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Introduction

Breast cancer is the most common cancer in women with 
approximately 2.3 million women diagnosed annually 
and 685,000 deaths globally (1). Advanced bilateral breast 
cancers with local and regional nodal involvement are rare 
accounting for a few percent (2) of breast cancer patients. 

These patients are typically treated with mastectomy as 
well as chemotherapy and radiation. Prognosis is generally 
favorable but is significantly inferior to unilateral breast 
cancers (3).

Radiation planning for bilateral breasts poses several 
challenges. Obtaining good conformality, homogeneity and 
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sparing organs at risk, particularly heart and lung, are of 
concern. A recent publication summarizes the rationale for 
protons in breast cancer treatments and reviews much of the 
literature (4). While advances in X-ray radiation therapy in 
the past decades from 3D to intensity modulated radiation 
therapy (IMRT) to volumetric arc therapy (VMAT) and 
tomotherapy have improved photon distributions, proton 
therapy has been shown to provide the best distributions. 
Specifically, Jimenez et al. (5) compared pencil beam 
scanning (PBS) plans with 3D photon plans for patients 
who had implants and found PBS plans result in a reduction 
in lung and heart doses and improved homogeneity. 
Subsequently, Vyfhuis et al. (6) extended the study for 
bilateral breast patients and compared PBS and VMAT 
plans for 3 different cases. They found that PBS offers 
identical target coverage compared to VMAT plans but 
with reduced dose to heart and lungs. Sun et al. (7) extended 
their work to compare IMRT, VMAT, tomotherapy, and 
PBS plans for 11 patients with bilateral breast cancer. They 
found that PBS plans reduced mean and low dose volumes 
to heart, left ventricle and left inferior descending artery.

In this study, we performed a blinded comparison of 
patients between VMAT and PBS plans. We chose VMAT 
because it is the standard approach at the photon sites and 
because the work of Sun et al. (7) demonstrate that photon 
plans, regardless of delivery modality, provide similar 
distributions compared to PBS plans.

The use of expanders and their associated high atomic 
number magnets may perturb the proton distribution and 

invalidate the comparisons to photon plans. We extend the 
plan comparisons to include breast expanders in addition 
to whole breast and implants that were studied by previous 
investigators. Our planning techniques for the patient 
with breast expanders are discussed in detail. We present 
this article in accordance with the STROBE reporting 
checklist (available at https://tro.amegroups.com/article/
view/10.21037/tro-22-23/rc).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by institutional review board of the Western 
Institution Review Board (IRB) (No. PC 2016-01) and 
individual consent for this retrospective analysis was waived.

Two independent centers, ProCure Proton Therapy 
Center in Somerset, NJ, USA and Memorial Sloan 
Kettering Cancer Center in New York, NY, USA, using 
different treatment planning systems were involved in 
this retrospective case-controlled study. Five treated 
bilateral breast cancer patients were retrospectively 
selected as representative of a range of patient types (e.g., 
expander, chest wall only, intact breast) from the proton 
center from April 2018 to February 2020 under an IRB 
exempted protocol, the patients’ Digital Imaging and 
Communications in Medicine (DICOM) files including CT 
and structure were anonymized and sent to a physicist at the 
photon site along with the prescription dose. The plan and 
dose records for the clinical plan were kept at the proton 
site to ensure that the physicist at the photon site was 
blinded to the original PBS distribution. Patients included 
intact breast, post mastectomy patients with chest wall only, 
and with expanders (Mentor Artoura, Mentor Worldwide, 
Irvine, CA, USA). All patients had disease that included 
nodal volumes. All patients were immobilized supine in 
an alpha cradle with hands over their heads. Patients were 
scanned in a large bore CT (GE Lightspeed, General 
Electric Healthcare, Wauwatosa, WI, USA) using a 2.5 mm 
slice thickness.

All clinical target volumes (CTVs) were generated by the 
attending physician following the RADCOMP guidelines (8)  
and were peer reviewed (9) prior to planning. The following 
volumes were defined. The total CTV was the sum of 
all CTV volumes including chest wall and nodes. An 
optimization structure CTV-Skin was defined by a 5 mm 
crop from the skin surface, excluding rib and intercostal 
muscle. A planning volume called PTV-Skin was defined 
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as CTV-Skin + 7 mm but 4 mm posteriorly in the region 
outside lung, excluding rib, intercostal muscle and cropped 
5 mm from skin surface since none of the patients had 
involvement in the dermis. Pulling the volume off the skin 
was done to reduce skin dose during optimization as proton 
patients have greater skin toxicity than photon patients (10).

Proton plans were generated using Raystation version 9B 
(Raysearch, Stockholm, Sweden) using a Monte Carlo dose 
engine for treatment on an IBA Proteus Plus system (Ion 
Beam Applications, Louvain-La-Neuve, Belgium) with a 
universal nozzle and a 7.5 cm range shifter on a 40×30 cm2 
snout. All proton plans were generated in Gy (RBE) using a 
generic RBE (11) of 1.1. Proton plans were a combination 
of AP beams and matched LAO or RAO en face fields 
typically at 30 degrees off the vertical and two laterally 
shifted isocenters. Fields were planned with single field 
uniform dose (SFUD) except in the volumes where there 
was overlap between fields. A gap structure, 2 cm wide, 
ensured a smooth gradient between the match fields. Hence 
the plans were optimized using a combination of SFUD for 
most of the volume but using multifield optimization (MFO) 
in the junction between the two fields. All proton plans 
were peer reviewed before treatment and were generated 

with a 3 mm dose grid. While the same physicist generated 
the comparative photon plans, the original clinical proton 
plans were generated by different planners based upon 
the proton center’s planning procedures and criteria. The 
clinical planning goals were different between VMAT and 
PBS plans and are summarized in Table 1. The goals are 
based upon what is clinically achievable.

Patient characteristics are summarized in Table 2 which 
shows the TNM staging status, age, target description, 
prescription doses and PTV volumes. For this planning 
study, only the initial phase of the plan which covered 
both breasts and involved nodes. The boost volumes were 
excluded because differences in electron boost versus 
photon and proton boost could confound the results.

We were particularly interested in patient #2, who had 
bilateral breast expanders. Since protons are sensitive to 
range uncertainties, the addition of a 1.27 cm diameter 
0.48 cm thick neodymium high density (7 g/cm3) magnet 
inhomogeneity in the expander creates an additional 
complication in treating breast patients with expanders. 
To our knowledge, there have been no publications about 
treating bilateral expanders with protons. Hence, we 
describe details of our planning technique for patients with 

Table 1 Typical planning goals for PBS and VMAT

Location
Organ at risk

VMAT PBS

Each lung V5 <95% (80–100%); V10 <60%; V20 <25% V5 <35%; V20 <16%

Both lungs V5 <95% V5 <20%

Heart Mean dose <7 Gy Mean dose <1 Gy

The planning goals reflect institutional practice based upon what is frequently achievable. PBS, pencil beam scanning; VMAT, volumetric 
arc therapy.

Table 2 Summary of patient population characteristics

Patient Cancer stage Cancer type Age, years CTV description
Original Rx  

(including boost)
PTV-skin  

volume (cm3)

1 T2N1M0 Invasive ductal carcinoma 50 Whole breast + nodes 50 Gy/25 4,866

2 T3N1M0 Invasive lobular carcinoma 50 Expanders + nodes (45+5.4) Gy/28 1,941

3 T3N2aM0 (right); 
TN21aM0 (left)

Invasive carcinoma 75 Chest wall + nodes 50 Gy/25 4,431

4 T1N0M0 Invasive ductal carcinoma 67 Chest wall + nodes (50+10) Gy/30 2,585

5 T1cM1N0 Ductal carcinoma in situ 51 Whole breast + nodes (50+16) Gy/33 3,431

The prescription includes the boosts if applicable, but only the initial phase was chosen for this comparison study. CTV, clinical target 
volume; Rx, prescription; PTV, planning target volume.
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bilateral breast expanders.
Our initial treatment approach for unilateral breast with 

expanders was to treat around the magnet following the 
technique (12-14) which we refer to as the “shoot around” 
approach. Briefly, three fields are used to treat the target. 
For each breast, a single AP field treats the superior nodes, 
separate fields treat most of the lateral and medial aspects of 
the field using SFUD. However, the magnet and titanium 
housing have a 5 mm expansion in two dimensions and 
a 1 cm anterior-posterior expansion. The fields junction 
with each other using multi-field optimization. To evaluate 
these plans, we introduced an additional structure called 
CTV-skin_Eval which consisted of the CTV subtracting 
the expander with a negative 5 mm margin which can be 
pictured as the expander with a 5 mm rind extending into 
the saline solution. The margin was chosen to coincide with 
the setup margin.

Our new technique, which we designate the “shoot 
through” technique, used a two-beam approach per breast 
wherein both beams treated the entire target volume 
uniformly with the beam transmitting through the magnet 
to treat the chest wall distal to it. Plans were generated with 
robustness to setup variations of up to 5 mm and range 
uncertainty of ±3.5%. For delivery, the magnet was set up to 
2 mm allowing a variation in bony anatomy of up to 5 mm. 
All proton plans were evaluated by a physicist for robustness 
of CTV coverage to ensure V95 >95%.

The use of Monte Carlo treatment planning enabled us to 
accurately model treating through the magnet following the 
method described by Mutter et al. (15). Initially, we obtained 
a sample expander which was CT scanned and a test plan 
was generated to verify that the Monte Carlo model matched 
the measured distribution within a 3.5% range uncertainty 
using an approach that was originally used for end-to-end 
testing using animal tissues (16). Briefly, a plan was generated 
and different thicknesses of water equivalent material were 
incrementally added until the distribution measured on 
the ion chamber array matched the planned distribution. 
A gamma analysis (3%, 3 mm) was used to confirm that 
the beam transmission through the phantom matched the 
treatment planning system. Having validated the model for 
our sample expander, we created models of the expander 
magnet and needle guard for a range of different expanders 
based upon each manufacturer’s specification.

One key difference between the “shoot around” and 
“shoot through” methods was delivery time. The shoot 
around technique required 3 fields each day whereas the 
shoot through technique could be delivered with alternating 

single fields each day which significantly reduces delivery 
time.

The photon center often uses deep inspiration breath 
hold (DIBH) for treating bilateral breasts if the patient 
can perform DIBH reliably (17), but the proton site only 
uses free breathing plans. For this study, we used the free 
breathing scans but we expect that the impact of DIBH 
would not fundamentally change the results of our study. 
Photon plans were generated using the Eclipse treatment 
planning system (AAA algorithm, version 15, Varian 
Medical Systems, Palo Alto, CA, USA) and VMAT using a 
technique described elsewhere (18). Plans were generated 
using 6 MV beams and 2.5 mm dose grid on a Truebeam 
employing multiple partial co-planar arcs. Typically, two 
planes of arcs were used, to cover the superior and inferior 
portions of the breast. Smaller arcs were used to carve 
out different segments of the distribution (e.g., around 
the arms) to maximize dose homogeneity. All plans were 
generated with 10 different arcs and a single isocenter.

Plans were generated to the same PTV as used in the 
proton plans described above. All plans were normalized 
to the same target coverage to cover the PTV-skin with 
the prescription isodose level, following the practice at 
the photon site. The proton site used a slightly more 
conservative goal of V95 >95% to the PTV-skin clinically 
but the data were renormalized to meet the coverage goals at 
the photon site and allow for a fair dose metric comparison.

Plans were compared for conformality and homogeneity (19).  
The homogeneity index (HI) is defined following the 
RTOG definition as

maxIHI
RI

=
 

[1]

where Imax is the maximum isodose and RI is the reference 
isodose, chosen as 95%, and the conformality index (CI)

RIVCI
TV

=  [2]

where RI is the volume of the reference isodose (95%) and 
TV is the target volume.

Lung and heart doses were evaluated as well as well as 
max doses to different organ at risks (OARs). The entire set 
of metrics is provided in Table 3 for both proton and photon 
patients.

Statistical analysis

For each set of dosimetric endpoints, a paired two tail 
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t-test was used to establish the P value between the proton 
and X-ray arms. Each dosimetric endpoint was taken as a 
continuous variable and we assumed that the distribution of 
different dosimetric endpoints was normally distributed.

Results

Dosimetric endpoints

Table 3 summarizes target coverage and OAR dosimetric 
endpoints along with the corresponding P value. In 
general, coverage is nearly identical between PBS and 
VMAT and there are no significant differences between 
the different target coverage metrics. Conversely, many 
OARs are dramatically better spared with PBS than VMAT. 
Specifically, for lung and heart, the volume of lung receiving 
a particular dose differs significantly for lower doses (e.g., 
V5, V20) since protons treat a smaller volume at a given 

isodose level because of their finite range. In contrast at 
higher doses, e.g., V40, most of the lung is spared in both 
plans, and there is also no significant difference. The mean 
liver dose is also reduced with protons as there is no exit 
dose into the liver. The OARs that are downstream from the 
target are spared with protons and those that are near the 
targets are not. For other OARs, the dosimetric endpoints 
are largely not significantly different, or in the case of spinal 
cord, within constraints and clinically irrelevant.

Sample distribution comparison
Figure 1 shows the radiation distribution for a PBS 
and VMAT plan for patient #2. Figure 2 shows the 
corresponding DVH comparison. The finite range of 
the protons permit both improved conformality and 
homogeneity compared to VMAT. Sparing of the heart, 
liver and lung are significant, particularly at lower isodose 
levels. Specifically, lung V5, V10, V20 and V30 and mean 

Table 3 Summary of various dosimetric parameters for populations of patients studied and the corresponding P values

Dosimetric parameter VMAT, mean (range) PBS, mean (range) P value

CI 1.04 (0.93–1.17) 1.06 (0.99–1.15) 0.51

HI 1.21 (1.17–1.27) 1.12 (1.11–1.14) 0.02

PTV-skin

D95 (%Rx) 99.5 (93.8–104.1) 101.8 (99.8–104.4) 0.375

V95 (%) 98.4 (93.3–100) 99.1 (98.5–99.9) 0.175

Total lung 

V5 (%) 96.7 (94.8–99.0) 39.0 (35.8–42.3) 0.0000174

V10 (%) 63.3 (57.8–67.9) 28.3 (25.7–29.7) 0.000763

V20 (%) 27.4 (24.1–31.5) 13.9 (9.3–15.9) 0.0004225

V30 (%) 11.3 (8.9–12.4) 6.2 (6.2–7.3) 0.022063

V40 (%) 2.1 (0.7–3) 2.3 (0.8–3.2) 0.0778

Mean dose [Gy (RBE)]/(%Rx) 15.7 (15.2–16.5)/32.5 (30.4–34.4) 7.7 (6.3–8.4)/16.6 (15.5–18.6) 0.000264

Heart

Mean dose [Gy (RBE)] 11.4 (10.3–13.3) 0.69 (0.21–1.15) 0.000002151

V5 (%) 98.5 (95.4–100) 3.5 (1.0–6.7) 0.00000669

V20 (%) 17.2 (7.6–39.1) 0.55 (0.14–0.85) 0.05337

Thyroid mean dose [Gy (RBE)] 33.3 (4.78–47.0) 21.5 (3.5–37.7) 0.13

Liver mean dose [Gy (RBE)] 7.9 (6.1–10.7) 0.53 (0.2–1.0) 0.000166

Esophagus max dose [Gy (RBE)] 43.8 (41.0–46.2) 40.0 (35.9–41.6) 0.030

The mean value along with the range of values for 5 patients are provided. VMAT, volumetric arc therapy; PBS, pencil beam scanning;  
CI, conformality index; HI, homogeneity index; PTV, planning target volume; Rx, prescription.
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Figure 1 Sample distribution comparing doses for proton plan and photon plan. Note the dose spillage from the lower doses in photons.

Figure 2 Dose volume histogram showing differences for patient 2. Solid lines are photons, dashed are protons. Yellow, CTV; blue, lung; 
red, heart; green, liver. CTV, clinical target volume.
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lung dose are all significantly (P<0.05) less with PBS that 
VMAT. Similarly, mean heart dose, heart V5 and mean 
lever dose are also significantly spared (P<0.05).

Expander case study
Table 4 shows a planning comparison between the three 
different techniques, VMAT, PBS with shoot around 
and PBS with “shoot through” techniques for patient 
#2. Consistent with Table 3, the PBS plans substantially 
reduce the OAR doses. In this case, the “shoot around” 
technique was more conformal than the “shoot through” 
technique and this was reflected in both the OAR doses and 
robustness. Specifically, the “shoot around” technique is 

marginally outside our acceptance criteria for a 5 mm setup 
covering V95% of the CTV-skin_Eval >95% with coverage 
down to 92%.

Discussion

For comparable coverage, proton plans provided better 
sparing of lungs and heart consistently across nearly all 
dosimetric parameters. The finite range of the proton 
beam permits improved sparing of the downstream OARs 
compared to VMAT. We acknowledge that while we chose 
patients to represent a cross section of whole breast, chest 
wall and expander patients, our selection, along with the 
small sample size may bias our results. Regardless, the study 
is limited by small patient population studied and while 
modest, is suggestive. We hope to collect larger number of 
patients for a future study that would improve the statistical 
power.

There was no difference in conformality of the plans as 
expected since all plans achieved good coverage, however 
the homogeneity was poorer on the VMAT plans since 
photon plans typically have greater hot spots than proton 
plans. Part of the variation reflects the challenges of creating 
a clinically realistic plan. For patient #4, coverage from the 
VMAT plan was compromised to keep lung V20 <30% for 
a clinically acceptable plan (data not shown). In this case, 
CTV V95-skin was 95.9% whereas it was approximately 
100% for other plans. However, this small change will not 
materially change our conclusions.

Our results are in good agreement with the publication 
by Jimenez et al. (5), although our methods are slightly 
different. Their photon comparison was using 3D 
conformal tangents whereas ours used VMAT, reflecting 
technological advancements in treatment techniques. All 
their patients had implants where the patient cohort in 
this study was heterogeneous. Despite the fact that our 
patient population is a mix of expanders, whole breast and 
chest wall patients, we found that there are significant 
improvements in heart and lung sparing with PBS and 
improved homogeneity compared to VMAT plans. We 
did not include patients who had implants, but they likely 
would not affect our findings as they are very similar to 
expander patients, with the primary differences between 
the absence of the magnet and housing and potentially, 
silicone filling compared to saline which must be accounted 
for in the planning process (20).

Our results also agree with those of Vyfhuis et al. (6) who 
presented three different cases and 3 different planning 

Table 4 Comparison of dosimetric endpoints for patient #2,  
a patient with bilateral breast expanders

Dosimetric parameter VMAT 
Shoot  

around PBS
Shoot  

through PBS

CI 1.17 1.09 1.10

HI 1.17 1.14 1.10

PTV-skin 

D95 [Gy (RBE)] 45.31 45.99 46.23

V95 (%Rx) 99.7 99.5 99.7

Total lung 

V5 (%) 88.1 38.7 32.2

V10 (%) 47.1 26.7 20.9

V20 (%) 20.9 13.9 10.5

V30 (%) 7.7 5.8 4.6

V40 (%) 0.5 1.5 1.3

Mean dose [Gy (RBE)] 13.08 7.49 6.22

Heart 

Mean dose [Gy (RBE)] 11.14 1.02 1.10

V5 (%) 86.7 6.0 6.7

V20 (%) 15 0.72 0.41

Thyroid mean dose  
[Gy (RBE)]

21.3 18.6 17.6

Liver mean dose  
[Gy (RBE)]

8.41 0.84 0.87

Esophagus max dose 
[Gy (RBE)]

46.27 41.41 36.49

VMAT, volumetric arc therapy; PBS, pencil beam scanning; CI, 
conformality index; HI, homogeneity index; PTV, planning target 
volume; Rx, prescription.
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approaches. Part of their planning decisions were influenced 
by the patient size, planning and delivery times, as well as 
OAR robustness. We used a universal approach with two 
isocenters and a multiple SFUD fields employing an MFO 
match only in the overlap region between the two breasts. 
We found very good robustness and reasonable delivery 
times.

Our results also agree with those of Sung et al. (1). 
Specifically, a comparison PBS and VMAT showed PBS 
plans reduced the dose to heart and lung metrics. There are 
minor differences, however. For instance, our lung V40 is 
not significantly different between PBS and VMAT plans 
whereas theirs was, but in both our data and their data, 
the differences are approximately 2–3% and the statistical 
significance is a measure of how tightly bunched the data is 
and is affected by our relatively smaller sample size.

The presence of an expander did not affect the results 
dramatically. The shoot through approach to treating the 
expander yielded very similar distributions to patients 
with intact breasts. Moreover, the differences between the 
PBS and VMAT plans follow the same trends as the other 
patients, however a larger patient sample set is required to 
verify this conclusion.

We chose to perform our plans on free breathing 
patients. It has been demonstrated that use of DIBH reduces 
the lower doses to OARs (e.g., lung V20, mean heart 
dose) for unilateral breast cancers by providing a greater 
separation between the breast and these OARs (21). The 
relative gains from DIBH may be estimated by considering 
the results of previous investigations. Dumane et al. (18) 
reported a reduction of the mean heart dose from 8.2 to 
5.3 Gy using DIBH and photons. Table 3 shows our mean 
VMAT heart dose was 11.1 Gy while the PBS mean heart 
dose was 0.81 Gy (RBE). There is a greater than factor of 
10 reduction in mean heart dose for PBS and a factor of <2 
for DIBH. Similarly, the mean free breathing lung V20 was 
13.1 Gy was reduced to 12.4 Gy. In comparison, our free 
breathing VMAT V20 of 15 Gy was reduced to 0.65 Gy 
(RBE) with PBS.

This study focused on a retrospective analysis of 
proton plans and used the proton PTVs which may not be 
identical to photon PTVs. The most significant difference 
is likely the expansion of the photon fluence to account for 
respiratory motion in the anterior posterior dimension. 
For protons, this margin is not necessary as the dosimetric 
variation for an en face beam approximately 2 m away is 
approximately 1% per cm of motion (due to inverse square 
law) and hence negligible for most patients. In the photon 

plans, this PTV expansion may not be sufficient to account 
for respiration hence the values here may be considered 
conservative in terms of gains that may come from a proton 
plan.

While it has been reported that doses to specific vessels 
may be better metrics for risk, we were unable to accurately 
delineate these without a contrast CT. However, the mean 
heart dose is dramatically different and is correlated with 
subsequent cardiac events (22) and is the chosen metric for 
a large on-going clinical study (23).

Conclusions

In agreement with previous investigators, we have found 
that PBS proton plans provide better sparing of organs 
at risk particularly for lower doses than VMAT. PBS can 
significantly spare lung, heart and liver. We have included 
a bilateral expander patient using two different planning 
techniques, one which treats through the magnet and the 
other that treats around it, but the results are not very 
sensitive to the technique. Comparison of our relative gains 
to the literature suggest that gains from protons are more 
substantial than gains from DIBH, but we caution that this 
needs to be verified.
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