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Background: To evaluate dosimetric differences in lung and heart doses in left-sided breast cancer patients 
treated with intensity-modulated proton therapy (IMPT) using active breathing control (ABC) and free-
breathing (FB).
Methods: Eight left-sided breast cancer patients undergoing IMPT were planned on both FB and ABC 
computerized tomography (CT) simulation scans and were robustly optimized with range uncertainty of 3.5% 
and setup uncertainty of 5 mm using a fast graphics-processing units (GPU) Monte Carlo optimization. 
The prescription for all patients was 50 Gy radiobiological equivalent (GyE) in 25 fractions. Dosimetric 
parameters for target coverage and dose to heart, left anterior descending (LAD) artery, ipsilateral and 
contralateral lungs, in addition to lung density and time on table for beam, were determined and compared 
using paired t-tests.
Results: Volume of ipsilateral (34.9% vs. 29.1%, P<0.01) and contralateral (3.2% vs. 2.4%, P=0.04) 
lungs receiving 5 GyE and volume of ipsilateral lung receiving 20 GyE (13.9% vs. 10.4%, P<0.01) were all 
significantly higher with ABC than with FB. Maximum heart dose was lower with ABC than FB (24.8 vs. 
35.8 GyE, P=0.03), but there were no statistically significant differences in any other heart or LAD artery 
volumetric endpoint between ABC and FB. Lung density was significantly lower with ABC than FB [−805 vs. 
−661 Hounsfield unit (HU), P<0.01]. Time on table for beam was significantly longer with ABC than with 
FB (13.8 vs. 7.6 min, P<0.01).
Conclusions: ABC plans provided slightly higher lung dose and mostly similar cardiac dose in comparison 
with FB plans. Given the large increase in the time required for ABC treatment without obvious dosimetric 
or clinical benefit, FB techniques may be preferred when treating breast cancer with IMPT in order to 
maximize clinic workflow and minimize patient inconvenience, particularly in patients without cardiac risk 
factors.
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Introduction

Breast cancer is the most common malignancy diagnosed in 
women in both the United States and worldwide, with an 
estimated incidence of 281,550 cases in 2021 in the United 
States (1,2). In appropriately selected patients, adjuvant 
radiation therapy (RT) reduces the risk of locoregional 
and distant failure after both breast-conserving surgery 
and mastectomy, leading to a reduction in breast cancer 
mortality (3-11).

The survival benefit provided in this setting is limited 
by dose to surrounding organs at risk (OAR), especially the 
heart, as multiple studies have shown a proportional risk 
of cardiovascular disease with increasing doses to the heart 
(12,13). Photon irradiation, particularly for left-sided breast 
cancer, may increase the risk of cardiac disease in some 
patients due to elevated cardiac exposure (14-16).

Breath-hold techniques are commonly employed when 
treating breast cancer patients with photon irradiation in 
order to reduce dose to the heart and lungs by creating 
increased separation between the chest wall and the normal 
tissue which lies posterior to it, as is visualized in Figure 1 
(17,18). There are several drawbacks and limitations to the 
use of breath-hold techniques, including certain patients’ 
difficulty tolerating the procedure, others deriving minimal 
anatomical benefit, and a longer duration of treatment, 
which affects patient convenience and clinic workflow.

Due to its unique depth-dose distribution with rapid 
fall off beyond the Bragg peak, proton therapy (PT) 
provides a means to improve the therapeutic ratio by 
reducing exposure to surrounding OAR within the thorax, 
such as the heart, lungs, contralateral breast, bones, 
and dissected axilla, without sacrificing target coverage  
(19-23). Correspondingly, PT has the potential to decrease 
the risk of cardiac disease, pneumonitis, lymphedema, 
fracture, drop in blood counts, and secondary malignancy. 
Proton irradiation has been shown to decrease cardiac 
and lung dose in comparison with photon RT delivered 
via 3D-conformal and IMRT modalities with both free-
breathing (FB) and breath-hold techniques (24-27). 
A systematic review published by Taylor et al. in 2015 
showed an average heart dose of 8 Gy with photon RT 
when including the internal mammary lymph nodes in 
comparison with only 2.6 Gy radiobiological equivalent 
(GyE) with protons (28). As the developing technology 
and understanding of RT delivery has improved, heart 
dose has further diminished with both photon and proton 
irradiation, with more recent studies reporting mean heart 

doses of 0.5–1.0 GyE with PT (27,29-33).
The benefit of breath-hold techniques with PT is 

unclear. This is in part due to the rapid dose fall off of 
protons, which are less affected by anatomical differences 
posterior to the target when treating with en face beams 
with PT as opposed to tangents with photon RT. There is 
no established standardized approach for the use of breath-
hold techniques with PT, highlighted by the protocol for 
the ongoing Radiotherapy Comparative Effectiveness 
(RADCOMP) Consort ium tr ia l  (NCT02603341) 
comparing proton and photon modalities for breast cancer, 
which allows both FB and breath-hold techniques based on 
physician preference (34).

We compared heart and lung doses resulting from 
breath-hold and FB intensity-modulated proton therapy 
(IMPT) treatment plans in patients with left-sided 
breast cancer. We hypothesized that lung dose would be 
significantly higher in patients treated with breath-hold 
due to a reduction in lung density compared to FB IMPT 
plans, while cardiac doses would be similar with the two 
techniques. We present this article in accordance with the 
MDAR and STROBE reporting checklists (available at 
https://tro.amegroups.com/article/view/10.21037/tro-22-5/
rc).

Methods

Patient selection

Eight patients with node positive left-sided breast cancer 
treated at The Johns Hopkins Proton Center who 
underwent IMPT between September 2020 and August 
2021 on a protocol for retrospective data analysis approved 
by the institutional review board (IRB #00284297) were 
included in accordance with the Declaration of Helsinki 
(as revised in 2013). These included 7 post-mastectomy 
patients and 1 breast conservation patient. Four of these 
patients were treated after breast expander (n=3) or silicone 
implant reconstruction (n=1) and 4 were treated without 
reconstruction. The Informed Consent and Health 
Insurance Portability and Accountability Act (HIPAA) 
authorization were waived, given that it was a retrospective 
chart review and the fact that no patient health information 
was reported.

Imaging and treatment planning

All patients underwent active breathing control (ABC) 

https://tro.amegroups.com/article/view/10.21037/tro-22-5/rc
https://tro.amegroups.com/article/view/10.21037/tro-22-5/rc
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coaching prior to simulation to ensure consistent breath-
holds. Patients were simulated on a wingboard with arms 
abducted above the head. Wire was placed on all scars and  
2 cm below the inframammary border/scar, and ball 
bearings (BBs) were placed at anticipated field edges. 
Patients were scanned from the chin to 10 cm below the 
inframammary wire/scar with 2 mm slice thickness. A FB 
planning computerized tomography (CT) simulation was 
acquired in addition to three CTs with ABC.

Diagnostic magnetic resonance imaging (MRI) and 
Fluciclovine F18 positron emission tomography (PET) 
imaging were fused to CT simulation scans when available. 
All clinical target volume (CTV) and OAR contours were 
delineated by the attending radiation oncologist in the 
RayStation 10A treatment planning system (RaySearch 
Laboratories, Stockholm, Sweden). CTVs included the 
chest wall for post-mastectomy patients and whole breast 
for breast-conservation patients, in addition to axillary, 

infraclavicular, supraclavicular, and internal mammary 
nodal stations, with the posterior neck excluded in all 
patients. CTV contours were delineated according to 
the RADCOMP trial protocol (NCT02603341) (34). 
Contoured OARs included the heart, left anterior 
descending (LAD) artery, ipsilateral and contralateral lungs, 
spinal canal, esophagus, thyroid, ipsilateral brachial plexus, 
and ipsilateral humeral head.

The dose was 50 GyE over 25 fractions, prescribed to 
the CTV using a radiological equivalent value of 1.1 (35). 
RayStation 10A was used to create plans using 2–3 (0°–10°, 
30°–40°, 60°) treatment fields with a range shifter. Proton 
plans consisted of IMPT using pencil beam scanning with 
discrete spot scanning. The nominal spot size in σ, as 
defined at the isocenter in air (~110 MeV), was 4.15 mm, 
with spot spacing ratio of 0.6 used for planning.

Treatment plans were created on ABC scans for clinical 
treatment and re-planned on FB scans for analysis. 

Free-breathing CT ABC CT

Chestwall

Supraclavicular nodes

Internal mammary nodes

Axilla

Figure 1 CT images shown for a representative patient under FB and ABC conditions. CTV contours indicated in pink (chestwall/breast), 
orange (supraclavicular nodes), red (internal mammary nodes), and green (axilla). CT, computerized tomography; ABC, active breathing 
control; FB, free-breathing; CTV, clinical target volume.
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Inverse optimization was used to generate appropriate 
dose distribution with pre-specified weighting of target 
coverage and OAR sparing using modulation of beam spot 
location, energy and weight. All plans were calculated 
with robustness using single field optimization with a 
setup uncertainty of 5 mm and range uncertainty of 
3.5% using fast graphics processing units (GPU) Monte 
Carlo optimization. ABC plans were evaluated to ensure 
coverage on all three acquired ABC simulation CTs. 
Dosimetric goals for CTV coverage and OAR constraints 
are provided in Table 1, as defined by our institutional 
standards. Mean lung density was defined as the mean 
Hounsfield unit (HU) value of the CT intensities within 

the left-lung contour.

Statistical analysis

All statistical analyses were performed in SPSS 26.0 (IBM, 
Armonk, NY, USA). Paired t-tests were used to determine 
the differences between ABC and FB lung, heart, and LAD 
doses, lung density, and time on table for beam. Dosimetric 
differences between patients treated with and without 
implant reconstruction were also analyzed using paired 
t-tests for both ABC and FB. Results were considered 
significant when the probability of making a type I error 
was less than 5% (P<0.05).

Results

ABC and FB CT images of a representative patient are 
provided in Figure 1, which shows a lower CT intensity (less 
dense) within the lung in the ABC scan compared to the FB 
scan. While the appearance of the lungs on these images 
can depend on the windowing used, an objective statistical 
comparison of the two breathing techniques showed that 
ipsilateral lung density was significantly lower in ABC CT 
scans than in FB CT scans (−805 vs. −661 HU, P<0.01), as 
shown in Table 2.

Figure 2 shows two representative patients with and 
without breast reconstruction. In both cases, it is visually 
apparent that coverage is consistent between the plans 
optimized on the ABC and FB scan. It is also apparent that 
the lung dose is higher in the ABC scans, particularly the  
5 GyE isodose line, which covers more volume of lung in 
the ABC CT compared to the FB CT.

A comparison of FB and ABC is provided for each 
endpoint in Table 2. CTV coverage was not significantly 
different between ABC and FB plans (97.0% vs. 96.8%, 
P=0.75). Volumes of ipsilateral lung receiving 5 GyE (34.9% 
vs. 29.1%, P<0.01) and 20 GyE (13.9% vs. 10.4%, P<0.01) 
were significantly higher with ABC than with FB. Volume 
of contralateral lung receiving 5 GyE was significantly 
higher with ABC than with FB (3.2% vs. 2.4%, P=0.04). 
Maximum heart dose was lower with ABC than FB (24.8 vs. 
35.8 GyE, P=0.03), but there were no statistically significant 
differences in any other heart or LAD volumetric endpoint 
between ABC and FB, including mean heart dose, volume 
of heart receiving 5, 20, 30, 40, and 50 GyE, and volume 
of LAD receiving 15, 30, and 40 GyE. Volume of heart 

Table 1 Dosimetric goals for targets and OAR

Targets/OAR Parameter Goal Constraint

CTV V95% >95% >90%

V53.5GyE <50 cc <200 cc

Ipsilateral lung V5GyE <35% <40%

V20GyE <16% <20%

Contralateral lung V5GyE <10% < 15%

Total lungs V20GyE <10% <15%

Heart V5GyE <5% <7%

V20GyE <1% <2%

Max dose† <25 GyE <25 GyE

Mean dose <1 GyE <2 GyE

Spinal canal Max dose† <45 GyE <45 GyE

Body Max dose† <55 GyE <57.5 GyE

Thyroid V30GyE <66% <66%

Mean dose <20 GyE <20 GyE

Esophagus Max dose† <40 GyE <45 GyE

Mean dose <20 GyE <30 GyE

Ipsilateral humeral head Max dose† <50 GyE <50 GyE

Ipsilateral brachial plexus Max dose† <57.5 GyE <60 GyE

Skin Max dose† <47.5 GyE <47.5 GyE
†, maximum dose to 0.03 cc. OAR, organs at risk; CTV, clinical 
target volume; V95%, volume receiving 95% of prescription (i.e., 
47.5 GyE); GyE, radiobiological Gy equivalent; V53.5GyE, volume 
receiving 53.5 GyE; V5GyE, volume receiving 5 GyE; V20GyE, volume 
receiving 20 GyE; V30GyE, volume receiving 30 GyE; cc, cubic 
centimeters.
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receiving 5 GyE for FB plans exceeded the goal of <5%, but 
did not exceed the constraint of <7%. All other CTV and 
OAR goals were achieved by both ABC and FB plans. Time 
on table for beam was significantly longer with ABC than 
with FB treatment (13.8 vs. 7.6 min, P=0.01).

A comparison between patients with and without 
reconstruction for both ABC and for FB plans is provided in 
Table 3. Mean heart dose and the volume of heart receiving 
5 GyE were significantly higher in reconstructed patients 
than those who had not undergone reconstruction in both 
ABC and FB plans. Volume of heart receiving 20 GyE 
was higher in reconstructed patients than those who had 
not undergone reconstruction in ABC plans but not in FB 

plans. Volume of lung receiving 5 GyE was slightly higher 
in reconstructed patients for both FB and ABC plans than 
the goal of 35% but did not exceed the constraint of 40%.

Discussion

In this study, we evaluated dosimetric values for CTV 
coverage and OAR sparing in patients treated with IMPT for 
left-sided breast cancer. We made the following observations: 
(I) with similar target coverage, maximum heart dose was 
higher with FB than with ABC, but no other cardiac dose 
parameters were significantly different between FB and ABC 
CT plans; (II) lung dose was significantly higher in ABC 
plans; and (III) the beam on time was significantly longer 
with ABC treatments than with FB treatments.

The results from this study show mostly similar 
dosimetric values for CTV coverage and OAR dose for 
ABC and FB plans, with slightly higher volumes of lung 
receiving 5 and 20 GyE with ABC plans and similar cardiac 
doses with both techniques outside of maximum heart 
dose. Our results are concordant with other studies which 
have investigated differences between breath-hold and FB 
techniques in proton irradiation for patients with left-sided 
breast cancer (36-39). The dosimetric plans provided in this 
analysis were all created using Monte Carlo optimization, 
which is not the nationwide or global standard. This has 
been shown to provide a higher accuracy than other dose 
calculation methods.

We found similarly low mean heart doses with FB and 
breath-hold techniques. A dosimetric comparative study 
between FB and deep inspiration breath hold (DIBH) 
techniques was conducted by Speleers et al., which found 
a significant decrease in mean cardiac dose with DIBH vs. 
FB when treating with proton irradiation (40). However, 
this study treated all patients in the prone position using 
anterior oblique beams, limiting extrapolation to our cohort 
of patients treated supine with en face beams.

Studies which included proton plans generated in a 
similar fashion to the techniques employed in our cohort, 
using pencil beam scanning proton beams delivered en face, 
found comparable results as those shown in our study, with 
no significant difference in dose to heart and lungs with the 
addition of breath hold. Yu et al. compared breath hold to 
FB techniques when treating left-sided breast cancer using 
scanning beam protons with various beam arrangements, 
from tangents to en face (39). They found that breath hold 
did not decrease heart dose, with tangent beams providing 
inferior target coverage when using FB techniques. Patel  

Table 2 Comparison of lung density, dosimetric outcomes, and 
treatment time between ABC and FB treatment plans

Parameters ABC (n=8) FB (n=8) P value

Lung density (HU) −805 (31) −661 (65) <0.01*

Lung mass density (g/cm3) 0.22 (0.03) 0.37 (0.07) <0.01*

CTV V95% (%) 97.0 (3.4) 96.8 (3.2) 0.75

Ipsilateral lung V5GyE (%) 34.9 (7.9) 29.1 (7.2) <0.01*

Ipsilateral lung V20GyE (%) 13.9 (2.3) 10.4 (2.3) <0.01*

Contralateral lung V5GyE (%) 3.2 (2.9) 2.4 (2.6) 0.04*

Heart V5GyE (%) 2.9 (2.5) 5.2 (4.2) 0.06

Heart V20GyE (%) 0.1 (0.1) 0.8 (0.9) 0.06

Heart V30GyE (%) 0.0 (0.0) 0.2 (0.2) 0.06

Heart V40GyE (%) 0.0 (0.0) 0.0 (0.0) 0.14

Heart V50GyE (%) 0.0 (0.0) 0.0 (0.0) 0.35

Heart max dose (GyE)† 24.8 (8.3) 35.8 (11.9) 0.03*

Heart mean dose (GyE) 0.6 (0.4) 0.9 (0.7) 0.06

LAD artery V15GyE (%) 9.1 (10.7) 19.5 (14.6) 0.15

LAD artery V30GyE (%) 0.3 (0.7) 1.7 (2.1) 0.15

LAD artery V40GyE (%) 0.0 (0.0) 0.2 (0.4) 0.21

Time on table for beam (min) 13.8 (4.9) 7.6 (2.0) 0.01*

Data are present as mean (SD). *, considered statistically 
significant based on P<0.05; †, maximum dose to 0.03 cc. ABC, 
active breathing control; FB, free breathing; HU, Hounsfield 
unit; CTV, clinical target volume; V95%, volume receiving 95% of 
prescription (i.e., 47.5 GyE); GyE, radiobiological Gy equivalent; 
V5GyE, volume receiving 5 GyE; V20GyE, volume receiving 20 GyE; 
V30GyE, volume receiving 30 GyE; V40GyE, volume receiving 40 GyE; 
V50GyE, volume receiving 50 GyE; LAD, left anterior descending; 
V15GyE, volume receiving 15 GyE; SD, standard deviation; cc, 
cubic centimeters.
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Figure 2 Treatment plans for two representative patients without and with breast reconstruction. Dose overlaid on the FB and breath-
hold CT scans shown. CTV contours indicated in pink (chestwall/breast), orange (supraclavicular nodes), red (internal mammary nodes), 
and green (axilla). Despite increased separation between heart and chest wall, decreasing lung tissue density in breath-hold scans (shown on 
right) causes lower proton stopping power, leading to increased lung dose with ABC. CT, computerized tomography; ABC, active breathing 
control; FB, free-breathing; CTV, clinical target volume.
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et al. compared dosimetric outcomes between four planning 
techniques when treating with left-sided post-mastectomy 
radiation, including tangent photons with DIBH, passively 
scattered protons during FB, and pencil beam scanning 
protons with and without DIBH (37). While all three 
proton plans decreased dose to the heart and lungs in 
comparison with photon plans, there was no significant 
differences in dose to the heart and lungs between any of 
the proton techniques, regardless of the use of DIBH.

While mean heart dose and all  heart and LAD 
volumetric endpoints were similar between the two 
breathing techniques, maximum heart dose was higher with 
FB than ABC. Certain dosimetric endpoints have been 
shown to correlate with cardiac toxicity, including mean 
heart dose, volume of heart receiving 5, 30, and 40 GyE, 
and volume of LAD receiving 15 GyE (12,13,41-44). These 
parameters are likely more strongly associated with clinical 
outcomes such as overall survival and major adverse cardiac 
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Table 3 Comparison of dosimetric outcomes between patients with and without reconstruction

Parameters Reconstruction (n=4) No Reconstruction (n=4) P value

ABC

CTV V95% (%) 95.5 (4.4) 98.6 (0.9) 0.21

Ipsilateral lung V5GyE (%) 36.7 (5.7) 33.1 (10.2) 0.57

Ipsilateral lung V20GyE (%) 14.4 (1.2) 13.3 (3.2) 0.54

Contralateral lung V5GyE (%) 3.7 (3.5) 2.7 (2.6) 0.66

Heart V5GyE (%) 4.9 (1.8) 0.9 (0.8) <0.01*

Heart V20GyE (%) 0.2 (0.1) 0.0 (0.0) 0.03*

Heart V30GyE (%) 0.0 (0.0) 0.0 (0.0) 0.39

Heart V40GyE (%) 0.0 (0.0) 0.0 (0.0) –

Heart V50GyE (%) 0.0 (0.0) 0.0 (0.0) –

Heart max dose (GyE)† 28.1 (4.5) 21.5 (10.5) 0.18

Heart mean dose (GyE) 0.8 (0.3) 0.3 (0.1) <0.01*

LAD artery V15GyE (%) 16.0 (11.3) 2.1 (2.6) 0.08

LAD artery V30GyE (%) 0.6 (1.0) 0.0 (0.0) 0.35

LAD artery V40GyE (%) 0.0 (0.0) 0.0 (0.0) –

FB

CTV V95% (%) 95.3 (3.9) 98.4 (1.5) 0.19

Ipsilateral lung V5GyE (%) 30.3 (6.9) 27.8 (8.3) 0.66

Ipsilateral lung V20GyE (%) 11.1 (1.3) 9.7 (3.1) 0.44

Contralateral lung V5GyE (%) 3.2 (2.8) 1.5 (2.5) 0.41

Heart V5GyE (%) 8.6 (3.2) 1.8 (0.7) <0.01*

Heart V20GyE (%) 1.4 (0.9) 0.2 (0.2) 0.05

Heart V30GyE (%) 0.3 (0.3) 0.1 (0.1) 0.11

Heart V40GyE (%) 0.0 (0.1) 0.0 (0.0) 0.48

Heart V50GyE (%) 0.0 (0.0) 0.0 (0.0) 0.39

Heart max dose (GyE)† 36.8 (12.3) 34.7 (13.3) 0.87

Heart mean dose (GyE) 1.5 (0.6) 0.4 (0.1) 0.01*

LAD artery V15GyE (%) 26.7 (16.6) 12.4 (9.3) 0.23

LAD artery V30GyE (%) 0.8 (1.1) 2.5 (2.7) 0.42

LAD artery V40GyE (%) 0.0 (0.0) 0.4 (0.5) 0.23

Data are present as mean (SD). *, considered statistically significant based on P<0.05; †, maximum dose to 0.03 cc. ABC, active breathing 
control; CTV, clinical target volume; V95%, volume receiving 95% of prescription (i.e., 47.5 GyE); GyE, radiobiological Gy equivalent; V5GyE, 
volume receiving 5 GyE; V20GyE, volume receiving 20 GyE; V30GyE, volume receiving 30 GyE; V40GyE, volume receiving 40 GyE; V50GyE, volume 
receiving 50 GyE; LAD, left anterior descending; V15GyE, volume receiving 15 GyE; FB, free breathing; SD, standard deviation; cc, cubic 
centimeters.
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events than maximum heart point dose. Thus, while it is 
possible that an increase in maximum heart dose may be 
clinically significant, the lack of difference between the two 
breathing techniques in any of the aforementioned mean 
and volumetric endpoints suggests that FB and ABC likely 
provide equivalent risk of cardiac toxicity.

The increase in lung dose with ABC may be partially 
explained by the understanding that as the lungs expand 
with maximal inspiration techniques, they become less 
dense, providing less proton stopping power. This can 
cause the proton beam to range further into the lung. This 
may explain why the uncertainty of proton stopping power 
is higher in lung than bone or soft tissue (45). This was 
corroborated by our results, which showed significantly 
higher lung density with FB scans than with ABC scans.

While the benefit provided by ABC may be minimal 
when treating with en face  beams, the differences 
between the two modalities may be larger when treating 
with tangential beams, which are more sensitive to the 
respiratory motion inherent to the FB approach (39). Thus, 
caution should be taken before extrapolating our results to 
scenarios in which tangential beams are used for treatment.

The time on table for beam, during which breath hold 
must be maintained for ABC cases, was significantly longer 
with ABC than with FB plans (13.8 vs. 7.6 min). The task 
of holding one’s breath cumulatively for over 13 min per 
treatment is worth highlighting, as this can be quite taxing 
for patients. This does not capture the additional time 
required for ABC coaching, ABC CT simulation, and the 
time on table when the beam is off, which is significant 
when treating with IMPT due to the large number of 
breath-holds required for each treatment. Thus, the time 
discrepancy between the two techniques is much larger than 
captured in our results.

There is limited data comparing dosimetric outcomes 
for patients with and without reconstruction receiving 
proton irradiation. We found that several heart dosimetric 
endpoints were higher in patients with reconstruction than 
those without, regardless of breathing technique. Outcomes 
using PT for breast cancer in patients with and without 
reconstruction were reported in studies by Macdonald  
et al. and Depauw et al., however comparisons of differences 
between the two populations and comparisons of breathing 
techniques were not included in these studies (29,31).

We initially conjectured that cardiac doses might be 
higher in patients with expanders as a result of overcoming 
the density of the metal expander valve, however the cardiac 
dose was also higher in the patient who was treated with a 

silicone implant. Given the small number of patients in each 
cohort, it is difficult to make meaningful conclusions from 
these results.

Motion with respiration and dosimetric impact

One question that arises relates to the interplay between 
the motion of the breast with respiration during FB and 
temporal delivery of scanning beam PT via spot scanning. 
This has been investigated for lung tumors (46-51). It has 
been studied in the post-mastectomy setting in a study 
by Depauw et al., where the investigators evaluated the 
averaged dosimetric effect with respiratory motion over 
multiple fractions (31). It has also been studied in the 
setting of accelerated partial-breast irradiation, which 
showed that IMPT plans using tangential beams were very 
sensitive to respiratory motion, while en face beams had less 
deterioration of target coverage with DIBH (52).

Differences in cardiac dose between FB and DIBH have 
also been studied when treating left-sided breast cancer 
in the setting of breast-conserving surgery and post-
mastectomy, showing that respiratory motion during FB did 
not have a significant impact on dosimetry when treating 
with en face beams and that BH did not significantly reduce 
any cardiac dosimetric endpoints (39). A study by Klaassen 
et al. showed that the effect of breathing motion on 
robustness is minimal when treating left-sided breast cancer 
patients with proton irradiation (53).

Limitations

None of the patients included in this study were treated 
with hypofractionated courses of radiation. While 
hypofractionation has increasingly become the standard of 
care in the treatment of breast cancer, its use with PT in 
the post-mastectomy setting has not been established in 
prospective fashion to date. We await results of ongoing 
trials such as that being conducted at Mayo Clinic 
(NCT02783690).

Our institution is in the process of implementing and 
testing the benefits of dual energy CT. None of the patients 
treated in this study underwent dual energy CT simulation. 
Dual energy CT would better predict stopping power by 
reducing the uncertainty of tissue composition variation 
through its ability to simultaneously detect effective atomic 
number and electron density (54). This is an evolving 
portion of the field which has potential to further benefit 
our understanding of dose deposition in the future.
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Conclusions

Breath-hold plans provided slightly higher lung dose and 
mostly similar cardiac dose in comparison with plans using 
FB techniques in the treatment of left sided breast cancer 
with PT. Given the large increase in the time required 
for breath-hold treatment without obvious dosimetric 
or clinical benefit, FB techniques may be preferred in 
order to maximize clinic workflow and minimize patient 
inconvenience, particularly in patients without cardiac risk 
factors.
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