tion of treatment time; iii) maximisation of clinical
throughput.
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