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Simple Summary: Based on recent clinical trials, radiation is a standard treatment option for limited
metastatic sites in metastatic breast cancer, with the potential to improve survival. This is typically
given in the form of high-dose radiation called stereotactic body radiotherapy (SBRT). However, SBRT
is a newer technology that is not on option for all patients and does not have long-term follow-up.
Prior to the widespread implementation of SBRT, we performed a clinical trial utilizing high-dose
chemotherapy and standard radiation for metastases in patients with limited metastatic breast cancer.
In this research, we analyzed the long-term outcomes of these patients. We found that, despite
not using SBRT, radiation provided promising long-term disease control and survival. Therefore,
conventional radiation might still be considered if SBRT in not an option for a patient, and our results
also help suggest what long-term outcomes of SBRT treatment might look like.

Abstract: Background: Patients with oligometastatic breast cancer (oMBC) may benefit from aggres-
sive local therapy. We sought to assess the effects of consolidative radiation therapy (RT) on outcomes
in oMBC patients treated on a prospective phase II trial of high-dose chemotherapy (HDCT). Methods:
Between 2005 and 2009, 12 patients with oMBC (≤3 metastatic sites) cancer were treated on protocol.
Patients were to receive tandem HDCT supported by hematopoietic cell rescue (HCR). All radio-
graphically identifiable oligometastatic sites received targeted radiation. Results: HDCT was initiated
at a median of 6.7 (3.5–12.7) months after diagnosis of oMBC. Hormone receptors (HR) were positive
in 91.6% of patients, and HER2 was overexpressed in 25% of patients. Median radiation dose (EQD2)
was 41.2 (37.9–48.7) Gy. Median follow-up was 13.1 (6.8–15.1) years for living patients. Ten-year PFS
and OS were 33% (95%CI, 10–59%) and 55% (95%CI, 22–79%), respectively. Durable local control of
treated lesions was 87.5%. At the last follow up, two patients remained progression free and two more
were without evidence of disease following additional salvage treatment. Conclusions: Although
modern systemic therapies have obviated the use of HDC, aggressive local therapy warrants further
evaluation and fractionated radiotherapy is a viable alternative if SBRT is not available.
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1. Introduction

Breast cancer is the leading cause of cancer deaths in women worldwide [1]. In
the United States, about 4% of women living with breast cancer have metastatic disease
(MBC) [2]. Although breast cancer as a whole has favorable survival compared to other
cancer types, metastatic disease is still associated with significant mortality, with a 5 year
breast-cancer-related survival of 27% between 2015 and 2019 [2]. There has been ongoing
interest focusing on patients with limited “oligometastatic” disease (oMBC) [3]; in one set
of observations 10 year OS in patients with one metastasis was 17.1% versus 3.2% with five
or greater metastases [4]. It has been hypothesized, that oMBC patients might benefit from
enhancing systemic treatment with local therapies.

High-dose chemotherapy (HDCT) followed by autologous peripheral blood progeni-
tor cell rescue (PBPC) or hematopoietic cell rescue (HCR), an aggressive form of systemic
therapy, has been replaced by improved, less toxic systemic therapies. Meta-analysis of
prospective, single-cycle HDCT trials revealed higher complete response rates and im-
proved progression-free survival at early follow-up versus conventional chemotherapy,
although no overall survival improvement was seen [5]. Specifically, patients with three or
fewer organs involved were felt to benefit most [6–8]. Patients treated with tandem cycle
HDCT with “debulking” melphalan first, followed by carboplatin, thiotepa, and cyclophos-
phamide (STAMP-V), were regimens that showed promise [9–11]. Further, prior work had
demonstrated that, following HDCT, initial failures frequently occurred at previous sites
of disease involvement, but local control could be improved with radiation treatment of
metastatic sites [12]. Therefore, the role of consolidative radiation in combination with
HDCT was previously evaluated in a randomized controlled trial, where it was found to
significantly decrease local failure and led to an improvement in PFS and a trend towards
an OS benefit, although this trial was not limited to oligometastatic disease and did not
necessitate treatment of all visible metastatic sites [13].

We conducted a phase II trial in patients with either locally advanced high-risk (HR) or
oMBC. Patients were to receive tandem cycles of HDCT with HCR, and additional targeted
radiation to metastatic sites. Five-year results focusing on the PFS, OS, and safety in the
HR cohort have previously been published [14]. Herein, we report long-term PFS, OS, and
local control (LC) of the oMBC cohort.

2. Materials and Methods
2.1. Patients

Patients were treated with HDCT, followed by HCR on an IRB-approved prospective
Phase II protocol (NCT00182793), following voluntary informed consent, between 2005 and
2009. All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent was obtained from all individual participants included in the study.
Treatment consisted of melphalan and, upon recovery, STAMP-V as tandem HDCT [15].
Patients with HR LABC and oMBC (with at least partial response to induction systemic
therapy) were enrolled between September 2005 and November 2009. The present analysis
is limited to patients with oMBC who received targeted radiation.

Patients with oligometastatic disease (≤3 organ sites involved with metastases, re-
gardless of the number of lesions per organ) before induction therapy and ≤3 total
residual lesions after systemic induction chemotherapy, with at least partial response,
were enrolled. Inclusion criteria included a Karnofsky performance status of ≥80%,
age ≤ 65 years, adequate cardiac (left ventricular ejection fraction ≥ 55%), renal (crea-
tinine clearance ≥ 70 mL/min), hepatic (serum aspartate aminotransferase and alanine
aminotransferase ≤2 times the upper limit of normal), and pulmonary function, as well as
adequate blood counts (neutrophil count of ≥1000/µL and platelet count of ≥100,000/µL).
Patients with brain metastases were not eligible. Patients were to undergo apheresis to
collect ≥ 4 × 106/kg CD34+ peripheral blood progenitor cells (PBPCs) to qualify [16].
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2.2. Treatment
2.2.1. HDCT Regimen

All patients completed standard induction systemic therapy for their metastatic breast
cancer ≥4 weeks before enrollment. Patients received melphalan 150 mg/m2 intravenously
over 30 min on day −1. On day 0, 50% of the collected ≥ 4 × 106/kg CD34+ PBPCs were
reinfused, and daily 5 µg/kg subcutaneous G-CSF administration was begun. After recov-
ery of marrow function, at a minimum of 5 weeks after cycle 1 of tandem HDCT, patients
proceeded with cycle 2, which comprised cyclophosphamide 1.5 g/m2/day, carboplatin
200 mg/m2/day, and thiotepa 125 mg/m2/day given as a continuous intravenous infusion
for 96 h on days −7 through −4. (STAMP-V). PBPCs were reinfused on day −2 (12.5% of
total) and day 0 (37.5%), with administration of G-CSF starting on day 0.

2.2.2. Additional Therapies

Local-regional radiation therapy, including the primary site and supraclavicular and
axillary nodal areas within 6–8 weeks of day 0 of HDCT, was recommended for all patients
diagnosed with de novo oMBC. Trastuzumab and antiestrogen therapy (as appropriate)
were prescribed.

Patients received targeted radiotherapy to all radiographically identifiable (confirmed
by CT and bone scan, and MRI where necessary) metastatic lesions, either before trial
enrollment or within 8 weeks of cycle 2 of HDCT. Sites demonstrating complete response
to induction therapy were not treated. When spine lesions were treated, one vertebral
body above and below the lesion of interest was included in the treatment volume. All
radiation was given using a 3D-conformal technique. Because of various dose-fractionation
schedules used, an equivalent dose in 2-Gy fractions (EQD2) was calculated, using the
linear-quadratic model with an alpha–beta ratio of 4.

2.3. Statistical Considerations

Survival outcomes included PFS and OS, calculated from day 0 of cycle 1 of HDCT.
Follow-up data were collected up to December 2021. For PFS, the events included death
or disease progression, whichever came first. Data for patients who did not experience
disease progression and were still alive were censored at the date of last follow-up. For
OS, data for patients who were still alive were censored at the date of last follow-up. Local
control was defined as lack of progression, based on RECIST criteria, within a treated site’s
radiation treatment field, defined as the 90% isodose line. Survival rates were estimated
using the Kaplan–Meier method. All statistical analyses were performed using open-source
packages in Python 3.8 (Python Software Foundation, Wilmington, DE, USA).

3. Results

Twelve patients were enrolled, treated, and evaluable for toxicity and oncologic out-
comes. All patients were female and all but two were white (16%). Five patients (42%)
were diagnosed with synchronous de novo oMBC, while seven developed metachronous
metastases during or after adjuvant treatment. All patients underwent surgical manage-
ment of the primary tumor (25% lumpectomy and 75% mastectomy) and seven (58%)
received adjuvant radiation to the primary following surgery. Only one patient (8%) was
postmenopausal at diagnosis. One patient (8%) had triple-negative disease while the re-
maining were hormone receptor positive. Four patients (33%) also had HER2 amplification.
There were two patients who received only endocrine therapy as induction therapy, while
10 patients received chemotherapy as part of systemic induction in order to achieve at least
a PR (median number of regimens: 1, range 1–4). Three patients (25%) were unable to
receive the second cycle with STAMP-V because of disease progression after melphalan.
Nine patients (75%) had bone-only metastases.

All patients received conventional or hypofractionated radiation to affected areas as
part of treatment, with nine (75%) receiving radiation to only one metastatic site. Radiated
metastatic disease sites included bone (n = 13, four in spine), lymph nodes (n = 2), and
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liver (n = 1). The median radiation dose was 40 (35–50.4) Gy in a median of 2 (1.8–2.66)
Gy fractions. The median EQD2 was 41.2 (37.9–48.7) Gy. The median follow-up was
13.1 (6.8–15.1) years for living patients. Summary patient characteristics are presented in
Table 1 and individual patient details are visualized in Table 2. Toxicity from the tandem
HDCT regimen has previously been reported [14]. No grade ≥2 radiation-induced toxicity
was reported.

Table 1. Patient and treatment characteristics.

Characteristic n (%)

Age (years) (median (range)) 44.0 (32–57)

Race/Ethnicity

Asian 1 (8.3%)

Black 1 (8.3%)

Hispanic White 1 (8.3%)

Non-Hispanic White 9 (75.0%)

KPS

90 7 (58.3%)

100 5 (41.7%)

Menopausal Status at Diagnosis

Post 1 (8.3%)

Pre 11 (91.7%)

Stage at Diagnosis

II 5 (41.7%)

III 1 (8.3%)

IV 5 (41.7%)

Unknown (III or Less) 1 (8.3%)

ER/PR

−/− 2 (16.7%)

+/− 2 (16.7%)

+/+ 8 (66.7%)

HER2

− 8 (66.7%)

+ 4 (33.3%)

Induction therapy *

Taxane 10 (83.3%)

Anthracycline 4 (33.3%)

Alkylating Agent 5 (41.7%)

Antimetabolite 1 (8.3%)

Antihormone 5 (41.7%)

Other 5 (41.7%)
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Table 1. Cont.

Characteristic n (%)

Time from initial diagnosis to diagnosis of
metastasis (months) (median (range)) 11.9 (0.0–98.5)

Time from initial diagnosis to protocol
treatment (months) (median (range)) 20.3 (5.5–103.1)

Time from diagnosis of metastasis to protocol
treatment (months) (median (range)) 6.7 (3.5–12.7)

Conditioning regimen

Melphalan alone 3 (25.0%)

Melphalan + STAMP 9 (75.0%)

Radiation dose (EQD2, Gy) (median (range)) 41.2 (37.9–48.7)

Number of metastatic sites treated

1 9 (75.0%)

2 2 (16.7%)

3 1 (8.3%)

Oligometastatic site

Bone 13 (81.3%)

Liver 1 (6.3%)

Thoracic lymph node 2 (12.5%)
Abbreviations: KPS, Karnofsky performance status; ER, estrogen receptor; PR progesterone receptor; HER2,
human epidermal growth factor receptor 2; Gy, Gray; carboplatin, thiotepa, and cyclophosphamide, STAMP; EGD2,
equivalent dose in 2 Gy fractions. * In addition to standard adjuvant antiestrogen or HER2-directed therapy.

The median follow-up time was 13.1 (range: 6.8–15.1) years for living patients and 7.7
(range: 0.7–15.1) years for all patients. In patients with stage IV oligometastatic disease,
5- and 10-year PFS were 33% (95% CI, 10–59%) and 17% (95% CI, 3–41%), respectively
(Figure 1A). Median PFS was 3.4 (95% CI, 0.41–6.6) years. Five- and ten-year OS were 75%
(95% CI, 41–91%) and 55% (95% CI, 22–78%), respectively (Figure 1B). Median OS was
not reached (NR) (95% CI, 2.4-NR) years. Of the 16 metastatic lesions treated, 14 (87.5%)
achieved durable local control. The remaining two sites progressed as part of initial relapse,
but in each case progressed alongside widespread systemic disease progression. All local
failures occurred in bone.
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Table 2. Individual patient details.

# Age ER/PR/
HER2

Stage at
Diagnosis

Transplant
Regimen RT Site RT Dose

(Gy) RT Fx Status Subsequent
Treatment *

1 51 −/−/− II MEL T8 35 14

Deceased (7.15 yrs)
w/distant progression
(5.8 yrs; widespread,

no local)

Chemotherapy

2 57 −/−/+ II MEL Pretracheal nodes 37.5 15

Deceased (0.7 yrs)
w/distant progression
(0.2 yrs; widespread,

no local)

Chemotherapy,
HER2-directed

therapy

3 44 +/−/− IV MEL + STAMP T4 40 20 Alive (13.1 yrs) w/o
progression None

4 57 +/+/− UK (III or less) MEL Sternum 40 20

Deceased (2.4 yrs)
w/distant progression
(0.4 yrs; widespread,

no local)

Chemotherapy,
antiestrogen

therapy

5 43 +/+/+ III MEL + STAMP Rib 45 25
Alive (6.8 yrs),

w/distant progression
(2.8 yrs; lung), NED

Wedge resection,
chemotherapy,
antiestrogen

therapy,
HER2-directed

therapy

6 32 +/+/− II MEL + STAMP Iliac crest 43.2 24

Alive (12.8 yrs)
w/distant progression
(6.5 yrs; widespread,

no local)

Chemotherapy,
palliative
radiation,

antiestrogen
therapy

7 40 +/−/− II MEL + STAMP Sternum, scapula,
sacroiliac joint 40 20

Deceased (2.4 yrs)
w/distant progression
(1.1 yrs; widespread,

no local)

Chemotherapy,
antiestrogen

therapy

8 44 +/+/− IV MEL + STAMP Sternum 50.4 28

Alive (15.1 yrs)
w/local and distant
progression (1.1 yrs;

widespread)

Chemotherapy,
antiestrogen

therapy

9 55 +/+/+ IV MEL + STAMP Liver 45 25 Alive (7.2 yrs) w/o
progression None

10 42 +/+/− II MEL + STAMP T12, L2 35 14

Deceased (8.3 yrs)
w/local and distant
progression (3.9 yrs;

widespread)

Chemotherapy,
palliative
radiation,

antiestrogen
therapy

11 42 +/+/+ IV MEL + STAMP Contralateral
supraclavicular node 50.4 28

Alive (13.5 yrs),
w/distant progression
(1.0 yrs; brain), NED

Stereotactic
radiosurgery

12 48 +/+/− IV MEL + STAMP Bilateral acetabulum 39.9 15

Alive (13.3 yrs)
w/distant and local
progression (3.9 yrs;

widespread)

Chemotherapy,
palliative
radiation,

antiestrogen
therapy

Abbreviations: ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor
2; MEL, melphalan; carboplatin, thiotepa, and cyclophosphamide, STAMP; RT, radiation therapy; Gy, Gray; Fx,
fractions; NED, no evidence of disease. * In addition to standard adjuvant antiestrogen or HER2-directed therapy.

Full patient-level information is detailed in Table 2. All patients who did not com-
plete the tandem transplant are deceased. Two patients remained in remission at 13.1 and
7.2 years. One patient had ER+/PR−/HER2-disease with radiation to a single thoracic
spine metastasis to 40 Gy and received ongoing antiestrogen therapy. The other patient
had triple-positive disease and had a single liver metastasis radiated to 45 Gy with ongoing
antiestrogen and HER2-directed therapy. Two additional patients were successfully sal-
vaged after relapse, one with stereotactic radiosurgery to a brain metastasis, with no further
treatment and the other with a pulmonary wedge resection, chemotherapy, antiestrogen
therapy, and HER2-directed therapy.
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4. Discussion

HDCT and HCR have been tested both in the HR and MBC setting, with several
phase II and limited numbers of phase III trials showing promise, but with conclusive
meta-analyses revealing no overall survival benefits, despite evidence for statistically sig-
nificant relapse-free survival benefit in high-risk and PFS benefit in patients with metastatic
disease [8,17]. Here we report the long-term outcomes of patients with oMBC treated
with HDCT, with HCR and targeted radiation to sites of metastatic disease as part of
our single-institution phase II trial. To our knowledge, this study represents the longest
follow-up after radiation for oMBC in patients treated prospectively in conjunction with
HDCT and HCR.

The best historical control for patients with oMBC in general, comes from a nationwide
cohort of 3447 patients in the Netherlands diagnosed between 2000 and 2007, with a median
follow-up of 15.2 years [4]. The ten-year overall survival for patients with a single metastasis
was 17.1%, and 14.9% for patients with three or fewer metastases, versus 3.4% with more
than three metastases. Notably, patients with oMBC, defined as three or fewer metastases,
experienced improved PFS (hazard ratio (HR): 0.46 (0.29–0.73; p = 0.001) and OS (HR: 0.57
(0.36–0.9; p = 0.02) when treated with local therapeutic modalities versus those without local
therapies. Our median follow-up is the longest of available prospective studies utilizing
preplanned radiation for oMBC, particularly in conjunction with HDCT. Our 10-year OS
was 55% (95% CI, 22–78%), which far exceeds even the cohort of patients with a single
metastasis. This is even more impressive, given that the definition of “oligometastatic
disease” used for our trial is more liberal than modern definitions, allowing any amount of
lesions as long as they are confined to three organs as long as only three lesions remained
after induction therapy, meaning some of the patients treated on our study would not be
considered oligometastatic by modern definitions. However, given that our patients did
receive aggressive systemic therapy, it is critical to compare them to patients treated under
a similar paradigm.

In a prospective trial by Mundt et al., 31 patients were treated with HDCT and HCR,
and ten patients underwent conventional radiation to metastatic sites with intent to attain
complete response [12]. Of the patients who did not receive radiation, 63.6% failed first,
solely in previously involved sites, compared to only 33.3% in the radiation group. A two-
year local control of treated lesions was 92.8%. In another prospective study by Carter et al.,
74 patients underwent HDCT, and 53 received consolidative conventional radiation to
metastatic sites [13]. Sites of first failure were at previously involved sites in 28% of the
radiation-treated cohort versus 62% in the no radiation cohort (p = 0.02). PFS and OS
at 4 years was 31% vs. 21% (p = 0.02) and 30% vs. 16% (p = 0.2), respectively. While
these studies provide valuable insight into the possible beneficial effects of radiation in the
context of systemic therapy for oMBC, they lack long-term follow-up.

Data, particularly long-term follow-up on conventional or hypofractionated radiation
to metastases in oMBC, are limited. The primary prospective data were a phase II trial
reported by Milano et al. that included 48 patients [18]. In this study, the majority (56.3%)
received 10-fraction hypofractionated radiotherapy to metastatic sites, while a minority
(8.3%) received stereotactic body radiation (SBRT). The study had a median follow-up
of 14.3 years for living patients and 4.4 years for all patients. In patients with bone-only
metastases (n = 12), the 10-year OS and LC were 75% and 100%, respectively, and in
patients with non-bone-only metastases (n = 36), the 10-year OS and LC were 17% and
73%, respectively. Our study sample size is too small to perform similar subset analyses,
but interestingly, bony lesions were the only site of local failure in our study. Further
work is therefore needed to know how to best prognosticate and treat patients with oMBC
depending on sites of metastatic involvement.

It is important to note that, while our long-term outcomes compare favorably to his-
torical outcomes in MBC, the results were accomplished by now-antiquated techniques
in systemic and radiation therapy. While the patients treated on our study received con-
ventional or hypofractionated fractionated radiation, the current standard for radiation
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to oligometastatic sites is stereotactic body radiotherapy (SBRT), as established by the
SABR-COMET trial [19]. This trial included breast, colorectal, lung, prostate, and other
cancers, and randomized patients to palliative standard of care treatment with or without
SBRT. With a median follow up of 26 months, the median OS trended toward improvement
in the SBRT cohort (41 months vs. 28 months, p = 0.09), as was progression-free survival
defined as lack of local recurrence at the radiated site (12 months vs. 6 months, p = 0.0012),
but there was no difference in distant disease recurrence rates. SBRT was associated with 5%
grade 5 toxicity (vs 0%, p = 0.15) and higher rates of related grade 2+ toxicity (29% vs. 9%,
p = 0.026). Eight-year OS was 27.2% in the SABR arm versus 13.6% in the control arm
(p = 0.008), while eight-year PFS was 21.3% versus 0.0%, respectively (p < 0.001) [20]. The
approach has also been evaluated in NR- BR001, wherein patients with breast, lung, or
prostate cancer with three to four metastases or two metastases in close proximity were
treated with SBRT [21]. With a median follow-up of 22.6 months, the estimated 2-year OS
was 57%. No dose-limiting toxicity was observed and grade 3+ AEs occurred in only 19%
of patients. This promising data has laid the groundwork for ongoing phase II/III trials
(NRG-BR002 and NRG-LU002). Unfortunately, the outcomes of the breast cancer cohorts
treated with SBRT are not specified in SABR-COMET (n = 13) or NRG-BR001 (n = 13).

Prospective data for SBRT in oMBC are available in a Phase II trial by Trovo et al.,
wherein, at a median of 30 month follow-up, 2-year PFS and OS were 53% and 95%,
respectively, with no grade ≥3 toxicity [22]. These early results are consistent with other
smaller or retrospective cohorts [23–28]. Given what is now known about SBRT based on
SABR-COMET, NRG-BR001, and smaller single-arm studies, our long-term results may
potentially be improved by combining state-of-the-art systemic therapy in combination
with SBRT for oligometastatic disease. Since SBRT is now standard for oligometastatic
disease and our trial also includes antiquated systemic options, we are not proposing
our trial to be a preferred treatment option in the modern era. However, since radiation
to oligometastatic sites is now standard, and SBRT may not always be an option (for
example, due to a patient having prior RT to the region in question or receiving treatment
at a low-resource center without capability of providing SBRT), we suggest that the more
fractionated regimens should still be considered for such patients and may still produce
favorable long-term outcomes.

Beyond the efficacy of radiation to oligometastatic sites, another relevant question
is patient selection, particularly in the context of modern systemic therapy and risk fac-
tors. Modern systemic therapy regimens are different to those used on our trial, including
CDK4/6 inhibitors for hormone-positive disease [29], second- and third-generation anti-
HER2 therapeutic agents [30], and immunotherapy for triple-negative disease [31]. As
systemic therapies improve, it raises the question as to whether they negate the benefit of
targeted radiotherapy, although there is also the possible synergy between radiation and
immunotherapy generating an abscopal response [32]. Next, in a study of medical oncolo-
gists, 86.7% of respondents felt that SBRT could delay growth of metastases and prevent
symptoms, and 73% would refer for both symptomatic and asymptomatic metastases [33].
However, the belief did not apply to all patients, as only 63.3% and 50% of respondents
were comfortable referring patients with HER2-positive and triple-negative subtypes, re-
spectively. This is likely driven by certain subpopulations (high quantity of metastatic
lesions, high metastatic tumor volume, nonbony disease, poor response to systemic therapy,
short disease-free interval (<12 months), and triple-negative disease), having increased
risk of subsequent distant relapse, and, therefore, potentially a less pronounced benefit of
aggressive local treatment [34]. Although lower-risk patients most certainly benefit more
from treatment of metastases, it still remains to be determined if the benefit is completely
absent in high-risk patients, and, at this time, it is still a reasonable option for all-comers
with oMBC if SBRT is felt to be feasible with minimal toxicity. Indeed, three of the four
patients treated on our study who are without evidence of disease at the last follow-up
have high-risk characteristics.
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Our study is limited by its sample size, definition of oligometastatic disease, variability
in radiation treatment regimen, use of systemic therapy and radiation methods that are no
longer standard in modern oncology practice, and heterogeneity of the patient population.
However, given that the early outcomes of our study are comparable to similar patient
populations treated with SBRT, it is not unreasonable to extrapolate that, in the long term,
consolidative radiation, when given subsequent to state-of-the-art systemic therapy, can
be an impactful treatment option for patients with oMBC, and should continue to be an
area of focus when seeking to identify optimal patient selection. Furthermore, our results
also support the role of conventionally or hypofractionated radiation to oligometastatic
sites in patients who may not be able to undergo SBRT due to technological limitations,
geographic restrictions, or prior radiation treatment.

5. Conclusions

In conclusion, HDCT with HCR and targeted radiation to sites of metastatic disease in
oMBC led to favorable long-term PFS and OS in our highly selected patient population, with
outcomes comparable to those reported on modern SBRT trials. Although the approaches to
systemic therapy and radiation used in this trial are no longer standard, to our knowledge,
our study represents one of the longest follow-ups reported on systemic therapy-responsive
patients with oMBC treated with prospectively planned targeted radiation in the context
of systemic therapy resulting in long-term survival in a subset of patients. Our work also
supports fractionated radiotherapy to oligometastases when SBRT is not available. Future
work to continue to identify favorable subpopulations of patients with MBC who may
benefit from such a treatment paradigm is ongoing and warranted.

Author Contributions: Conceptualization, S.D. and G.S.; methodology, C.L.; validation, C.R. and
P.F.; formal analysis, C.L., C.R. and P.F.; investigation, all authors; resources, all authors; data curation,
C.L., C.R. and P.F.; writing—original draft preparation, C.L. and C.H.; writing—review and editing,
all authors; visualization, C.L. and C.R.; supervision, S.D. and G.S.; project administration, S.D. and
G.S.; funding acquisition, J.W. and G.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Cancer Institute, grant number P30CA033572.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of City of Hope National Medical Center
(protocol code: 05042 and date of approval: 26 May 2005).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Research data are stored in an institutional repository and will be
shared upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA A Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
2. Desantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A.; Jemal, A.; Siegel, R.L. Breast cancer statistics,

2019. CA A Cancer J. Clin. 2019, 69, 438–451. [CrossRef] [PubMed]
3. Hellman, S.; Weichselbaum, R.R. Oligometastases. J. Clin. Oncol. 1995, 13, 8–10. [CrossRef] [PubMed]
4. Steenbruggen, T.G.; Schaapveld, M.; Horlings, H.M.; Sanders, J.; Hogewoning, S.J.; Lips, E.H.; Vrancken Peeters, M.-J.T.; Kok,

N.F.; Wiersma, T.; Esserman, L.; et al. Characterization of Oligometastatic Disease in a Real-World Nationwide Cohort of 3447
Patients With de Novo Metastatic Breast Cancer. JNCI Cancer Spectr. 2021, 5, pkab010. [CrossRef]

5. Farquhar, C.; Marjoribanks, J.; Basser, R.; Hetrick, S.E.; Lethaby, A. High-dose chemotherapy and autologous bone marrow or
stem cell transplantation versus conventional chemotherapy for women with metastatic breast cancer. Cochrane Database Syst. Rev.
2005, 2005, CD003142.

http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.3322/caac.21583
http://www.ncbi.nlm.nih.gov/pubmed/31577379
http://doi.org/10.1200/JCO.1995.13.1.8
http://www.ncbi.nlm.nih.gov/pubmed/7799047
http://doi.org/10.1093/jncics/pkab010


Cancers 2022, 14, 5000 10 of 11

6. Rizzieri, D.A.; Vredenburgh, J.J.; Jones, R.; Ross, M.; Shpall, E.J.; Hussein, A.; Broadwater, G.; Berry, D.; Petros, W.P.; Gilbert, C.;
et al. Prognostic and Predictive Factors for Patients With Metastatic Breast Cancer Undergoing Aggressive Induction Therapy
Followed by High-Dose Chemotherapy With Autologous Stem-Cell Support. J. Clin. Oncol. 1999, 17, 3064–3074. [CrossRef]

7. Rowlings, P.A. Factors Correlated With Progression-Free Survival After High-Dose Chemotherapy and Hematopoietic Stem Cell
Transplantation for Metastatic Breast Cancer. JAMA 1999, 282, 1335. [CrossRef]

8. Berry, D.A.; Ueno, N.T.; Johnson, M.M.; Lei, X.; Caputo, J.; Smith, D.A.; Yancey, L.J.; Crump, M.; Stadtmauer, E.A.; Biron, P.; et al.
High-Dose Chemotherapy With Autologous Hematopoietic Stem-Cell Transplantation in Metastatic Breast Cancer: Overview of
Six Randomized Trials. J. Clin. Oncol. 2011, 29, 3224–3231. [CrossRef]

9. Ayash, L.J.; Elias, A.; Schwartz, G.; Wheeler, C.; Ibrahim, J.; Teicher, B.A.; Reich, E.; Warren, D.; Lynch, C.; Richardson, P.;
et al. Double dose-intensive chemotherapy with autologous stem-cell support for metastatic breast cancer: No improvement in
progression-free survival by the sequence of high-dose melphalan followed by cyclophosphamide, thiotepa, and carboplatin.
J. Clin. Oncol. 1996, 14, 2984–2992. [CrossRef]

10. Elias, A.D.; Ibrahim, J.; Richardson, P.; Avigan, D.; Joyce, R.; Reich, E.; Mccauley, M.; Wheeler, C.; Frei, E. The impact of induction
duration and the number of high-dose cycles on the long-term survival of women with metastatic breast cancer treated with
high-dose chemotherapy with stem cell rescue: An analysis of sequential phase I/II trials from the Dana-Farbe. Biol. Blood Marrow
Transplant. 2002, 8, 198–205. [CrossRef]

11. Crown, J.P.; Leyvraz, S.; Verrill, M.; Guillem, V.; Efremidis, A.; Bru, J.G.-C.; Welch, R.; Montes, A.; Leonard, R.; Baselga, J. Effect of
tandem high-dose chemotherapy (HDC) on long-term complete remissions (LTCR) in metastatic breast cancer (MBC), compared
to conventional dose (CDC) in patients (pts) who were not selected on the basis of response to prior C: Mature results of the
IBDIS-I. J. Clin. Oncol. 2004, 22 (Suppl. S14), 631.

12. Mundt, A.J.; Sibley, G.S.; Williams, S.; Rubin, S.J.; Heimann, R.; Halpern, H.; Weichselbaum, R.R. Patterns of failure of complete
responders following high-dose chemotherapy and autologous bone marrow transplantation for metastatic breast cancer:
Implications for the use of adjuvant radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 1994, 30, 151–160. [CrossRef]

13. Carter, D.L.; Marks, L.B.; Bean, J.M.; Broadwater, G.; Hussein, A.; Vredenburgh, J.J.; Peters, W.P.; Prosnitz, L.R. Impact of
Consolidation Radiotherapy in Patients With Advanced Breast Cancer Treated With High-Dose Chemotherapy and Autologous
Bone Marrow Rescue. J. Clin. Oncol. 1999, 17, 887. [CrossRef] [PubMed]

14. Vanderwalde, A.; Ye, W.; Frankel, P.; Asuncion, D.; Leong, L.; Luu, T.; Morgan, R.; Twardowski, P.; Koczywas, M.; Pezner, R.;
et al. Long-Term Survival after High-Dose Chemotherapy Followed by Peripheral Stem Cell Rescue for High-Risk, Locally
Advanced/Inflammatory, and Metastatic Breast Cancer. Biol. Blood Marrow Transplant. 2012, 18, 1273–1280. [CrossRef] [PubMed]

15. Antman, K.; Ayash, L.; Elias, A.; Wheeler, C.; Hunt, M.; Eder, J.P.; Teicher, B.A.; Critchlow, J.; Bibbo, J.; Schnipper, L.E. A phase II
study of high-dose cyclophosphamide, thiotepa, and carboplatin with autologous marrow support in women with measurable
advanced breast cancer responding to standard-dose therapy. J. Clin. Oncol. 1992, 10, 102–110. [CrossRef] [PubMed]

16. Somlo, G.; Sniecinski, I.; Odom-Maryon, T.; Nowicki, B.; Chow, W.; Hamasaki, V.; Leong, L.; Margolin, K.; Morgan, R.; Raschko,
J.; et al. Effect of CD34+ Selection and Various Schedules of Stem Cell Reinfusion and Granulocyte Colony-Stimulating Factor
Priming on Hematopoietic Recovery After High-Dose Chemotherapy for Breast Cancer. Blood 1997, 89, 1521–1528. [CrossRef]

17. Berry, D.A.; Ueno, N.T.; Johnson, M.M.; Lei, X.; Caputo, J.; Rodenhuis, S.; Peters, W.P.; Leonard, R.C.; Barlow, W.E.; Tallman, M.S.;
et al. High-Dose Chemotherapy With Autologous Stem-Cell Support As Adjuvant Therapy in Breast Cancer: Overview of 15
Randomized Trials. J. Clin. Oncol. 2011, 29, 3214–3223. [CrossRef]

18. Milano, M.T.; Katz, A.W.; Zhang, H.; Huggins, C.F.; Aujla, K.S.; Okunieff, P. Oligometastatic breast cancer treated with
hypofractionated stereotactic radiotherapy: Some patients survive longer than a decade. Radiother. Oncol. 2019, 131, 45–51.
[CrossRef]

19. Palma, D.A.; Olson, R.; Harrow, S.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.;
et al. Stereotactic Ablative Radiotherapy for the Comprehensive Treatment of Oligometastatic Cancers: Long-Term Results of the
SABR-COMET Phase II Randomized Trial. J. Clin. Oncol. 2020, 38, 2830–2838. [CrossRef]

20. Harrow, S.; Palma, D.A.; Olson, R.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.; et al.
Stereotactic Radiation for the Comprehensive Treatment of Oligometastases (SABR-COMET): Extended Long-Term Outcomes.
Int. J. Radiat. Oncol. Biol. Phys. 2022, S0360-3016(22)00412-6. [CrossRef]

21. Chmura, S.; Winter, K.A.; Robinson, C.; Pisansky, T.M.; Borges, V.; Al-Hallaq, H.; Matuszak, M.; Park, S.S.; Yi, S.; Hasan, Y.; et al.
Evaluation of Safety of Stereotactic Body Radiotherapy for the Treatment of Patients With Multiple Metastases. JAMA Oncol.
2021, 7, 845. [CrossRef] [PubMed]

22. Trovo, M.; Furlan, C.; Polesel, J.; Fiorica, F.; Arcangeli, S.; Giaj-Levra, N.; Alongi, F.; Del Conte, A.; Militello, L.; Muraro, E.; et al.
Radical radiation therapy for oligometastatic breast cancer: Results of a prospective phase II trial. Radiother. Oncol. 2018, 126,
177–180. [CrossRef] [PubMed]

23. Milano, M.T.; Zhang, H.; Metcalfe, S.K.; Muhs, A.G.; Okunieff, P. Oligometastatic breast cancer treated with curative-intent
stereotactic body radiation therapy. Breast Cancer Res. Treat. 2009, 115, 601–608. [CrossRef] [PubMed]

24. Lemoine, P.; Bruand, M.; Kammerer, E.; Bogart, E.; Comte, P.; Royer, P.; Thariat, J.; Pasquier, D. Stereotactic Body Radiation
Therapy for Oligometastatic Breast Cancer: A Retrospective Multicenter Study. Front. Oncol. 2021, 11, 736690. [CrossRef]

http://doi.org/10.1200/JCO.1999.17.10.3064
http://doi.org/10.1001/jama.282.14.1335
http://doi.org/10.1200/JCO.2010.32.5936
http://doi.org/10.1200/JCO.1996.14.11.2984
http://doi.org/10.1053/bbmt.2002.v8.pm12017145
http://doi.org/10.1016/0360-3016(94)90530-4
http://doi.org/10.1200/JCO.1999.17.3.887
http://www.ncbi.nlm.nih.gov/pubmed/10071280
http://doi.org/10.1016/j.bbmt.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22306735
http://doi.org/10.1200/JCO.1992.10.1.102
http://www.ncbi.nlm.nih.gov/pubmed/1727912
http://doi.org/10.1182/blood.V89.5.1521
http://doi.org/10.1200/JCO.2010.32.5910
http://doi.org/10.1016/j.radonc.2018.11.022
http://doi.org/10.1200/JCO.20.00818
http://doi.org/10.1016/j.ijrobp.2022.05.004
http://doi.org/10.1001/jamaoncol.2021.0687
http://www.ncbi.nlm.nih.gov/pubmed/33885704
http://doi.org/10.1016/j.radonc.2017.08.032
http://www.ncbi.nlm.nih.gov/pubmed/28943046
http://doi.org/10.1007/s10549-008-0157-4
http://www.ncbi.nlm.nih.gov/pubmed/18719992
http://doi.org/10.3389/fonc.2021.736690


Cancers 2022, 14, 5000 11 of 11

25. Weykamp, F.; König, L.; Seidensaal, K.; Forster, T.; Hoegen, P.; Akbaba, S.; Mende, S.; Welte, S.E.; Deutsch, T.M.; Schneeweiss,
A.; et al. Extracranial Stereotactic Body Radiotherapy in Oligometastatic or Oligoprogressive Breast Cancer. Front. Oncol.
2020, 10, 987. [CrossRef]

26. Wijetunga, N.A.; Dos Anjos, C.H.; Zhi, W.I.; Robson, M.; Tsai, C.J.; Yamada, Y.; Dover, L.; Gillespie, E.F.; Xu, A.J.; Yang, J.T.
Long-term disease control and survival observed after stereotactic ablative body radiotherapy for oligometastatic breast cancer.
Cancer Med. 2021, 10, 5163–5174. [CrossRef]

27. Kobayashi, T.; Ichiba, T.; Sakuyama, T.; Arakawa, Y.; Nagasaki, E.; Aiba, K.; Nogi, H.; Kawase, K.; Takeyama, H.; Toriumi, Y.; et al.
Possible clinical cure of metastatic breast cancer: Lessons from our 30-year experience with oligometastatic breast cancer patients
and literature review. Breast Cancer 2012, 19, 218–237. [CrossRef]

28. David, S.; Tan, J.; Savas, P.; Bressel, M.; Kelly, D.; Foroudi, F.; Loi, S.; Siva, S. Stereotactic ablative body radiotherapy (SABR) for
bone only oligometastatic breast cancer: A prospective clinical trial. Breast 2020, 49, 55–62. [CrossRef]

29. Burstein, H.J.; Somerfield, M.R.; Barton, D.L.; Dorris, A.; Fallowfield, L.J.; Jain, D.; Johnston, S.R.D.; Korde, L.A.; Litton, J.K.;
Macrae, E.R.; et al. Endocrine Treatment and Targeted Therapy for Hormone Receptor–Positive, Human Epidermal Growth
Factor Receptor 2–Negative Metastatic Breast Cancer: ASCO Guideline Update. J. Clin. Oncol. 2021, 39, 3959–3977. [CrossRef]

30. Martínez-Sáez, O.; Prat, A. Current and Future Management of HER2-Positive Metastatic Breast Cancer. JCO Oncol. Pract. 2021,
17, 594–604. [CrossRef]

31. Gennari, A.; André, F.; Barrios, C.H.; Cortés, J.; De Azambuja, E.; Demichele, A.; Dent, R.; Fenlon, D.; Gligorov, J.; Hurvitz, S.A.;
et al. ESMO Clinical Practice Guideline for the diagnosis, staging and treatment of patients with metastatic breast cancer. Ann.
Oncol. 2021, 32, 1475–1495. [CrossRef] [PubMed]

32. Ngwa, W.; Irabor, O.C.; Schoenfeld, J.D.; Hesser, J.; Demaria, S.; Formenti, S.C. Using immunotherapy to boost the abscopal effect.
Nat. Rev. Cancer 2018, 18, 313–322. [CrossRef] [PubMed]

33. Donovan, E.; Dhesy-Thind, S.; Mukherjee, S.; Kucharczyk, M.; Swaminath, A. Attitudes and beliefs toward the use of stereotactic
body radiotherapy in oligometastatic breast cancer: A commentary on a survey of Canadian Medical Oncologists. Breast J. 2019,
25, 1222–1224. [CrossRef] [PubMed]

34. Beduk Esen, C.S.; Gultekin, M.; Yildiz, F. Role of radiotherapy in oligometastatic breast cancer: Review of the literature. World J.
Clin. Oncol. 2022, 13, 39–48. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2020.00987
http://doi.org/10.1002/cam4.4068
http://doi.org/10.1007/s12282-012-0347-0
http://doi.org/10.1016/j.breast.2019.10.016
http://doi.org/10.1200/JCO.21.01392
http://doi.org/10.1200/OP.21.00172
http://doi.org/10.1016/j.annonc.2021.09.019
http://www.ncbi.nlm.nih.gov/pubmed/34678411
http://doi.org/10.1038/nrc.2018.6
http://www.ncbi.nlm.nih.gov/pubmed/29449659
http://doi.org/10.1111/tbj.13435
http://www.ncbi.nlm.nih.gov/pubmed/31264272
http://doi.org/10.5306/wjco.v13.i1.39
http://www.ncbi.nlm.nih.gov/pubmed/35116231

	Introduction 
	Materials and Methods 
	Patients 
	Treatment 
	HDCT Regimen 
	Additional Therapies 

	Statistical Considerations 

	Results 
	Discussion 
	Conclusions 
	References

