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ORIGINAL ARTICLE

Effect of breathing motion on robustness of proton therapy plans for left-sided
breast cancer patients with indication for locoregional irradiation

L. Klaassena,b, A. L. Petoukhovaa,c, S. J. M. Habrakena,d, J. Jacobsa, M. G. A. Sattlera,d, K. Verhoevene and
Y. L. B. Klavera

aHollandPTC, The Netherlands; bFaculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology, Delft, The
Netherlands; cHaaglanden Medical Center, Department of Medical Physics, Burgemeester Banninglaan 1, Leidschendam, BA, The
Netherlands; dDepartment of Radiation Oncology, Erasmus MC Cancer Institute, Rotterdam, The Netherlands; eDepartment of Radiation
Oncology, MAASTRO, Maastricht, The Netherlands

ABSTRACT
Purpose: To investigate the dosimetric impact of breathing motion on robustly optimized proton ther-
apy treatment plans for left-sided breast cancer patients with an indication for locoregional irradiation.
Materials and methods: Clinical Target Volumes (CTVs) (left-sided breast, level 1 to 4 axillary lymph
nodes, interpectoral and internal mammary lymph node regions) and organs at risk were delineated
on 4D-CTs of ten female patients. After treatment planning to a prescribed dose of 40.05Gy(RBE) in
15 fractions on the time-averaged CT, the dose was calculated on all ten phases of the breathing
cycle. Robustness to setup (5mm) and range errors (3%) was evaluated for those ten phases.
Correlations were evaluated between the phases of the breathing cycle and the D98% of the CTV and
the Dmean of the heart.
Results: Correlations coefficients were between �0.12 and 0.29. At the most extreme values of the 28
robustness scenarios, the clinical goals were met for all but two patients. The mean heart dose was
0.41Gy(RBE) with a standard deviation of 0.31Gy(RBE) of proton therapy plans.
Conclusion: The effect of breathing motion on the robustness of proton therapy treatment plans for
this patient group is minor and not of clinical significance. Based on this patient group, a deep-inspir-
ation breath hold seems to be unnecessary to improve robustness for these patients.
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Introduction

Radiotherapy after breast-conserving surgery reduces the risk
of recurrence and cancer-related death and is considered the
standard of care nowadays [1]. However, conventional radi-
ation therapy may result in a significant dose to surrounding
tissues, especially in left-sided breast cancer. The mean heart
dose (MHD) is of importance in predicting radiation-induced
toxicity [2]. Darby et al. [3] showed that the rate of major
coronary events increases linearly with an increase in the
MHD with 7.4% per Gray, or even higher in patients with
preexisting cardiac risk factors.

There are several ways of minimizing the heart dose,
including breath hold techniques and proton therapy [4].
Mast et al. [5] showed in a planning comparison study that
proton therapy resulted in a lower heart and left anterior
descending artery dose than intensity-modulated photon
therapy with breath hold in patients with left-sided breast
cancer. Other planning comparison studies support the use
of proton therapy in breast cancer patients, especially in
patients that also need treatment of the internal mammary
lymph nodes and level 1 to 4 axillary lymph nodes [6–9].

The physical characteristics of dose delivery by protons
result in more conformal treatment plans, but also make the
treatment more sensitive to patient movement, including
breathing motion [10]. Robust planning and optimization is a
solution to address these sensitivities [11].

In photon radiotherapy, deep-inspiration breath hold
(DIBH) is often used in order to minimize breathing motion
and to enlarge organ separation and thus reducing the dose
to the organs at risk (OAR). Both computer-controlled and
non-computer-controlled methods exist, which come with
their own advantages and disadvantages [12]. Either way,
not all patients are capable of holding their breath long
enough to perform the radiation treatment [12].

Several studies were performed to see if DIBH could also
reduce the heart dose in proton therapy. Thus far, no dosi-
metric differences have been found with the use of DIBH in
proton therapy [5,8,13–17]. However, some of these studies
point out that the use of DIBH may have a positive effect on
the robustness of proton therapy plans because of the
reduced intra-fraction motion [5,15]. Robust planning in pro-
ton therapy is an alternative to PTV-based plan evaluation,
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since the dose distribution in intensity modulated proton
therapy is not necessarily invariant to errors [18].

Flejmer et al. [19] and €Oden et al. [13] evaluated treat-
ment plans on different cycles of the breathing phase and
concluded that the robustness of their proton treatment
plans for breast cancer patients without lymph node involve-
ment was minimally affected by breathing motion. However,
in the Netherlands, proton therapy will mostly be offered to
breast cancer patients with lymph node involvement, due to
the model-based indication approach [20].

Therefore, the aim of this study is to determine the dosi-
metric effect of breathing motion on the robustness of proton
therapy plans for breast cancer patients with locoregional
lymph node involvement, including the internal mammary,
interpectoral and level 1 to 4 axillary lymph nodes.

Materials and methods

Data acquisition

Anonymized 4D-CT scans (Philips Brilliance Big Bore, Philips
Medical Systems, United States of America) from ten female
patients who were treated for thoracic disease were acquired
from Haaglanden Medical Center. The 4D-CT scans were
made without contrast and sorted in ten phases of the
breathing cycle, where the 0% phase was defined as max-
imum inspiration. The scans had a slice thickness of 3mm
and the patients were scanned in a supine position with the
arms abducted above the head with the help of a lung
board (WingSTEP, Elekta AB, Sweden).

Delineation

The glandular left breast tissue, level 1–4 axillary lymph
nodes, interpectoral lymph nodes and internal mammary
lymph nodes were delineated as clinical target volume (CTV)
according to the ESTRO guidelines on radiotherapy of early
stage breast cancer [21,22]. CTVs of the level 1–4 axillary
lymph nodes, interpectoral lymph nodes and internal mam-
mary lymph nodes were combined in CTVelective. The heart,
lungs, skin at treated area and contralateral breast were
defined as organs at risk. For the heart delineation, the atlas
by Feng et al. was used [23]. The lungs were delineated
semi-automatically with the help of built-in function of the
treatment planning system RayStation 7 (RaySearch
Laboratories, Stockholm, Sweden). The glandular breast tis-
sue and the contralateral breast were cropped 5mm under
the skin.

Both the target areas and the organs at risk were
delineated on all ten phases of the 4D-CT scans.

Planning

All patients were planned in RayStation 7 (RaySearch
Laboratories, Stockholm, Sweden), using the time-averaged
4D-CT. An RBE of 1.1 was assumed for protons and the pre-
scribed mean dose was 40.05Gy(RBE) in 15 fractions, without
a boost dose. Two Intensity Modulated Proton Therapy

(IMPT) beams were used. Beam angles were chosen to be
the most favorable for each patient’s anatomy and
were either a combination of 50 and 350 degrees or 0 and
45 degrees. Treatment planning was robustly optimized
with Monte Carlo dose calculations, according to Korevaar
et al. [18]. Uncertainty of 1% was used for Monte Carlo
dose calculations. Clinical optimization goals were a
minimum 95% dose (38.05Gy(RBE)) to 98% of the clinical tar-
get volume (CTVbreast or CTVelective) and a maximum 107%
dose (42.85Gy(RBE)) to 2% of the target volume. For OARs, a
maximum equivalent uniform dose with an a-parameter of
1 and dose fall-off were used. Range shifters of 5 cm
were used.

Robustness analysis

After the plans were made, they were applied to all phases
of the 4D-CT scans and the robustness evaluation was
repeated for all phases. The robustness analysis replaces the
CTV-PTV concept, which is used in photon planning, and cal-
culates the dose for various treatment scenarios. For the
robustness evaluations, an isotropic set-up error of 5mm and
a range overshoot and undershoot of 3% were used [18].
Twenty-eight scenarios, which are shown in Appendix 1,
were evaluated for each breathing phase.

Table 1. Age of patients and amplitude of breathing motion at the mid-ster-
num and nipple positions.

Age Mid sternum (mm) Nipple (mm)

Patient 1 59 4.0 3.3
Patient 2 71 3.0 1.8
Patient 3 75 2.4 3.0
Patient 4 74 1.3 1.3
Patient 5 73 1.2 0.7
Patient 6 55 1.8 2.8
Patient 7 50 1.4 1.9
Patient 8 55 2.0 3.6
Patient 9 64 1.6 1.0
Patient 10 65 2.2 2.3
Mean 64.5 2.1 2.2
SD 9.0 0.8 0.9

Table 2. Nominal dose parameters for all ten patients.

CTV Mean (range) SD

CTVbreast
Dmean [Gy(RBE)] 40.25 (40.03–40.52) 0.15
D2% [Gy(RBE)] 41.50 (40.8–42.05) 0.42
D98% [Gy(RBE)] 39.10 (38.82–39.92) 0.17

CTVelective
Dmean [Gy(RBE)] 40.38 (40.04–41.28) 0.36
D2% [Gy(RBE)] 41.77 (40.77–43.22) 0.66
D98% [Gy(RBE)] 39.21 (38.79–39.5) 0.19

OAR
Heart
Dmean [Gy(RBE)] 0.43 (0.05–0.94) 0.31
D2% [Gy(RBE)] 5.82 (0.45–13.59) 4.79
V5Gy [%] 2.01 (0.05–4.56) 1.57
V22.5 Gy [%] 0.32 (0–1.25) 0.44

Right breast
Dmean [Gy(RBE)] 0.14 (0.01–0.31) 0.09
D2% [Gy(RBE)] 1.24 (0.23–2.43) 0.80
Lungs
Dmean [Gy(RBE)] 4.37 (3.24–5.84) 1.15
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Data analysis

The amplitude of breathing motion was measured on one
axial slice at mid-breast level at the mid-sternum point and
at the nipple for each patient. A mark was drawn on the
maximum inspiration phase, and the distance was measured
between the mark on the maximum inspiration phase and
any other phase.

Pair-wise (univariate) correlations between each of the 10
breathing phases and the D98% of the CTV and Dmean of the
heart were evaluated, resulting in 30 correlation coefficients
in total. The correlation was considered significant at a two-
sided p-value below 0.05. Furthermore, a graph was made of
the results of all scenarios for each breathing phase, for the
aforementioned dosimetric parameters.

Results

The amplitude of the breathing motion had a mean value of
2.1mm (range ¼ 1.2–4.0mm, SD 0.8mm) at the mid-sternum
position and 2.2mm (range ¼ 0.7–3.6mm, SD 0.9mm) at the
nipple position. The ages of all patients and the amplitudes
of the breathing motion can be seen in Table 1. All nominal
dose parameters are shown in Table 2. CTV size and the
most extreme values of the robustness analysis on all breath-
ing phases are shown in Table 3.

In Figure 1, the dose distributions for patient 4 and 7 are
shown as an example. Figure 2 shows the result of the
robustness analysis with their correlation analyses for patient
3, 4 and 7, where every dot represents one scenario.

In total, 30 correlation coefficients were computed: the
D98% of the CTVs and Dmean of the heart for all ten patients,

Table 3. CTV size and extreme values for each patient. over all robustness scenarios of all phases.

Size of CTV

Smallest D98% for
CTVbreast in

robustness scenarios

Smallest D98% for
CTVelective in

robustness scenarios
Largest D2% for CTVbreast
in robustness scenarios

Largest D2% for
CTVelective in

robustness scenarios

Patient 1 326.20 38.92 38.62 41.66 42.29
Patient 2 1078.29 39.02 38.95 41.62 41.79
Patient 3 538.34 39.11 38.10 42.24 43.12
Patient 4 410.08 39.20 39.33 42.59 42.40
Patient 5 988.43 39.24 39.48 41.78 42.85
Patient 6 712.19 38.95 39.02 41.61 41.66
Patient 7 505.26 39.30 39.28 41.48 41.71
Patient 8 164.93 39.29 39.19 42.32 41.93
Patient 9 711.75 39.14 39.09 41.35 41.06
Patient 10 1792.19 39.09 38.99 41.17 41.47

Figure 1. (a) Dose distribution for patient 4; (b) Dose distribution for patient 4; (c) Dose volume histogram for the planning CT of patient 4. (d) Dose distribution
for patient 7.
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as shown in Table 4. Correlation coefficients (Spearman’s
q-values) were between �0.12 and 0.29.

For patient 3, the variation of the D98% for CTVelective is
larger in a part of the inspiration phase (70%–90%). For the
same phases, the variation in Dmean of the heart seems to be
smaller. This effect is not seen in any of the other patients.

For patient 7, there is little variation in the dose for the
D98% of the CTV. However, for this patient, there is a larger

variation in the MHD: it ranges from 0.4Gy(RBE) for one
scenario in phase 1 to 1.75Gy(RBE) in phases 6 and 7.

For all patients, the minimum value of the D98% for the
CTV was larger than 95% of the prescribed dose. The max-
imum value of the D2% was smaller than 107% of the pre-
scribed dose for all patients but two, in all breathing phases.
For these patients, the maximum value of the D2% were
107.7% and 107.1% of the prescribed dose, respectively. The
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Figure 2. (a) Dose distribution for patient 3; (b) Results of the robustness analysis for patient 4. (c) Results of the robustness analysis for patient 7.
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largest MHD was 1.75 Gy(RBE) and the largest mean dose on
the contralateral breast was 0.44 Gy(RBE).

Discussion

It is known that breathing motion has little effect on dosi-
metric parameters when making proton plans (without
robustness evaluation) for breast cancer patients with and
without lymph node involvement [5,8,13–17]. Also, the
robustness is minimally influenced by the breathing motion
when assessing left-sided breast cancer patient without
lymph node involvement [13,19]. This study shows that, even
with the addition of the level 1 to 4 axillary lymph nodes,
internal mammary lymph nodes and interpectoral lymph
nodes to the target volume, the effect of the breathing
motion on plan robustness is very limited.

For this study, 4 D-CTs from ten female patients who were
treated for thoracic disease were used. To be certain the
data would be applicable to breast cancer patients, the amp-
litude of the breathing motion was measured, which had a
mean value of 2.1mm (range: 1.2–4.0mm) at the mid-ster-
num position and 2.2mm (range: 0.7–3.6mm SD ¼ 0.9mm)
at the nipple. These measurements correspond to breathing
motion amplitudes from breast cancer patients in the litera-
ture: studies by Richter et al. and Wang et al. reported an
average breast movement of 1.8mm and 2.1mm [24,25].

In the current study, the correlation between the breath-
ing phase and the D98% for the CTV (split into CTVbreast and
CTVelective) and the correlation between the breathing phase
and the Dmean for the heart were calculated, since these
parameters were considered most important. Corresponding
correlation coefficients were between �0.12 and 0.29, indi-
cating a non-existing to very weak correlation.

There were some minor effects visible in the robustness
analysis graphs (Figures 2(a) and 2(b)). However, none of
these were consistent throughout all patients. Combined
with the non-significant or very weak correlation coefficients,
it can be concluded that the breathing motion does not
have a meaningful correlation with the D98% of the CTV and
the Dmean of the heart. For patient 7, Dmean of the heart was
1.02 Gy(RBE) and a strong dependence of Dmean on breathing
phases was observed (see Figure 2(c)), probably because
of a large heart movement within the breathing cycle.
For this patient, the amplitude of the breathing motion was
1.4 and 1.9mm for mid-sternum and nipple, respectively
(see Table 1).

The results of the variation of the MHD of this study
should not only be attributed to the breathing movement,
but also to the movement of the heart itself. In a study done
by Tong et al., the left ventricle displacement was 1.0, 4.1
and 1.9mm in the X, Y and Z directions [26]. This means that
the movement of the heart may result in moving the heart
in and out of the treatment beam.

Figure 2. Continued.

Table 4. Correlation coefficients for all patients.

D98% of CTVbreast D98% of CTVelective Dmean of heart

Spearman’s q p Spearman’s q p Spearman’s q p

Patient 1 �0.06 0.30 �0.03 0.59 0.20 <0.001
Patient 2 �0.12 0.04 �0.07 0.22 0.08 0.17
Patient 3 0.09 0.12 0.08 0.18 0.02 0.71
Patient 4 �0.10 0.09 0.08 0.19 0.29 <0.001
Patient 5 �0.04 0.47 0.03 0.61 0.13 0.03
Patient 6 �0.07 0.26 �0.06 0.28 0.22 <0.001
Patient 7 �0.12 0.04 �0.05 0.44 0.20 <0.001
Patient 8 �0.13 0.03 �0.03 0.62 0.09 0.13
Patient 9 �0.03 0.59 �0.03 0.65 0.08 0.21
Patient 10 �0.06 0.29 �0.04 0.48 �0.01 0.92
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The results also indicate that even when taking into
account the most extreme values of the 28 robustness scen-
arios, the clinical goals are met for all patients but two. For
the first patient, the maximum values of the D2% for
the CTVelective exceeded the prescribed dose by 7.7%.
However, this was the case for all phases of the breathing
cycle, indicating that there is no coherence with the breath-
ing motion.

Limitations

Firstly, one of the limitations of this study is the limited sam-
ple size.

Also, the left anterior descending artery was not
delineated in this study, even though this structure seems to
be important in cardiac events related to breast radiotherapy
[2]. It was decided to only focus on the mean heart dose
because the risk model by Darby, which is also used in the
Dutch Indication Protocol for Protons, only includes the
mean heart dose [3,27]. Furthermore, no contrast was used
in the 4D-CT scans and as a result, delineation would have
been too unreliable.

In this study, the role of the interplay effect was not
looked into. In previous research, interplay effects in ampli-
tudes below 3mm resulted in a PTV dose inhomogeneity of
around 1% [28]. Knopf et al. concluded that the impact of
the interplay effect of amplitudes below 6mm is limited [29].
Since the mean amplitude in this study was even lower than
these values, we concluded that the interplay effect should
not raise any clinical concerns for this patient group.

This study focuses on the intrafractional movement during
proton radiation, but not on the interfractional movements.
Correct and reproducible patient positioning is crucial to
limit the effect of interfractional movements.

In theory, the robustness of proton therapy plans may fur-
ther improve by using three beams instead of the two
beams that were used in this study. This would be an inter-
esting line of research for the future. Ares et al. even use
four treatment beams for breast cancer patients with lymph
node involvement and a boost dose [6]. While this may be a
valid option, the number of beams will be limited by the
number of monitor units per beam.

Conclusion

The effect of breathing motion on the robustness of proton
therapy treatment plans for left-sided breast cancer patients
with locoregional lymph node involvement is minor and not
of clinical significance. The mean heart dose was
0.41Gy(RBE) with a standard deviation of 0.31Gy(RBE) of pro-
ton therapy plans. Based on this study, a deep-inspiration
breath hold seems to be unnecessary to improve robustness
for this patient group. The use of at least two beams for pro-
ton planning is recommended to achieve robust treatment
planning. Further research on 4D-CT for this patient group is
needed to explore the effects of breathing motion with
larger amplitudes on robustness.
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