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ABSTRACT

Purpose: Proton therapy (PT) for partial breast irradiation (PBI) in early-stage breast cancer can decrease
morbidity versus photon PBI with superior organs-at-risk sparing. We report 3-year outcomes of the first pro-
spective, multicenter, phase II trial of proton PBI.

Methods and Materials: This Proton Collaborative Group phase II trial (PCG BRE007-12) recruited women > 50
years with node-negative, estrogen receptor (ER)-positive, <3cm, invasive ductal carcinoma (IDC) or ductal
carcinoma in situ undergoing breast conserving surgery followed by proton PBI (40 Gy(RBE), 10 daily fractions).
Primary endpoint was freedom from ipsilateral breast cancer recurrence. Adverse events were prospectively
graded using CTCAEv4.0. Breast Cancer Treatment Outcome Scale (BCTOS) assessed patient-reported quality of
life (PRQOL).

Results: Thirty-eight evaluable patients enrolled between 2/2013-11/2016. Median age was 67 years (range
50-79); 55 % had left-sided disease, and median tumor size was 0.9 cm. Treatment was delivered in > 2 fields
predominantly with uniform scanning PT (n = 37). At 35-month median follow-up (12-62), all patients were
alive, and none had local, regional or distant disease progression. One patient developed an ER-negative
contralateral IDC. Seven grade 2 adverse events occurred; no radiotherapy-related grade > 3 toxicities
occurred. Changes in BCTOS subdomain mean scores were maximum 0.36, indicating no meaningful change in
PRQOL. Median heart volume receiving 5 Gy (V5Gy), lung V20Gy, and lung V10Gy were 0 %, 0 % and 0.19 %,
respectively.

Conclusion: At 3 years, proton PBI provided 100 % cancer control for early-stage, ER-positive breast cancer.
Toxicities are minimal, and PRQOL remains acceptable with continued follow-up. These findings support PT as a
safe and effective PBI delivery option.

1. Introduction

stage breast cancer (EBC), leading to heightened awareness of long-term
side effects and quality of life (QOL) preservation. [3,4].

Breast cancer diagnoses are more frequently being made at early Breast conservation therapy (BCT) is a standard EBC treatment
stages of presentation. [1,2] Breast cancer prognosis is excellent in early- approach, allowing preservation of the affected breast and avoidance of
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more extensive surgery. Historically, breast conserving surgery (BCS)
was followed by adjuvant whole breast irradiation (WBI) lasting 5-6
weeks, [5] but WBI is increasingly being delivering over shorter 3-4-
week courses. [6,7].

Partial breast irradiation (PBI) is an alternative approach for select
patients with favorable EBC, allowing for further treatment acceleration.
PBI is delivered with intracavitary balloon-based brachytherapy, inter-
stitial needle-based catheter brachytherapy, intraoperative radiotherapy
(IORT), and photon-based external beam radiotherapy, varying in
duration from 1 fraction to 2 weeks. While these PBI techniques
generally have favorable outcomes, there is inconsistency in cosmesis
and toxicity. Since PBI is often employed to minimize toxicity, proton
beam therapy (PBT) is a good alternative to further reduce long-term
morbidity. [8-15].

Proton PBI can improve heart, lungs and non-target breast tissue
sparing compared with photon PBI due to the unique stopping power of
the particle, as demonstrated in multiple comparative planning studies.
[16-18] In one such study from investigators at MGH, nontarget breast
tissue receiving 50 % of the prescribed dose was reduced by an average
of 36 % with proton PBI compared with 3D-conformal photon PBI, and
significant reduction in dose to the ipsilateral and contralateral lung and
the heart were also seen. [16] Cardiac sparing with PBT is particularly
noteworthy, as increasing evidence suggests long-term cardiac
morbidity associated with incremental increases in heart radiation
doses. [19-21] This may have particularly importance in breast cancer,
where major coronary vessels traversing the heart surface often receive
incidental irradiation and are susceptible to radiation damage that may
result in future cardiovascular events. [22,23].

Superior sparing of uninvolved ipsilateral and contralateral breast
tissue, heart, and lung may result in a reduction in acute and late tox-
icities including soft tissue fibrosis, lung fibrosis, late cardiac sequelae,
and radiation-related secondary malignancies. In EBC, with a cancer-
specific survival rate > 95-99 %, QOL preservation and long-term
morbidity reduction are critical [3,4,24-26].

The incidence of acute and late adverse effects of proton PBI remains
undefined. Several institutional experiences have been reported prom-
ising but mixed results, with heterogeneity in treatment techniques and
radiation doses used. [27-33] This study is the first EBC multicenter,
prospective investigation of proton PBI.

2. Methods and Materials
2.1. Study design

BRE 007-12 is a phase II, multicenter, single arm Proton Collabo-
rative Group (PCG) trial (clinicaltrials.gov identifier: NCT01766297).
The PCG obtained IRB approval through Western IRB; institutional IRB
approval for each enrolling institution was also obtained.

2.2. Patients

Eligible patients included females > 50 years with newly diagnosed
biopsy-proven, estrogen receptor (ER)-positive, Tis, T1, or T2 (AJCC,
7th and/or 8th Edition), node-negative invasive ductal carcinoma (IDC)
or ductal carcinoma in situ (DCIS) < 3 cm receiving BCT. Negative
margin BCS was required (>2mm from any invasive or in situ disease).
Nodal staging (sentinel lymph node biopsy or axillary lymph node
dissection) was performed for invasive cases. Exclusion criteria
included: lobular histology, lymphovascular space invasion, BRCA 1/2
mutation, prior ipsilateral breast or thorax radiotherapy, and < 5-year
life expectancy.

2.3. Procedures

PBI began within 12 weeks of BCS. Adjuvant endocrine therapy was
administered at the treating medical oncologist’s discretion.
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Fiducials or markers in the surgical bed were recommended and
required if daily cone beam CT (CBCT) was unavailable. Daily orthog-
onal imaging was required at minimum for setup, with daily CBCT
strongly encouraged. [34] CT simulation could be performed in the
supine or prone position. When available, diagnostic breast MRI images
were fused to simulation CT images for target delineation. Gross target
volume (GTV) was defined as the surgical bed, including residual
seroma. Clinical target volume (CTV) was a 1.5 cm radial expansion
around GTV limited to pectoralis muscle and a skin-3 mm structure
(avoidance volume defined as a 3 mm radial contraction from the skin).
As this trial started before pencil beam scanning (PBS-PBT) widespread
use, a traditional planning target volume (PTV) was added to account for
uncertainty in treatment setup and patient movement (5 mm radial
expansion around CTV, excluding pectoralis muscle and skin-3 mm
structure).

Active scanning and passive scatter PBT were allowed. The pre-
scription (Rx) dose was 40 Gy(RBE) delivered over two weeks in 10 daily
fractions of 4 Gy(RBE) with > 3 fields required for passive scattering
plans. At least 2 fields were treated daily. Fewer fields could be utilized
for active scanning plans if maximum skin dose was < 100 % Rx dose.
Excessively high MU spots were minimized from the skin contour. At
least 95 % of the PTV was required to receive 100 % Rx dose, and 10 % of
the PTV could receive up to 105 % Rx dose. Volume of the heart
receiving 5 Gy (V5Gy) was constrained to < 5 %, while the ipsilateral
lung V20 was < 1 % and V10Gy was < 5 %. The ipsilateral breast was
constrained to V20Gy < 40 % and V40Gy < 35 %, while the contra-
lateral breast dose constraint was V40Gy < 3 %.

Toxicities were scored CTCAEv4.0 and were assessed prior to treat-
ment initiation, weekly during radiotherapy, 4 weeks after treatment
completion, and annually thereafter. Patients completed the 22-point
Breast Cancer Treatment Outcome Scale (BCTOS) questionnaire for
QOL assessment prior to treatment initiation and at 1 and 3 years post-
treatment [35] on a four-point Likert scale evaluating differences be-
tween the treated and untreated breast (1 = no difference, 4 = large
difference). [36] Clinicians assessed cosmesis and photographs were
obtained at baseline postoperatively prior to treatment and at 1 and 3
years (excellent, good, fair, poor). Tumor recurrence was assessed by
clinical exam and annual mammography.

2.4. Outcomes

The primary study endpoint was freedom from failure (FFF), with
failure defined as first ipsilateral breast cancer recurrence. The expected
ipsilateral breast cancer recurrence rate was < 3 %;the null hypothesis
FFF ipsilateral breast cancer recurrence FFF will be < 85 %, and the
alternative hypothesis is ipsilateral breast cancer recurrence FFF > 97
%. Sample size was calculated to achieve 95 % significance and power
80 %. Secondary endpoints included regional recurrence (occurring in
the ipsilateral axilla, infraclavicular space, supraclavicular area, or in-
ternal mammary chain); distant recurrence; contralateral breast cancer
occurrence; secondary primary cancer occurrence (non-breast); adverse
events; cosmesis; and QOL.

2.5. Statistical Methods

Time-to event endpoints were estimated utilizing Kaplan-Meier
methodology. Treatment-related toxicities were defined as increases in
CTCAEv4.0 grade from pre-radiotherapy grade. BCTOS arithmetic
means were calculated for all subdomains, with a change of 1 point or
increase to an average of > 3.0 (moderate change) constituted a clini-
cally meaningful worsening in patient-reported QOL (PRQOL). Baseline
adjusted scores were utilized to determine worsening cosmesis from
baseline (change from excellent/good to fair/poor). Logistic regression
was utilized to determine magnitude of correlation of socio-
demographic, clinical, and treatment characteristics with worsening in
cosmesis. Receiver operating characteristic (ROC) curve analysis and
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Youden’s were used to determine outcomes- and maximum likelihood-
based optimum cutoff for DVH data.

3. Results

Forty-two women with ER positive, stage 0-II breast cancer were
enrolled from 2/2013-11/2016. Three patients withdrew prior to
treatment initiation, and 1 withdrew mid-treatment, resulting in 38
evaluable patients in this analysis. Median follow-up was 35 months
(range, 12-62). Median patient age was 67 years (50-79) (Table 1).
Twenty-one (55.3 %) patients had left-sided disease. Median tumor size
was 0.9 cm (0.1-3.0). Most had an invasive component of disease (79.0
%) and grade 1 or 2 disease (86.8 %). Approximately-three-quarters of
patients received HT (76.3 %); none received chemotherapy.

All patients completed the full 10-fraction treatment course as pre-
scribed. There were no treatment interruptions due to toxicity. Uniform/
active scanning PBT (US-PBT) was delivered for all excepting one pa-
tient who received passive scattering PBT (PS-PBT).

In total, 7 grade 2 events occurred as radiation dermatitis (RD) (n =
1, 2.6 %), lymphedema (n = 1, 2.6 %), hot flashes (n = 3, 7.9 %), dys-
pnea (n = 1, 2.6 %), and fatigue (n = 1, 2.6 %) (Table 2). Of these, RD
and fatigue were probably or definitely related to radiotherapy. One

Table 1
Patient and Tumor Characteristics (N = 38).
Median Range
Length of Follow-up (months) 34.5 11.5-70.1
Age (years) 67.0 50.0-79.0
Laterality (n,%)
Right 17 (44.7)
Left 21 (55.3)
Biopsy Method (n,%)
Sentinel Lymph Node Biopsy 29 (76.3)
Axillary Dissection 9 (23.7)
T Stage (n,%)
Tis 7 (18.4)
Tla 4 (10.5)
T1b 11 (28.9)
Tlc 15 (39.5)
T2 1(2.6)
Tumor Size (cm) 0.9 0.0-3.0
Histology (n,%)
IDC only 15 (39.5)
DCIS only 8 (21.1)
Mixed IDC + DCIS 15 (39.5)
Histologic Grade (n,%)
1 14 (36.8)
2 19 (50.0)
3 5(13.2)
ER (n,%)
Positive 38 (100.0)
Negative 0(0.0)
HER2/neu (n,%)
Positive 4 (10.5)
Negative 34 (89.5)
Hormonal Therapy (n,%)
Aromatase Inhibitor 26 (68.4)
Tamoxifen 3(7.9)
None 9(23.7)
BMI (kg/m2) 29.3 19.6-45.3
Bra Cup Size (n,%)
A 2(5.3)
B 9(23.7)
C 8 (21.1)
D 9(23.7)
DD/E 7 (18.4)
DDD/F 1(2.6)
H 1(2.6)
Not Reported 1(2.6)

Note: IDC = invasive ductal carcinoma; DCIS = ductal carcinoma in situ; ER =
estrogen receptor; HER2/neu = human epidermal growth factor receptor 2; BMI
= body mass index.
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Table 2
Adverse Events (N = 38).

Adverse Event (Likely/ Number of Events (n, %)

Possibly Radiation- Grade Grade Grade Grade Grade

Related) 1 2 3 4 5

Skin Pain 4 0 (0) 0(0) 0 (0) 0(0)
(10.5)

Radiation Dermatitis 27 1(2.6) 0 (0) 0 (0) 0 (0)
(71.1)

Telangiectasia 1(2.6) 0 (0) 0 (0) 0 (0) 0(0)

Fatigue 8 1(2.6) 0(0) 0 (0) 0 (0)
(21.1)

Chest Wall Pain 1(2.6) 0 (0) 0(0) 0 (0) 0(0)

Breast Pain 5 0 (0) 0 (0) 0(0) 0(0)
(13.2)

Lymphedema 2(5.3) 1(2.6) 0(0 0(0) 0(0

Pruritis 1(2.6) 0 (0) 0 (0) 0 (0) 0 (0)

Adverse Events (Unlikely =~ Number of Events (n, %)

Radiation- Related) Grade Grade Grade Grade Grade

1 2 3 4 5

Vascular Ischemia 0(0) 0 1(2.6) 0 (0) 0 (0)

Hot Flashes 10 3(7.9) 0 (0) 0 (0) 0 (0)
(26.3)

Dyspnea 0(0) 1(26) 00 0(0) 0 (0

Cough 3(7.9) 0 0 (0) 0 (0) 0 (0)

Back Pain 2(5.3) 0 0(0) 0 (0) 0(0)

Diarrhea 1(2.6) 0 0 (0) 0 (0) 0(0)

Arthralgia 2(5.3) 0 0 (0) 0(0) 0 (0)

grade 3 event was reported, cardiovascular disease requiring cardiac
stent placement, the timing and nature of which informed an attribution
of unrelated to radiation, particularly given that this patient had right-
sided disease, heart V5Gy was 0 %, and it occurred only 29 days
following PBI completion. Twenty-seven patients developed grade 1 RD
(71.1 %); other radiation-related grade 1 toxicities included breast pain
(n = 5, 13.2 %), fatigue (n = 8, 21.1 %), skin pain (n = 4, 10.5 %),
lymphedema (n = 2, 5.3 %), telangiectasia (n = 1, 2.6 %), chest wall
pain (n = 1, 2.6 %), and pruritis (n = 1, 2.6 %).

On BCTOS, patients experienced the most change in nipple appear-
ance, breast shape, scar tissue formation, breast texture, and bra fit.
Without considering baseline pre-radiotherapy scores, five patients (13
%) assigned a BCTOS score of 4 at 1- or 3-year follow-up for change in
nipple appearance (n = 3), breast shape (n = 4), scar tissue formation (n
= 2), breast texture (n = 1) and bra fit (n = 1). Given that the mean
scores and 95 % CI for each subdomain are below 2.0 with a maximum
change of 0.36 points (Table 3), there was no clinically meaningful
change in PRQOL according to the BCTOS measure in the domains of
cosmetic status, functional status, and breast pain.

For clinician-reported assessment of overall breast cosmesis, there
was expected attrition in evaluation completion from 36 patients (94.7
%) at baseline to 25 (65.8 %) at 1 year and 15 (39.5 %) at 3 years
(Fig. 2). Prior to protocol treatment, all patients were given a score of
“good’ (n =1, 2.8 %) or “excellent” (n = 35, 97.2 %), which remained
stable at 1 year (only 1 patient (4 %) was given a “fair” rating). At 3
years, of 15 assessments, a grade of “fair” was assigned to 5 patients
(33.3 %), with the remainder still rated as “good” (n = 2, 13.3 %) or
“excellent” (n = 8, 53.3 %). No patients received a score of “poor” over
any timepoints.

Breast V20Gy and V40Gy were significantly associated with decline
in cosmesis scores over time (Table 4). On ROC analysis, Youden’s index

Table 3
Means and 95% Confidence Intervals for Breast Cancer Treatment Outcome
Scale (BCTOS) Domains.

BCTOS QOL Domain Baseline (N = 38) 1 Year (N = 28) 3 Years (N = 16)

BCTOS Aesthetic
BCTOS Function
BCTOS Sensitivity

1.46 (1.33-1.58)
1.16 (1.06-1.27)
1.48 (1.36-1.61)

1.53 (1.38-1.68)
1.08 (1.02-1.15)
1.38 (1.26-1.51)

1.82(1.50-2.14)
1.24 (1.03-1.46)
1.42 (1.22-1.62)
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Table 4
Clinical and DVH Cut-off Parameters for Worsening Cosmesis.

Variable OR p-value
Age 1.11 (0.94 - 1.01) 0.23
BMI 0.90 (0.74-1.10) 0.31
Axillary Dissection vs SLNBx 1.79 (0.27 - 11.86) 0.55
Laterality - Right vs Left 0.20 (0.02 - 1.91) 0.16
Histologic Grade (Ref = Grade 1)

Grade 2 2.44 (0.23 - 26.29) 0.41
Grade 3 8.66 (0.58-130.07) 0.56
Hormonal Therapy (Ref = None)

Tamoxifen 3.00 (0.18 - 50.79) 0.26
Al 1.00 (0.15-6.91) 0.91
Bra Cup Size > D 2.43 (0.38 - 15.27) 0.34
Tumor Size (cm) 1.52 (0.46 — 5.00) 0.49
PTV D95% 1.20 (0.43 - 3.39) 0.73
PTV Max Dose 1.06 (0.67 — 1.68) 0.80
Lung V10Gy 1.95 (0.72 - 5.25) 0.19
Breast V20Gy 1.22 (1.03 - 1.44) 0.02
Breast V40Gy 1.26 (1.03 - 1.54) 0.03
Breast V20Gy > 30.48 % 15.00 (1.52 - 148.31) 0.02
Breast V40Gy > 19.48 % 15.00 (1.52 - 148.31) 0.02

Note: BMI = body-mass index; SLNBx = sentinel lymph node biopsy Ref =
reference; Al = aromatase inhibitor; PTV = planning target volume; Gy = Gray.
Bold denotes statistical significance.

demonstrated that volumes of breast receiving over 20 Gy of 30.5 % and
volume of breast receiving over 40 Gy of 19.5 % remained significant for
worsening cosmesis. Cosmesis was not associated with body-mass index
(BMI), bra cup size, age, or tumor size.

At last follow-up, there were no reported ipsilateral breast cancer
recurrences or regional recurrences, and no deaths were reported, with
local control, nodal disease-free survival and overall survival all 100 %
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at 3 years. One new primary cancer occurred in the contralateral breast,
which was removed with wide local excision.

Heart V5Gy was 0 % (0.0-0.8), median lung V20Gy was 0 %
(0.0-1.7) and V10Gy was 0.19 % (0.0-3.4), and V20 and V40 of the
ipsilateral breast were 27.6 % (15.2-42.7) and 16.4 % (8.1-30.4),
respectively.

4. Discussion

The potential clinical and dosimetric benefits of PBT have been
clearly demonstrated in a number of disease sites, including craniospinal
irradiation [37,38], head and neck [39,40], liver [41,42], esophagus
[43], and lung [44,45], among others. For breast cancer, the advantage
of PBT has primarily been shown for comprehensive nodal irradiation,
with protons better able to spare heart and lung radiation exposure,
while also delivering a more homogeneous target volume dose distri-
bution. [16-18] The clinical impact of this dosimetric difference when
delivery comprehensive nodal irradiation including the internal mam-
mary chain is under active investigation in the RadComp/RTOG 3510
phase III study (NCT02603341).

Proton dosimetric advantages also exist for PBI. Heart, lung,
nontarget ipsilateral and contralateral breast tissue are all spared excess
irradiation compared with photons (Fig. 1). [46-49] A dose-volume
effect on breast cosmesis has been reported. In a prospective study
from Liss and colleagues, PBI using IMRT to 38.5 Gy in 10 fractions was
delivered twice daily (BID), after which a significant correlation in fair/
poor cosmesis with greater breast volume receiving 20 %, 50 %, 80 %,
and 100 % Rx dose was found. [50] A similar effect was demonstrated by
Leonard et al. in 80 patients treated with the same dose using 3D
conformal PBI, 19 % of whom had fair or poor cosmesis associated with
breast volume receiving 50 %, 80 %, and 100 % Rx dose. [51] Borger
and colleagues also noted a fourfold risk of fibrosis for every 100 cc

Fig. 1. Proton and Photon Partial Breast Irradiation Treatment Plans. Representative patient with a left-sided breast cancer status post breast conserving surgery
receiving partial breast irradiation. A) Representative axial slice of a pencil beam scanning proton therapy plan using two treatment fields (anterior and left anterior
oblique). B) Representative axial slice of a photon static-field intensity-modulated radiation therapy (IMRT) plan using 3 fields (anterior, left anterior oblique, and left
posterior oblique). C) Representative axial slice of a photon static-field intensity-modulated radiation therapy (IMRT) plan using 4 fields (right anterior oblique,
anterior, left anterior oblique, and left posterior oblique). Lumpectomy cavity is outlined in red. Colorwash minimize dose of 10% prescription dose (blue) to
maximum dose (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Clinically Graded Cosmesis by Time-Point
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Fig. 2. Clinician-reported Cosmesis Over Time.

increase in irradiated boost volume with iridium implant. [52] Thus,
more conformal, tissue-sparing afforded with protons may be beneficial
to improve cosmesis.

Cardiac sparing with PBT PBI is also potentially advantageous,
particularly for left-sided and medial tumors. This is noteworthy given
mounting evidence suggesting a direct relationship between late major
coronary events and every incremental Gy of excess mean dose delivered
to the heart. [20,21].

Finally, PBT PBI may reduce secondary malignancy risk for both
second breast and non-breast thoracic cancers. [24,25,53] In a system-
atic review and meta-analysis of 762,468 patients, the risk of second
non-breast cancer, was higher in patients who received breast cancer
radiotherapy. [26] Breast irradiation can also increase risk of contra-
lateral breast cancer, although this risk may be tempered by the often
more advanced age of patients receiving PBL [25].

The feasibility of proton PBI and translating its dosimetric superi-
ority to a clinically meaningful outcome improvement is an area of
active investigation, including the PCG BREQO7 trial. Three-year study
results are very promising, particularly for disease control, with our
results demonstrating 100 % local and regional disease control. QOL did
not appear to meaningfully change in the three domains of cosmetic
status, functional status, or breast pain. Clinician-reported cosmesis did
have gradual decrease in scores of “good” and “excellent” at late time-
points; despite this, outcomes were comparable with those seen in the
multicenter, randomized RAPID trial, in which fair/poor cosmesis was
noted in 29 % of patients at 3 years and 36 % at 7 years. [15,54].

Our results compare favorably with previous single-institutional
studies. In an early phase I trial at Massachusetts General Hospital, 19
patients with stage I breast cancer were treated with PS-PBT using 1-3
fields to 32 Gy/8 BID fractions, with only 1 field treated per fraction, and
an additional 79 patients treated with photons or mixed photons and
electrons to the same dose. [27] Long term 7-year follow-up found the
rate of physician-reported good-to-excellent cosmesis markedly worse
with PBT (62 % proton versus 94 % photon/mixed, p = 0.03). [28]
Acute and late skin toxicities was also higher with PBT.

In a phase II study from the National Cancer Center in South Korea,
30 patients were treated with PBT to 30 Gy(RBE)/5 daily fractions using
1-2 fields. [29] At 3 years, 69 % of patients achieved physician-reported
good-to-excellent cosmesis. Increased toxicity was seen in those treated
with a single field; 100 % of patients treated with 2 fields had good-to-

75

excellent cosmesis. No local failures occurred.

Loma Linda University investigators treated 50 patients with PS-PBT
on their phase II trial of small, early-stage IDC after BCS to 40 Gy(RBE)/
10 daily fractions in 2-4 treatment fields. [30,31] Only four patients
experienced grade 2 acute toxicities. At 5 years, 90 % of patients had
good-to-excellent cosmesis, and no local failures were noted.

Improved cosmesis and toxicities in the Loma Linda trial and our
present trial are likely due to multiple factors. In contrast to these trials,
in the NCC trial from Chang and colleagues, there was an increase in
poor cosmesis when a single field was used vs two fields. [29] The use of
only one field may have also contributed to the poorer cosmetic results
in the MGH study. [27] In our and the Loma Linda trials, multiple beams
were required, and our study required > 2 fields treated per fraction,
which may have resulted in superior cosmesis and toxicity. Similarly, in
an interim analysis of a phase II trial from MD Anderson Cancer Center
delivering 34 Gy(RBE)/10 BID fractions using PS-PBT, >2 fields were
required, with 80 % of patients treated with a 3- or 4-beam arrangement,
and at 2 years median follow-up, clinician- and patient-reported cosm-
esis was good or excellent in 87 % and 94 % of patients, respectively.
[32] An early reporting of a prospective study of women receiving 3-
fraction PBI with PBS-PBT to 21.9 Gy(RBE) and median two multi-
field optimized beams from Mutter and colleagues noted good-to-
excellent patient-reported outcomes in 98 % of patients and limited
toxicities at 12 months. [33].

Radiation dose and timing also varied across studies. In the MGH and
NCC experiences, daily dose delivered ranged from 6 to 8 Gy (4 Gy(RBE)
BID). [27-29] Large fraction size and inadequate recovery time between
fractions can increase risk of late effects [55], which, in combination
with the number of fields treated per fraction, may worsen cosmesis.
However, in the Mutter et al study, even with 9.3 Gy(RBE) fractions,
favorable early outcomes was reported, possibly due to ample recovery
between daily fractions and use of two-field plans. [33] In contrast, in
the Loma Linda and this study, 40 Gy/10 daily fractions was used, and in
the MD Anderson trial, 34 Gy(RBE)/10 BID fractions were used,
respectively, both yielding excellent cosmesis and local control. [31,32].

Finally, optimal PBT PBI dose and fractionation should be investi-
gated. In our study, 40 Gy(RBE)/10 daily fractions (BED;o 56.0; EQD2gy
46.7) was utilized, akin to prior photon and proton PBI experiences.
[31,56] However, lower overall BED dose-fractionation regimens may
achieve non-inferior local control, as was demonstrated in a University
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of Florence PBI trial (30 Gy/5 fractions, BED1o 48.0, EQDygy 40.0);
FAST-Forward trial (26 Gy/5 fractions to whole breast, optional tumor
bed boost, BED1g 39.5, EQD2gy 32.9); and UK IMPORT LOW trial (40
Gy/15 fractions to partial breast, BED19 50.5, EQDagy 42.1). [12,57,58]
Due to the higher linear energy transfer and differential RBE at the distal
end of the Bragg peak with PBT and the 100 % control rates achieved in
this and other proton studies, dose de-escalation warrants investigation.
[59] Additionally, a once-daily treatment schedule may also be more
favorable, allowing for improved long-term cosmesis relative to BID
approaches. [55].

Cost effectiveness of proton PBI has been studied. [60,61] Ovalle
et al. performed a cost analysis of CPT codes for 8 frequently utilized
treatment schedules and techniques for PBI and WBI. [62] Among 4 PBI
approaches, multi-lumen brachytherapy had the highest total cost,
while the cost of PBT and single lumen brachytherapy were within 11.4
% of each other, and 3D conformal photon therapy was the least costly.
In the MD Anderson phase II interim analysis, median out-of-pocket cost
for the PBI course was $700. [32] With limited treatment duration, trend
towards decreased PBT cost, and low rates of toxicity and time away
from work, proton PBI appears to be an increasingly cost-competitive
treatment.

Patient selection is likely key for application of PBT PBIL. PBT may be
most optimal for patients with unfavorable anatomy who have tumor
beds anterior to or near the heart where cardiac sparing is challenging
using other radiation techniques, or for those where photons deliver
excess dose in the contralateral breast and/or lung to achieve adequate
target coverage. PBT may also be optimal for patients with large surgical
beds or large CTV:nontarget ipsilateral breast tissue ratios, where the
superior conformality of PBT can reduce the likelihood of adverse late
cosmesis. Additional comparative and longitudinal studies of the impact
of proton PBI versus other PBI modalities on dose to the surrounding
normal structures including the cardiac substructures, coronary vessels,
lung, contralateral breast, and non-target breast tissue will of value to
better understand the absolute and relative difference of dosimetric
sparing on these organs-at-risk. In the future, more ubiquitous applica-
tion of model-based approaches for patient selection to identify those
who will derive a substantial benefit from the enhanced normal tissue
sparing possible with proton therapy will be of value to ensure optimal
utilization of resources. [63] Further study to better understand ideal
beam configurations will also be of value to further improve proton PBI
delivery. While prior investigations have demonstrated that multi-field
planning is critical [28,29], it is unclear if specific beam angles or
configurations should be considered to maximally spare breast tissue,
minimize distal uncertainty, increase beam stopping in tissues unlikely
to contribute to late toxicity, and allow for optimal conformality.

There are several limitations of this study. Post-treatment toxicity
assessments were first performed at the 4-week timepoint. Prior studies,
however, have reported acute side effects of hypofractionated radio-
therapy may peak by 2 weeks post-treatment. [64] No patients were
treated with more modern PBS-PBT, which has become standard in new
proton centers. PBS-PBT can modulate skin surface dose and limit hot-
spots compared with PS-PBT and US-PBT, which may further minimize
toxicities and better optimize cosmesis. [31,49].

Although this is the first proton therapy multi-center prospective
trial in breast cancer, the study sample was modest, thus limiting
generalizability. Following full study accrual completion and data
analysis, the study underwent an amendment to expand to 132 patients
for statistical considerations taking into account interval published data
of a lower recurrence rate than was originally cited for power calcula-
tion and estimated sample size required to fulfill the null hypothesis. The
second phase of this trial is now reopened, and late outcomes of the
original study population (n = 38) will continue.

5. Conclusion

Proton PBI is safe and effective, with excellent disease control,
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minimal toxicity, and acceptable patient- and physician-reported
cosmesis and QOL outcomes on long-term follow-up. The improve-
ment in heart, lung, and nontarget breast tissue achieved with proton
PBI may decrease clinically significant late toxicities relative to photon
PBT, including cardiovascular events, lung fibrosis, and secondary ma-
lignancies. This needs to be assessed in larger studies with long-term
follow-up. With continued refinement and optimization of delivery
and increased PBT patient access [65], this treatment approach has the
potential to emerge as the modality that provides maximum benefit with
the least toxicity for selected EBC patients.
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