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ABSTRACT
Introduction: Proton therapy for breast cancer treatment reduces cardiac radiation exposure. Left-
sided breast cancer patients with indication for internal mammary chain (IMC) irradiation are most at
risk of radiation-induced cardiotoxicity. This study aims to evaluate in this situation the potential dosi-
metric benefit of intensity modulated proton therapy (IMPT) over volumetric modulated arc therapy
(VMAT) at the cardiac substructure level.
Materials and methods: Cardiac substructures were retrospectively delineated according to ESTRO
guidelines on the simulation CT scans of fourteen left-sided breast cancer patients having undergone
conserving surgery and adjuvant locoregional free-breathing (FB-) or deep inspiration breath-hold
(DIBH-) VMAT with internal mammary chain irradiation. IMPT treatment was re-planned on the simula-
tion CT scans. Mean doses to cardiac substructures were retrieved and compared between VMAT treat-
ment plans and IMPT simulation plans. Pearson correlation coefficients were calculated between mean
doses delivered to cardiac substructures using these two techniques.
Results: Mean doses to all cardiac substructures were significantly lower with IMPT than with VMAT.
Regardless of the irradiation technique, the most exposed cardiac substructure was the mid segment
of the left anterior descending coronary artery (LADCA). Pearson correlation coefficients between
mean doses to cardiac substructures were usually weak and statistically non-significant for IMPT; mean
heart dose (MHD) only correlated with mean doses delivered to the right ventricle, to the mid seg-
ment of the right coronary artery (RCA) and, to a lesser extent, to the LADCA.
Conclusion: The dosimetric benefit of IMPT over conformal photon therapy was consistently observed
for all cardiac substructures. MHD may not be a reliable dosimetric parameter for precise cardiac
exposure evaluation when planning IMPT.
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Introduction

Adjuvant radiation therapy for breast cancer treatment
improves overall survival after breast conserving surgery
[1,2]. However, first generation techniques, which relied on
large irradiation fields, were associated with a significantly
increased cardiac-related toxicity and mortality [3].
Consequently, technological progresses were made in order
to reduce cardiac radiation exposure and state-of-the-art
techniques currently allow efficient cardiac sparing, without
compromising local tumor control or patient survival.
Examples of recent technological breakthroughs for breast
cancer treatment include highly conformal photon radiation
therapy techniques, such as volumetric modulated arc ther-
apy (VMAT) [4,5], or proton therapy [6]. In addition, these
techniques can be efficiently combined with deep inspiration
breath-hold (DIBH) in order to further decrease cardiac
exposure by mobilizing the heart away from the body sur-
face [7]. Nevertheless, for breast proton therapy, only early
and medium-term toxicity profiles are known, due to limited
follow-up [8]. Even though short-term tolerance appears

excellent [8], long-term cardiotoxicity is still a legitimate mat-
ter of concern especially for the youngest patients with
internal mammary chain (IMC) irradiation, although long-
term analysis of the EORTC 22922/10925 trial is reassur-
ing [9].

In addition, the heart is usually considered as a homoge-
neous organ-at-risk when planning breast radiotherapy in
daily practice since its substructures are usually not
delineated nor considered for treatment optimization. Yet,
the vast range of potentially lethal radiation-induced cardiac
adverse events (such as coronary artery disease, heart failure,
pericarditis, arrhythmia or valvular disease, amongst others)
is straightforwardly explained by the histological, structural
and functional complexity of the heart [10,11]. This is evi-
denced by recent lung and breast studies that have unam-
biguously demonstrated that distinctive cardiac adverse
events were significantly associated with specific cardiac sub-
structure exposure [12–15]. Considering cardiac substructure
exposure during treatment planning could thus be clinically
relevant: in particular, in the case where doses to cardiac
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substructures are poorly correlated and may vary independ-
ently, mean heart dose (MHD) would be insufficiently
representative to accurately evaluate substructure radi-
ation exposure.

In this context, the goal of this study was to compare at
the cardiac substructure level the dosimetric performances of
proton therapy and of VMAT, in the adjuvant setting for left-
sided breast cancer patients with IMC irradiation indication.

Material and methods

Patient selection

This retrospective single-center dosimetric study was con-
ducted in the Department of Radiation Oncology (Institut
Curie, Paris, France). Eligible patients, treated for left-sided
breast invasive ductal carcinomas, had all undergone breast
conserving surgery and adjuvant locoregional irradiation
with normo-fractionated VMAT with or without DIBH. All
patients had complex target volumes (IMC irradiation, tumor
bed boost) or anatomy (such as pectus excavatum) and, for
those patients, adequate target volume coverage with 3D
conformal radiotherapy would have not been possible with
respect to institutional organ-at-risk (OAR) dose constraints.
Indication for VMAT treatment was based on anatomical and
dosimetric considerations and validated by a control quality
staff. DIBH was systematically recommended for patients
who tolerated it. For all patients, planned target volumes
included the whole breast with a boost to the tumor bed,
the homolateral axillary, interpectoral, supraclavicular and
IMC lymph nodes. Patients with breast implants or treated
for recurrent or metastatic breast cancers were excluded. The
institutional patient database registered 464 breast cancer
patients treated with VMAT with these characteristics until
October 2019. Fourteen patients were selected by random
sampling stratified on DIBH use, so that seven of them had
been treated with free-breathing (FB)-VMAT and the seven
others with DIBH-VMAT.

VMAT treatment planning and IMPT re-planning

All patients were immobilized in the same position, supine
and both arms above the head. All simulation computed-
tomography (CT) scans were acquired with the same param-
eters (non-contrast and using 3mm slices) and images were
transferred to the Varian Eclipse 8.9 treatment planning sys-
tem (Varian Medical Systems) for VMAT planning. Simulation
CT scans for patients who were treated with DIBH were
acquired using the Real-Time Position Management (RPM)
Respiratory Gating System (Varian Medical Systems). Clinical
target volumes (CTV) consisted of the whole breast, the
tumor bed and the homolateral regional lymph nodes (IMC,
interpectoral and Berg’s level II-III-IV lymph nodes). Tumor
bed boost was simultaneously delivered. VMAT treatment
schedules were normo-fractionated and delivered the total
dose of 63Gy to the tumor bed, 51.8 Gy to the whole breast
and 50.4 Gy to the lymph nodes in 28 fractions. Planned tar-
get volumes (PTV) were defined with a 5mm isotropic

expansion margin around CTV. Treatment plans were normal-
ized to mean doses to PTV. A minimum of 95% of the pre-
scribed dose was planned to be delivered to 95% of the PTV
and a maximum of 107% of the prescribed dose could be
delivered to 2% of the PTV. The heart, the right breast, the
lungs, the spinal cord and the esophagus were considered as
OAR. Dose constraints to OAR were as follow: mean heart
dose < 5Gy, lung V20Gy < 25% and V30Gy < 18%, right
breast maximum dose < 5Gy and mean dose < 5Gy (or
<1Gy if < 40 years), spinal cord maximum dose < 34Gy, thy-
roid mean dose < 30Gy and V50Gy<10%. Four 230� arcs
were planned with 6MeV photons, a maximum dose rate of
600MU/min and 4� control point spacing. Target volume
coverage and OAR exposure were evaluated based on 3D
dose distribution and dose-volume histograms. Patients who
were treated with DIBH were monitored using the Varian
RPM system, based on an infrared camera and a reflective
box placed on the patient’s xyphoid in order to measure his
thoracic expansion.

For each patient, pencil-beam scanning (PBS) intensity
modulated proton therapy (IMPT) was retrospectively re-
planned on the initial simulation FB-CT or DIBH-CT scans on
the Varian Eclipse proton treatment planning system by
medical physicists kept in ignorance of the initial VMAT
treatment plans without aiming at dosimetric superiority
concerning cardiac dose. Similarly, the prescription doses
were 63 Gy (RBE) to the tumor bed, 51.8 Gy to the whole
breast and 50.4 Gy (RBE) to the lymph nodes in 28 fractions.
For all patients, treatment was planned on a IBA C230
cyclotron with a nominal proton beam energy of 230MeV
and a 65mm acrylic range shifter based on a single-field
uniform dose method. For each patient, one single enface
field with a beam angle of 30� was planned. PTV were
defined with a 5mm isotropic expansion margin around
CTV and IMPT treatment plans were normalized to mean
doses to PTV. Optimization constraints were similar to those
of the VMAT plans.

Cardiac segmentation

Cardiac substructures were subsequently contoured on simu-
lation CT scans, on the Varian Eclipse 8.9 treatment planning
system (Varian Medical Systems), according to recent delinea-
tion guidelines proposed by the Oxford group and endorsed
by the European Society for Radiotherapy and Oncology
(ESTRO) [16] in order to ensure homogeneity and reproduci-
bility of the cardiac segmentation process. Delineated cardiac
substructures were the whole heart, the four cardiac cham-
bers (the left ventricle (LV), the left auricle, the right ventricle
and the right auricle), the five left ventricle walls (anterior,
lateral, apical, septal and inferior walls), the left main com-
mon artery (LMCA), the left anterior descending coronary
artery (LADCA, segmented into its proximal, mid and distal
segments), the circumflex artery (CxA, segmented into its
proximal and distal segments) and the right coronary artery
(RCA, segmented into its proximal, mid, distal and posterior
descending segments). Cardiac substructure delineation was
validated by an experienced senior radiation oncologist. The

ACTA ONCOLOGICA 1039



dose-volume histograms were retrieved for each patient
from the initial VMAT treatment plan and the corresponding
simulated IMPT treatment plan, on the Varian Eclipse treat-
ment planning system in both cases. Mean doses delivered
to heart and to all other cardiac substructures were
extracted. Figure 1 provides an example of VMAT planning
and IMPT re-planning and illustrates cardiac segmentation.

Statistical analysis

Statistical analyses were performed using R 3.6.1 software.
Normal distribution hypothesis was verified based on Jarque-
Bera test and mean doses between VMAT and IMPT were
compared using Student paired test. Pearson correlation
coefficients were calculated between MHD and mean doses
to all cardiac substructures. A p-value � .05 was considered
statistically significant.

Results

Substructure exposure comparison between VMAT
and IMPT

Mean doses to all cardiac substructures were significantly
lower with IMPT than with VMAT (p< .01, Table 1, Figure 2).
Regardless of the considered radiation technique, the most
exposed substructure was the mid segment of the LADCA
(mean doses: 24.1 Gy, 10.9 Gy, 4.0 Gy and 3.1 Gy for FB-VMAT,
DIBH-VMAT, FB-IMPT and DIBH-IMPT treatment plans,
respectively). The mean dose to the whole LADCA was less
than 2Gy with DIBH-IMPT (0.3 Gy to the proximal segment,
3.1 Gy to the mid segment and 1.4 Gy to the distal segment).
Mean doses to other organs-at-risk (contralateral breast,
lungs, esophagus) were lower with IMPT than with VMAT
(Supplementary Table 1).

Patients treated with DIBH-VMAT had usually lower car-
diac substructure exposure than those treated with FB-VMAT,
but no substantial difference was observed after IMPT replan-
ning between the two groups. We observed that mean doses
to cardiac substructures were usually lower on FB-IMPT plans
than on DIBH-VMAT plans (Table 1, Figure 2).

Dosimetric correlation analysis

Pearson correlation coefficients between mean doses to car-
diac substructures were usually weak and often statistically
non-significant for IMPT (Figure 3). In particular, MHD corre-
lated only with mean doses to the right ventricle, to the mid
segment of the RCA and, to a lesser extent, to the whole
LADCA. No statistical correlation was found between MHD
and mean doses to the left ventricle or to the ventricle walls,
with the exception of the septal wall. MHD did not correlate
with mean doses to the LMCA, to the CxA or to the RCA.
This sharply contrasted with what was observed for VMAT
irradiation, for which Pearson correlation coefficients were
greater and more frequently statistically significant.

Discussion

In this single-center retrospective dosimetric study, mean
doses delivered to twenty-three cardiac substructures were
compared between VMAT and IMPT for left-sided breast can-
cer patients with IMC irradiation. In order to ensure homoge-
neous and reproducible cardiac segmentation of the limited-
size patient set, which is an inherent limitation of the study,
we relied on recent guidelines published by the Oxford
Group and endorsed by the ESTRO [16]. For all cardiac sub-
structures, we demonstrated a dosimetric benefit of IMPT
over VMAT, which is a highly conformal photon radiation
technique. These findings show that the long-recognized car-
diac dosimetric benefit of proton therapy for breast cancer
[17–22] is consistently found at the lowest level of granular-
ity, whatever cardiac substructure is considered. Doses to the
thyroid were similar between IMPT and VMAT plan, which
might be explained by its direct proximity with Berg’s level
IV lymph nodes. A global cardiac dosimetric benefit of pro-
ton therapy has similarly been demonstrated for mediastinal
lymphoma [23,24], thymic malignancy [25,26], esophageal
carcinoma [27,28] and lung cancer [29] irradiation. Although
no study has precisely studied cardiac substructure exposure
in those situations, one can reasonably infer from our results
that this dosimetric benefit would also be found at the car-
diac substructure level.

After IMPT replanning, we did not observe notable differ-
ence in substructure exposure between free-breathing and
DIBH patients; this may question DIBH use for breast IMPT.
Published small-size breast proton therapy cohorts did not
use DIBH to date [8]. However, our limited number of
patients was probably insufficient to evidence any dosimetric
benefit of DIBH for IMPT. Nevertheless, it should be recalled
that proton therapy is particularly sensitive to uncertainties,
such as range or motion uncertainty. DIBH efficiently limits
breathing-induced thoracic motion and may consequently
avoid potential target under-dosing, which could happen
with FB-IMPT. Our IMPT plans were based on a traditional
PTV approach, in accordance with our current institutional
protontherapy protocols. However, robust optimization
method are increasingly used to mitigate the dosimetric
effects of patient positioning and proton beam range uncer-
tainties [30,31]. Arm position is another acquisition parameter
which should be discussed: it has been shown that arms-
down positioning did not affect target coverage nor organ-
at-risk exposure compared to standard arms-up positioning
[32]. Although the dosimetric equivalence at the cardiac sub-
structure level of arms-up positioning is also logically
expected, this is still to be determined.

For IMPT, correlation coefficients between mean doses to
the cardiac substructures were globally weak and non-signifi-
cant, contrasting with what was observed with VMAT. Some
negative correlations were unexpectedly observed; this could
be explained by statistical fluctuations due to small sample
size. It should be stressed that MHD did not correlate with
most substructure mean doses. Consequently, MHD should
not be considered as a reliable surrogate dosimetric param-
eter for precise evaluation of cardiac substructure exposure
when planning IMPT. Implications are clinically far-reaching:
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to have a clear picture of cardiac exposure when planning
proton therapy, one would have to consider and to delineate
all cardiac substructures. For VMAT, MHD correlated signifi-
cantly with most cardiac substructures but poorly with the

RCA, the LADCA (distal segment) and the LV (apical wall)
which delineations could be considered in clinical practice
[33]. Currently, substructure dose constraints are mostly
unknown for photon or proton therapy, and their estimation

Figure 1. Example of VMAT planning and IMPT re-planning. Cardiac substructures were delineated on the initial simulation CT scans according to ESTRO guide-
lines. The tumor bed is delineated in red and the left breast in yellow. The internal mammary chain is delineated in cyan. LV: left ventricle.

Table 1. Comparison between mean doses to cardiac substructures using volumetric modulated arc therapy (VMAT) and intensity modulated proton ther-
apy (IMPT).

FB (n¼ 7) þ DIBH (n¼ 7) FB (n¼ 7) DIBH (n¼ 7)

Structure VMAT IMPT p value VMAT IMPT p value VMAT IMPT p value

Heart 5.01 0.52 <.01 7.12 0.80 <.01 3.50 0.32 <.01
Left ventricle 4.95 0.16 <.01 7.40 0.09 <.01 3.19 0.22 <.01
Anterior wall 8.24 0.53 <.01 12.47 0.26 <.01 5.23 0.72 <.01
Apical wall 7.72 0.68 <.01 12.38 0.40 <.01 4.39 0.88 <.01
Lateral wall 4.72 0.11 <.01 6.60 0.04 <.01 3.37 0.16 <.01
Inferior wall 2.69 <0.01 <.01 4.13 <0.01 <.01 1.65 0.01 <.01
Septal wall 4.38 0.02 <.01 6.62 0.02 <.01 2.77 0.01 <.01

Right ventricle 5.01 0.37 <.01 7.05 0.79 <.01 3.55 0.07 <.01
Left auricle 2.77 <0.01 <.01 3.97 <0.01 <.01 1.91 <0.01 <.01
Right auricle 3.05 0.04 <.01 3.89 0.06 <.01 2.44 0.03 <.01
Left main coronary artery 4.30 0.01 <.01 6.34 0.02 <.01 2.85 <0.01 <.01
Left anterior descending artery 13.69 1.99 <.01 21.19 2.48 <.01 8.32 1.65 .01
Proximal segment 8.43 0.25 <.01 12.99 0.19 .01 5.17 0.29 <.01
Mid segment 16.39 3.49 <.01 24.10 4.00 <.01 10.88 3.13 .02
Distal segment 14.68 1.70 <.01 23.52 2.15 .01 8.37 1.38 .01

Circumflex artery 3.62 <0.01 <.01 5.12 <0.01 <.01 2.54 <0.01 <.01
Proximal segment 4.86 <0.01 <.01 7.34 <0.01 <.01 3.09 0.01 <.01
Distal segment 3.30 <0.01 <.01 4.53 <0.01 <.01 2.41 <0.01 <.01

Right coronary artery 3.92 0.05 <.01 5.40 0.03 <.01 2.87 0.06 <.01
Proximal segment 5.36 0.11 <.01 6.45 0.06 <.01 4.58 0.14 .01
Mid segment 3.06 <0.01 <.01 4.15 0.01 <.01 2.27 <0.01 <.01
Distal segment 1.93 <0.01 <.01 3.01 <0.01 <.01 1.17 <0.01 <.01
Posterior descending segment 3.48 <0.01 <.01 6.15 <0.01 <.01 1.56 <0.01 <.01

Left lung 13.53 8.38 <.01 15.24 6.83 <.01 12.3 9.49 .02
Right lung 4.39 0.70 <.01 5.48 1.13 <.01 3.61 0.4 <.01

Comparison were carried out in the overall population (n¼ 14), in the free-breathing (FB) subpopulation (n¼ 7) and in the DIBH population (n¼ 7), using
Student paired t-tests.
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will take time [34]. Yet, propositions already exist for the left
ventricle and for the left anterior descending artery [33,35].
The increasing interest for breast proton therapy and the
subsequent multiplication of long-term prospective cohorts
may help clarifying substructure dose constraints over the
long term, once cardiac segmentation is widely implemented
in clinical research and daily practice. Since recent photon
radiation therapy trials focusing on lung and breast cancers
have demonstrated that different types of cardiac adverse
events were associated with specific cardiac substructure
exposure [12–15], it would be logically expected that this
may also be the case for proton therapy and, in this context,
breast proton therapy planning will have to consider cardiac
segmentation.

Delineation of cardiac substructure is time-consuming
when manually done, and non-contrast simulation CT scans
are often imprecise for precise cardiac segmentation.
Fortunately, recent auto-segmentation algorithms, either
atlas-based [36–41] or deep-learning-based [42–44], have
already shown promising results. It is highly expected that,
in the near future, reliable artificial intelligence tools could
be routinely used for cardiac auto-segmentation, both for
clinical research and in daily practice. With this in mind, radi-
ation oncologist should collaborate with medical artificial
intelligence experts in order to develop trustworthy and
ergonomic auto-segmentation softwares.

Even though long-term analysis of the EORTC 22922/
10925 trial did not find any increase in cardiovascular risk

associated with IMC irradiation [9], left-sided breast cancer
patients with IMC irradiation indication are theoretically the
most at risk of developing late radiation-induced cardiotoxic-
ity risk, in particular the youngest patients which have logic-
ally the highest lifetime cumulative risk. This clinical
presentation represents a relatively small proportion of all
breast cancer patients; however, in this situation, proton
therapy demonstrates a substantial dosimetric benefit over
photon therapy, even when this latter is combined with
DIBH, which is already routinely the case in such circumstan-
ces. Long-term cardiotoxicity studies are needed to confirm
that this dosimetric superiority clinically translates into fewer
radiation-induced cardiac adverse events or deaths in such
contexts. The RadComp randomized controlled trial
(NCT02603341), comparing proton versus photon radiation
therapy on a cardiotoxicity primary criterion, will provide ele-
ments to answer this question [45]. In the meantime, dosi-
metric criteria should be established in order to select the
best candidates for breast IMPT.

In conclusion, taking into account ESTRO guidelines for
cardiac segmentation, we demonstrated that the dosimetric
benefit of IMPT over conformal photon therapy was consist-
ently observed for all cardiac substructures. MHD may not be
a reliable dosimetric parameter for precise cardiac exposure
evaluation for breast IMPT and it may not accurately reflect
long-term cardiotoxicity with this technique if it eventually
appears that cardiac adverse events are correlated with
specific substructure exposure. Long-term breast cancer

Figure 2. Boxplot distributions of mean doses to cardiac substructures. Boxplots provide the median, the quartiles and the range of mean dose distributions
for each cardiac substructure. LV: left ventricle. RV: right ventricle. LA: left auricle. RA: right auricle. LV ant: LV anterior wall. LV apex: LV apical wall. LV lat: LV
lateral wall. LV inf: LV inferior wall. LV sept: LV septal wall LMCA: left main coronary artery. LADCA: left anterior descending coronary artery. CxA: circumflex
artery. RCA: right coronary artery. DIBH: deep inspiration breath-hold. FB: free breathing. VMAT: volumetric modulated arc therapy. IMPT: intensity modulated pro-
ton therapy. Orange dots correspond to DIBH treatments, black dots to FB treatments.
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proton therapy studies are needed to evaluate late cardio-
toxicity and to define specific cardiac substructure dose
constraints.
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