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Abstract

The gold standard for breast cancer treatment is surgery, but many women may desire to avoid surgery if possible. The purpose of
this study was to evaluate whether breast cancer could be cured with modern sophisticated radiation techniques with good
cosmetic outcome. We have treated |8 patients with operable breast cancer by conventional whole-breast irradiation followed
by stereotactic body radiotherapy (primary tumor only) or intensity-modulated radiotherapy (tumor plus axillary nodes) boost.
The planned doses were 50 Gy in 25 fractions, 18 to 25.5 Gy in 3 fractions, and 20 Gy in 8 fractions, respectively, for the
3 modalities. Stereotactic body radiotherapy was delivered with 7 to 9 coplanar and noncoplanar fixed beams, and intensity-
modulated radiotherapy was given by tomotherapy. Chemotherapy and/or hormone therapy was used depending on the stage
and receptor status. In 9 recent patients, hydrogen peroxide was intratumorally injected twice a week before whole-breast
irradiation. All treatments were well tolerable and there were no grade >3 toxicities. With a median follow-up period of
35 months (range, 8-120 months), only | patient developed local recurrence and 2 patients developed distant metastasis. Overall
survival, progression-free survival, and local control rates were 93%, 85%, and 92%, respectively, at 3 years. In 50% of the patients,
the irradiated breast became better rounded, and the position of the nipple of the irradiated breast became >1 cm higher
compared to that of the unirradiated breast. Thus, the treated breasts may be more aesthetically favorable than before irradiation
in these patients. This may become a treatment option for patients with operable breast cancer.
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after breast-conserving surgery, however, the shape of the
breast is never the same as before surgery and there remain
permanent scars, which sometimes cause pain. Furthermore,
even with the development of mammary prostheses, the recon-
structed breast is an artificial one. Therefore, many women
may wish to conserve their breasts by avoiding surgery if pos-
sible. Among the nonsurgical methods to treat breast cancer,
radiofrequency ablation and focused ultrasound have been
investigated,' but they are not widely available at present.

Radiation therapy has been used to treat patients with inop-
erable breast cancer, but most of these treatments were pallia-
tive ones.” Concurrent chemoradiotherapy yielded complete
responses in a large proportion of patients, but the results were
considered inferior to those obtained by surgery.* Also, con-
ventional radiation therapy was primarily employed for early
operable breast cancer, but the outcome was not satisfactory
compared to surgery.® However, with the development of mod-
ern radiation therapy techniques, curing breast cancer with a
high probability might have become possible. With conven-
tional radiotherapy alone, delivering sufficient doses to control
breast cancer may often be difficult because of the occurrence
of severe radiation dermatitis. However, using the sophisticated
technique of stereotactic irradiation or intensity-modulated
radiotherapy (IMRT), tumoricidal doses might be deliverable
without severe complications.

We started such treatment in 2007 according to the strong
wishes of patients. We elaborated our treatment protocol as
follows: whole-breast irradiation with a conventional dose of
50 Gy in 25 fractions is given first and then a stereotactic body
radiotherapy (SBRT) boost is given in 3 fractions (tested doses:
18-25.5 Gy) when pretreatment examination reveals no lymph
node (LN) metastases. When axillary LN metastasis is present,
boost irradiation is given by tomotherapy with doses of 20 Gy
in 8 fractions. So far, we have treated 18 patients, and this
article reports the excellent cosmetic as well as clinical out-
comes using this treatment.

Materials and Methods

Study Design

This study started as a dose-seeking pilot study for the SBRT
boost. Our consistent policy during the study period was to
deliver 50 Gy in 25 fractions to the whole breast first, since
this has been the standard treatment at our institution for
patients undergoing breast-conserving surgery. Furthermore,
it was decided to deliver booster doses by SBRT when no
LN metastases were present; 18 to 25.5 Gy in 3 fractions was
investigated. Since only 1 or 2 patients per year visited us for
this treatment before 2015, only 1 or 2 patients were tested for
the low SBRT doses of 6 and 6.5 Gy per fraction. After starting
the study, patients with axillary LN metastases also wished to
receive this treatment; in these cases, the booster dose was
given by IMRT with tomotherapy and the dose was fixed at
20 Gy in 8 fractions. One patient with no axillary LN metastasis
was treated with the IMRT boost, since the tumor location (just

Table 1. Patient and Tumor Characteristics.

Age (years) Median (range) 48 (32-80)
Laterality Right/left 8/10
Stage TA/TTA/TIIB/IIA/IIIC 6/7/2/2/1
TNM classification® TIbNOMO/T1cNOMO/T2NOMO/  2/4/7/2/2/1
T2N1MO/T3N1MO/T3N3MO
Histology IDC/DCIS/scirrhous/unclassified 12/3/1/2
Maximum tumor diameter (mm), median (range) 22 (9-57)
Hormone receptor ER & PR (+)/both (-)/unknown 11/5/2
HER2 receptor + / - /unknown 3/12/3
Triple negative Yes/no/unknown 2/14/2

BCA

Abbreviations: BCA, breast cancer; DCIS, ductal carcinoma in situ; ER, estro-

gen receptor; IDC, invasive ductal carcinoma; PR, progesterone receptor.

4TNM classification according to the American Joint Committee on Cancer,
8th edition (2018).

beneath the nipple) was considered to be more suitable to
tomotherapy. The biologically effective dose-10 Gy (BED)
of our treatment was 89 to 107 Gy for the whole-breast irradia-
tion (50 Gy) plus SBRT boost (6-8.5 Gy x 3 fractions) and
85 Gy for the whole-breast irradiation followed by IMRT boost
(2.5 Gy x 8 fractions).

After establishing the standard SBRT boost dose as
21 Gy in 3 fractions and the IMRT booster dose as 20 Gy
in 8 fractions, the study was continued as a pilot study of
the intratumoral injection of hydrogen peroxide (Kochi
Oxydol-Radiation Therapy for Unresectable Carcinomas
[KORTUC]) during whole-breast irradiation.”® The studies
were approved by the institutional review board (approval
numbers: NCU-0701, 42-14-0010) and written informed
consent was obtained from all patients.

Eligibility and Patients

Tobeeligible, patients had to have (1) histological proof of breast
cancer, (2) a concrete wish to avoid any type of surgery, (3) no
distant metastases on F-18 fluoro-deoxyglucose positron emis-
sion tomography, and (4) no other active malignancy. Patients
were considered ineligible if they were pregnant or had a history
of any surgery or radiation therapy to the breast. Between Octo-
ber 2007 and January 2015, 9 patients entered the first part of the
study, and between July 2015 and June 2017, 9 patients entered
the pilot study of KORTUC treatment. Thus, outcomes of the 18
patients are herein reported. All were female and their ages ran-
ged from 32 to 80 years (median, 48 years). Their characteristics
are shown in Table 1. Since the aim of this treatment was to
conserve the breast as it was, neoadjuvant chemotherapy was
performed whenever necessary according to the wishes of the
patients, and adjuvant hormonal therapy was given to hormone-
receptor-positive patients unless they refused it.

Treatment

The study flowchart and treatment details are summarized in
Figure 1 and Table 2. The patients received all treatments in the
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Figure 1. Study flowchart and treatment details.

Table 2. Treatment Details.

Whole-breast dose (Gy) Median (range) 50 (44-50)
Hydrogen peroxide Yes:no 9:9
injection

Boost method SBRT:IMRT 12:6
SBRT dose (Gy/fr) 18/3:19.5/3:21/3:17/2:25.5/3  2:1:5:2:2
IMRT dose (Gy/fr) 17.5/7:20/8 1:5
Hormone therapy Yes:no 9:9
Chemotherapy Yes:no 4:14

Abbreviations: fr, fractions; IMRT, intensity-modulated radiotherapy; SBRT,
stereotactic body radiotherapy.

supine position. Whole-breast irradiation was delivered first
with tangential opposed fields using 2-Gy daily fractions up
to 50 Gy with 4- or 6-MV X rays from a linear accelerator.
Planning for whole-breast radiation and SBRT was performed
on Eclipse Version 7.5 (Varian Medical Systems, Palo Alto,
California).’ For whole-breast irradiation, the planning target
volume (PTV) covered the superior border at the manubrios-
ternal joint and the inferior border at 1 cm below the infra-
mammary line; the medial border was usually the midline of
the sternum, and the lateral border was the midaxillary line,
excluding the outermost 2 mm from the superficial skin sur-
face.'” Regarding regional nodal irradiation, the lower part of
the ipsilateral axillary LN area was included in all cases. The
upper part of the ipsilateral axillary LN area was also included
when metastases to the LNs were present. Two beam angles for
tangential irradiation were determined by an attending radia-
tion oncologist. When skin reactions were severe, dose reduc-
tion of up to 6 Gy was permitted.

Our SBRT method for breast cancer followed the method
for lung cancers, and it was described in detail previously.'’
Patients were fixed in the supine position with an immobiliza-
tion device, which was the same as that used for lung SBRT.

The PTV was the gross tumor volume plus 5- to 7-mm margins.
Registration of the breast contour was performed with com-
puted tomography (CT) in the first and third SBRT sessions,
and in addition, it was also performed by megavoltage portal
imaging before every SBRT treatment. Seven to 9 coplanar and
noncoplanar beams were used. The SBRT dose was prescribed
to the isocenter. No special fixation method nor fiducial mar-
kers were used for the breast; it was confirmed that respiratory
movement of the breast was 5 mm or less in all directions. Our
tomotherapy IMRT method was described in detail previ-
ously.'*!? The same fixation method as in the SBRT boost was
used. The PTV covered the primary tumor and metastatic axil-
lary nodes with 5- to 7-mm margins. The TomoHelical and
TomoDirect modes were used in 3 patients each. The field
width was 2.5 cm in 5 cases and 5 cm in 1, all with the dynamic
jaw mode."? The pitch was 0.25 to 0.5 (median, 0.43) and the
modulation factor was 1.5 to 3 (median, 2). Registration with
megavoltage CT was performed at every fraction. When skin
reactions were severe, omission of one fraction of SBRT or
IMRT was allowed.

Kochi Oxydol-Radiation Therapy For Unresectable Carci-
nomas treatment was performed for all 9 patients encountered
after July 2015. Beginning at the sixth to eighth fraction of
whole-breast irradiation, 6 mL of 0.5% hydrogen peroxide
(Oxydol, Ken-ei Pharmaceutical Co Ltd, Osaka, Japan) dis-
solved in sodium hyaluronate was injected into the breast
tumor under CT guidance twice a week (Monday and Wed-
nesday or Thursday) up to 7 or 8 times, according to the
previous investigators.'*'> Hydrogen peroxide was not admi-
nistered during SBRT or IMRT boost. This was part of a phase
I toxicity evaluation study. Systemic chemotherapy was used
in 4 patients; used agents were 5-fluorouracil, epirubicin,
cyclophosphamide, paclitaxel, doxorubicin, docetaxel, S-1,
and trastuzumab.

Evaluation

Follow-up examinations were performed at intervals of
2 months until 1 year after treatment, 3 or 4 months until
3 years, 4 or 6 months until 5 years, and 6 to 12 months there-
after. At every visit, CT or magnetic resonance imaging was
performed in addition to physical examination and a blood test.
F-18 Fluoro-deoxyglucose positron emission tomography was
performed whenever necessary. Overall survival, progression-
free survival, and local control rates were calculated by the
Kaplan-Meier method from the start of radiation therapy.
Common Terminology Criteria for Adverse Events version
4.0 was used to score toxicity. During treatment and data
analyses, the investigators were not blinded and no randomi-
zation was performed.

To evaluate the configuration of the irradiated breast, we
devised a method using inspection and CT. At inspection, the
positions of the bilateral nipples were compared. On CT, the
breast height was measured on the slices of the maximal breast
size as the distance from the rib cage to the most anterior part of
the breast (excluding the nipple) on the axis perpendicular to
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Figure 2. Computed tomography (CT) images of a patient before and 5 years after treatment. A and B, Before treatment. Arrows indicate a
mammary tumor (A) and an axillary lymph node (B). C and D, Five years after treatment, both the breast tumor and axillary lymph node are
controlled. Note the marked enlargement of the right irradiated breast. The double-headed arrow in Figure 2C indicates the breast height on CT

defined in this study.

the rib cage, as shown later in Figure 2. This measurement was
conducted using CT images taken between 12 and 18 months
after radiation therapy. The difference in the breast height
between the irradiated and unirradiated sides was examined
using the software StatView version 5 (SAS Institute Inc, Cary,
North Carolina).

Results

Patients and Treatment

Between October 2007 and June 2017, a total of 18 Japa-
nese patients were treated (Table 1); 9 were treated in the
boost dose-seeking study and the other 9 were treated in the
phase I study of KORTUC. No grade >3 toxicities were
observed, and after the dose-seeking study, the standard
dose was determined to be 50 Gy in 25 fractions over
5 weeks for whole-breast irradiation followed by SBRT
boost with 21 Gy in 3 fractions twice a week or IMRT boost
with 20 Gy in 8 fractions 5 times a week in the KORTUC
study. Regarding additional radiation doses to organs at risk
delivered by the boost treatment, the mean lung dose was
0.1 to 1.6 Gy (median, 0.7 Gy) by the SBRT boost and 0.4
to 1.9 Gy (median, 1.3 Gy) by the IMRT boost. In the patients
with left breast cancer, the maximum dose to the heart was
2.1 to 13.7 Gy (median, 3.9 Gy) by SBRT and 2.9 to 8.6 Gy

(median, 54 Gy) by IMRT, and the mean heart dose was 0.1
to 1.8 Gy (median, 0.6 Gy) by SBRT and 0.4 to 1.8 Gy
(median, 0.8 Gy) by IMRT.

Outcome and Toxicity

As of February 2018, the median follow-up period for all 18
patients was 35 months (range, 8-120). Of the 18 patients, only
1 patient died due to lung metastases. Another patient devel-
oped liver metastasis at 90 months, which was treated by
SBRT, and she had no evidence of disease at 6 months after
liver SBRT. Only 1 patient developed local recurrence; this
patient had a large tumor with the longest diameter of 51 mm
at diagnosis, and she was treated with radiation therapy after
systemic chemotherapy with 5-fluorouracil, epirubicin, and
cyclophosphamide. She underwent salvage partial resection
of the breast followed by chemotherapy and was alive with
no evidence of disease at 13 months after local recurrence. All
these patients who developed local recurrence or distant metas-
tasis were in the dose-seeking study group. Figure 3 shows
overall survival, progression-free survival, and local control
curves for all 18 patients. The overall survival, progression-
free survival, and local control rates were 93%, 85%, and
92%, respectively, at 3 years (Figure 3).

Grade 2 acute skin toxicity was observed in 11 patients and
grade 1 in 7 patients. All recovered and no late skin toxicity
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Figure 3. Kaplan-Meier overall survival (OS, O), progression-free
survival (PFS, @), and local control curves (LC, A) for 18 patients
with operable breast cancer.

Figure 4. Photograph of a patient with right breast cancer at 1 year
after treatment. Note that the nipple of the irradiated right breast is at a
higher position than the left nipple. The right breast is better rounded
than the left breast.

was observed. Grade 1 radiation pneumonitis was observed in
7 patients. No other toxicities have been observed to date.
Oxydol injection exhibited no toxicity, and KORTUC was safe.

Cosmetic Outcome

Figure 2 shows CT images of a patient before and after treat-
ment. At 5 years, the breast tumor and axillary LN were con-
trolled. The irradiated right breast was markedly enlarged
compared to the left unirradiated breast (Figure 2C). This enlar-
gement of the breast became apparent at 10 months after treat-
ment and continued until the last follow-up at 105 months.
Figure 4 shows bilateral breasts of another patient at 1 year
after treatment. The right nipple (irradiated side) was at a

higher position than the left nipple, and the right breast was
better rounded than the left breast. These changes in the breast
shape became complete within 1 year after treatment and
remained stable thereafter.

The positions of the bilateral nipples did not differ
significantly before treatment in any patient. After treatment,
the position of the nipple on the irradiated side was >1 cm
higher compared to that of the contralateral nipple in 8 of
16 patients followed for more than 1 year. The mean difference
(standard deviation [SD]) between the bilateral nipples was
0.9 (1.0) cm. The mean (SD) height of the breast on CT was
3.9 (1.4) cm for the irradiated breasts and 3.3 (1.2) cm for the
unirradiated breasts (n = 16, excluding 2 patients whose follow-
up period was less than 1 year; data were normally distributed,
P = .0005 by paired ¢ test).

Discussion

Numerous clinical data are now available regarding the corre-
lation between local tumor control and SBRT dose in patients
with non-small cell lung cancer (NSCLC). The data show about
90% and 75% to 85% local control rates for T1 and T2 tumors,
respectively, when the employed dose corresponds to a BED
of 100 Gy or higher.'®'® Although the concept of BED;, must
be employed very cautiously for hypofractionated SBRT,'? the
BED of our treatment was 85 to 107 Gy. Breast cancer is a
relatively radiosensitive tumor and, in general, may be more
radiosensitive than NSCLC.?*?! Therefore, it is not surprising
that breast cancers of a few centimeters were controlled by our
high-dose irradiation method. Even when the tumor develops
local recurrence, salvage surgery may be feasible; indeed, one
of our patients underwent salvage breast-conserving surgery
successfully. A concern about this treatment is that, if uncon-
trolled, residual tumor cells may become a cause of distant
metastasis during follow-up periods after radiation therapy.
This possibility should be evaluated in future studies with more
patients and longer follow-up periods.

This study demonstrated an excellent cosmetic outcome for
breasts treated with whole-breast irradiation with SBRT or
IMRT boost. In addition to the advantages that there were no
surgical wounds nor loss of the normal shape due to surgical
resection, the position of the nipple on the irradiated side
became >1 cm higher compared to that of the contralateral
nipple in 50% of the patients. However, asymmetry of the
bilateral breasts was a problem in these patients. We speculate
that this swelling of the irradiated breast is due to lymph edema
induced primarily by whole-breast irradiation. The findings of
lymph edema were not evident on CT images in every patient,
but mild changes were observed. Acute skin reactions were
slightly stronger than in patients undergoing whole-breast irra-
diation alone, but all of them recovered to satisfactory levels.
Therefore, this treatment may be an effective option for
patients who desire to avoid surgery.

Recently, several studies reported that focal radiotherapy
increases the immunogenicity of tumor cells.?>** If a tumor
is resected, antigens disappear from the body, but in radiation
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therapy, tumors gradually diminish and apoptotic tumor cells
may become more immunogenic.?* In addition, only a part of
the trunk lies within the irradiation field, so breast irradiation
may not compromise host immunity. As a result, a small
amount of residual tumor cells in the body may be killed by
the host’s immune system. Therefore, the combination of this
treatment with immunotherapy warrants future investigation.

The KORTUC treatment has been safely delivered to
more than 300 patients in Japan and the United Kingdom,
and there was also no problem with safety in our study. The
9 patients treated with KORTUC have developed no local
recurrence or distant metastasis to date. Even though the
hypoxic fraction may increase when the tumor exceeds
1 cm in diameter,” it may be argued that small breast
cancers less than 3 cm may be controlled without hydrogen
peroxide injection if SBRT or IMRT boost is given after
50 Gy whole-breast irradiation and thus oxydol injection is
an overtreatment. However, hydrogen peroxide also has an
effect of inactivating antioxidative enzymes such as perox-
idases and catalases that scavenge radicals produced by
irradiation and reduce the therapeutic effect of irradiation.?®
We, alongside our patients, wish to control the tumor with a
probability of nearly 100%. Therefore, we will continue to
use KORTUC for tumors of 2 cm or larger in diameter.

There are several limitations in this study. The patient num-
ber is small and the patient population is heterogenous. The
study period is long, and miscellaneous treatments are
included. All these factors may influence the progression-free
and overall survival as well as local control. So, we are now
making a new protocol to treat patients with stage I/l breast
cancer who refuse surgery with whole-breast irradiation com-
bined with KORTUC and SBRT or IMRT boost.

In conclusion, definitive radiotherapy with SBRT or IMRT
boost yielded an excellent cosmetic outcome as well as good
local control. In the future, this treatment may replace surgery
in patients with early- and middle-stage breast cancer who wish
to avoid surgery. Further clinical studies are warranted.
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