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Abstract: Radiation therapy (RT) is an important component of breast cancer treatment that reduces
local recurrence and improves survival after breast conservation. Breast conservation rates have increased
significantly since the late 1980s and techniques have improved with greater awareness of the impact of
radiation on the heart. An overview of randomized controlled trials of breast conservation using standard
whole breast irradiation, whole breast hypofractionation, accelerated partial breast irradiation (APBI) and
intraoperative radiation are reviewed. Selection criteria for breast conservation and the utility of adding a
boost dose to the primary tumor site are reviewed. Modern dose constraints are documented and 10 different
radiation techniques from the 1980s through to modern volumetric modulated arc therapy (VMAT) are
compared for a patient where the breast and internal mammary nodes are treated. A radiation boost reduces
the risk of a recurrence for most, but not all patients. Short courses of RT over 3—4 weeks are generally as
effective as longer courses. Short-term follow-up of trials of APBI show promise for selected good prognosis
subgroups. The role of intraoperative radiation remains controversial. In the last 30 years, there have been
significant advances in radiation techniques. Modern radiotherapy equipment and techniques will reduce

complications and improve survival rates.
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Introduction In the 1920s, radium was used following conservative

. . . surgery by surgeon Geoffrey Keynes at St. Bartholomew’s,
A year after Wilhelm Réntgen discovered X-rays in 1895, . . . ,
London, producing equivalent survival rates to Halsted’s

radiation was used by Emil Grubbe in Chicago to treat radical mastectomy, introduced in 1896. Keynes compared

a patient with inoperable breast cancer, using radiation
energies that could penetrate at most a superficial skin
cancer today (1). In January 1896, Grubbe (manufacturer
of Crookes Cathode Ray Tubes) treated Mrs Rose Lee, a
patient with locally advanced breast cancer, after the idea
was prompted by a physician who reviewed Grubbe’s hand
which had radiation dermatitis, epilation and ulceration

from his experiments.
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his technique to Halsted’s, writing that “unnecessarily drastic
operations are thereby eliminated, and to many women the
saving of the breast is of the greatest psychological significance”
(Figure 1) (2,3).

Following World War 1, “deep X-ray” was introduced,
with energies up to 200 kV. Megavoltage linear accelerators
and cobalt beam were largely introduced in the 1960s (4).
However, radiation therapy (RT) remained imprecise, with
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Figure 1 Breast conservation in the 1920s using radium needles
(with permission, British Fournal of Surgery).

lower energies causing severe skin reactions, and planning
involving surface anatomy, gentian violet marks and
tracing paper, rather than the sophisticated imaging and
3D-computing techniques of today.

Techniques have evolved since the 1980s when
radiotherapy plans were often done at the center of the treated
breast known as the “central axis” [two dimensional (2D)
plans] with plain X-ray verification films. Later plans were
done with an additional slice at the superior and inferior ends
of the field (Figure 2A4,B). With the advent of supercomputing
and improved software algorithms, 3D plans allow better
dose uniformity across the breast that reduces areas of fibrosis
and potentially breast edema, as well as reduced heart and
lung doses (Figure 2C). Further, there is better understanding
about the various pathologic sub-types of invasive cancer and
the risk of local recurrence, with ongoing trials evaluating
hormone therapy alone after conservative surgery for selected,
biologically low-risk tumors (5-9).

Initial trials of breast conservation using
standard fractionation

Moving from traditional mastectomy to breast conservation
took time, as many clinicians could not believe that
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Figure 2 Historical two dimensional planning techniques. (A)
Medial tangent simulation film (heart border marked in yellow); (B)
2D radiation plan (heart not contoured); (C) coronary angiogram
showing constriction of left anterior descending coronary artery

(arrows) eight years after radiation to the left breast.

conservation was equivalent to more extensive surgery.
Mastectomy rates varied significantly by institution and
surgeon. Dedicated breast surgeons had lower mastectomy
rates than general surgeons, and mastectomy rates were
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Table 1 Trials of conservative surgery and whole breast irradiation versus mastectomy

% local recurrence

Boost
_— ) Years Tumor  Breast 008 Breast dose/
Institution First author Years No. . dose . Breast
FU size (mm) dose (Gy) fraction (Gy) Mastectomy
(Gy) conservation
Institut Gustave-  Arriagada 1972-1979 179 14.5 <20 45 15 2.5 18 13
Roussy
Milan Veronesi 1973-1980 701 20 <20 50 10 2.0 2.3 8.8
NSABP B-06 Fisher 1976-1984 1,444 21 <40 50 0 2.0 10.2* 2.7%
NCI Poggi 1979-1987 237 18 <50 45-50.4 15-20 1.8 6.9 25.6
EORTC 10801 van Dongen 1980-1986 868 10 <50 50 25 2.0 12.2 19.7
Denmark Blichert-Toft 1983-1989 793 20  Anysize 50 10-25 2.0 11.5 8.5

*, first failure (20-year actuarial for conservation arm was 14.3%). Others include local recurrence +/— regional +/- distant.

usually lower in urban areas (10). Making this change
required the efforts of individual clinician champions,
breast cancer advocacy groups, Government investment in
guideline development and the media.

The initial trials of breast conservation compared the
procedure of total mastectomy and axillary dissection
to various breast conservation techniques with radiation
(11-16). Tible 1 shows the vast differences in local recurrence
rates which, in retrospect, were largely due to poor
selection criteria, poor imaging and often positive margins.
However, these trials became the foundation of future
trials that modified their surgical and radiation techniques
and numerous non-randomized trials that showed
excellent local control rates without a mastectomy (17).
Further, they clearly showed that mastectomy did not
improve survival rates; indeed, in some sub-groups, such as
node-positive patients, mastectomy was inferior to breast
conservation (15).

Selection criteria for RT

There are no specific contraindications to breast conservation
based on age or family history or stage of disease, but
radiation must be avoided or delayed for patients who are
pregnant, and care should be taken for patients with active
collagen vascular diseases. Finally, some patients want to
avoid radiation if possible and prefer a mastectomy after
informed consent. A mastectomy or initial neoadjuvant
chemotherapy is indicated for larger tumours that cannot
be removed with an acceptable cosmetic result. In the
1980s and 1990s, many factors that can increase the risk
of a recurrence in the breast after conservative surgery
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and radiation were identified, such as very young age at
diagnosis, an extensive intraductal component (EIC),
lymphatic vessel invasion and, importantly, margins of
resection (17-19). Recent guidelines defining a clear margin
as no ink on the surgical edge will hopefully reduce the risk
of unnecessary re-excisions, particularly given falling local
recurrence rates with better imaging and patient selection,
and the use of chemotherapy, hormonal treatment (HT)
and trastuzumab (Herceptin®) (20-22). A Danish study of
11,900 patients found no evidence of improved local control
by margin depth (23).

When whole breast radiation is required, it should be
given with the minimum delay possible (usually 3—4 weeks),
particularly for patients not receiving chemotherapy.
Assuming a 10-year risk of breast cancer recurrence of 6%,
it is estimated that the absolute risk is increased by a further
0.5% for every month treatment is delayed (24).

The role of a radiation boost to the primary
tumor site

Detailed pathologic studies done by Holland in the 1980’
found that, irrespective of primary tumor size, about 40%
of patients had cancer cells 2 cm beyond the edge of the
primary tumor and 11% of patients had cancer cells as far
as 4 cm away from the edge of the primary tumor. The
residual tumor was often ductal carcinoma in situ (DCIS) as
well as cancer in the lymphatics (25). Further, early studies
of the recurrence patterns after conservative surgery and RT
found that 60-70% occurred at the primary site, identifying
this as an important focus area for clinical examination,
additional mammographic views, ultrasound and non-
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surgical biopsy after treatment (18,26).

In a long-term retrospective study from Westmead
Hospital, most patients who developed recurrent breast
cancer did so in the region of the original primary site.
Most recurrences in the breast were within the scar or boost
region with a median time to recurrence of 38 months
(range, 8-127 months). Recurrences that occurred
elsewhere in the breast accounted for 31% of all recurrences
and tended to occur later, with a median follow-up of
56 months (range, 30-101 months). Long-term follow-
up is therefore important when evaluating partial breast
irradiation techniques (26).

A European EORTC trial of over 5,000 patients reported
a 20-year breast tumor recurrence rate of 16.4% in the no-
boost group versus 12.0% in the boost group (P<0.0001) (27).
The boost significantly reduced the risk of a recurrence for
young patients or those with an EIC or a grade 3 tumor.
For patients with grade 3, ER-negative tumors, the boost
reduced the risk of a breast tumor recurrence from 31% to
5% (P=0.01), highlighting the need to boost biologically
more aggressive tumors irrespective of fractionation
schedule (28). Given the fall in local recurrence, not all
patients require a boost (29,30). A Cochrane review of the
utility of a boost can be found elsewhere (31).

A previous study by Boyages found that patients treated
without a boost (usually because of a large excision specimen
or a negative re-excision) had no increase in the risk of local
recurrence compared to patients who did receive a boost,
and doses to the primary tumor site above 60 Gy did not
improve local tumor control (26). In contrast, re-excision
was associated with a higher risk of local recurrence in
the Danish margin study and the authors postulated that
the increased delay in commencing adjuvant therapy or
inadequate re-excision due to poor orientation of the initial
specimen could be contributing factors (23). Adams found a
similar result, where six of the 64 re-excised patients (9.4%)
had a recurrence in the breast versus 12 of the 459 non-
re-excised patients (2.6%) (P=0.02) and argued that this is
most likely due to tumor biology (32). Despite this finding,
a large retrospective study from the Netherlands found
that patients who had a re-excision and conservation, or re-
excision followed by a subsequent mastectomy had identical
survival rates to patients who underwent breast conservation
in one procedure (33).

There is a danger with modern voluming that potential
under-dosing can occur of the primary tumor bed compared
to older techniques. Important issues to consider when
planning a boost PTV include the following:
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Understand the exact location of the tumor
by examining the pre-operative mammogram
(Figure 3A4,B), ultrasound (Figure 3C) and breast
MR, if available. Particularly understand how
close to the chest-wall or skin the tumor is
located, as tight radiation margins may lead to
under-dosing.

Correlate the depth of the tumor using pre-
operative breast ultrasound of the index lesion.
Usually the relationship of the tumor to the skin
can be observed (Figure 3C).

Examine the pre-operative lymphoscintigram
images which often include a CT scan (Figure 3D).
The primary breast tumor is sometimes clearly
visible and distances from the midline and
anterior/posterior position more clearly visible.
Examine any pre-operative CT or PET-CT scans
of the thorax to locate the breast lesion (34). An
example of a tumor close to the pectoral fascia is
shown in Figure 4.

Patients with tumors abutting the chest-wall
should include a 3-5 mm margin into the lung to
avoid under-dosing of the posterior aspect of the
tumor, which is often removed with very close
pathologic margins.

Carefully read the macroscopic section of the
pathology report to determine if extra shaves of tissue
were taken around the initial excision and correlate
this with the final excision margins. It makes sense to
use wider expansions in areas of closer margins.
Determine if there are risk factors for local
recurrence such as extensive lymphatic invasion,
an EIC and possibly very young patient age,
where a more generous boost should be used.
Review planning CT scan and note any seroma
which may delineate tumor cavity or preferably
the location of titanium clips placed at the surgical
cavity (Figure 5). Our practice is to routinely place
titanium clips onto the walls of the excision cavity
(medial, lateral, superior and inferior aspects)
at the 3, 6, 9 and 12 o’clock position and at the
center of the excision cavity on the pectoralis
fascia prior to any breast remodeling. More details
are found elsewhere (35).

For patients where there is risk of sub-clinical
nipple duct involvement, such as those with high-
grade DCIS close to the nipple, attention to the
margin extending towards the nipple should be
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Figure 3 Imaging methods to determine the location of a primary tumour bed. (A) Mediolateral oblique view; arrow showing post core

biopsy clip; (B) craniocaudal view (arrow showing tumor); (C) breast ultrasound showing tumor (yellow arrow); skin (blue arrow) and base of

breast (red arrow); (D) pre-operative low dose CT scan as part of lymphoscintigram showing tumor (arrowed).

considered (36).

(X) It is insufficient simply to “boost the scar”,
because with modern oncoplastic techniques,
the scar often has no relationship to the actual
primary tumor site where the risk of recurrence is

© Gland Surgery. All rights reserved. gs.amegroups.com

highest (35). Different boost techniques include
electron beam, which creates more skin reaction,
or an external photon boost, which may involve
treating more normal tissue, or more localized
synchronous boost techniques.

Gland Surg 2018;7(6):576-595
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Figure 4 Pre-operative PET-CT scan of a patient with a tumor

(arrowed) close to the chest wall.

Figure 5 Red = breast planning tumor volume (PTV);
green = boost gross-tumor volume (GTV) showing titanium clips;
aqua = boost clinical tumor volume (CTV = GTV + 10 mm);
yellow = boost PTV (CTV + 7 mm).

Marking the boost region on a planning CT scan of the
breast appears simple, but poor technique can potentially
increase the risk of local relapse. In one study, which
assessed the RT'OG breast voluming atlas, there was marked
variation in the boost planning target volume (Boost_
PTV) but less variation in the boost gross tumor volume
(Boost_GTV), which essentially circled the lumpectomy
cavity seroma and any associated breast surgical clips (37).
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One drawback of the RTOG atlas is the lack of clarity
regarding definition of the PTV. In a similar study from the
Netherlands with documented guidelines which included
a total margin from the CTV of approximately 20 mm,
inter-observer variation was shown to be substantial (SD
2-12 mm) for the clinical target volume (CTV), despite
delineation guidelines (38).

With all the above caveats, the NRG Oncology NSABP
protocol B-51/RTOG protocol 1304, boost guidelines are
useful.

Lumpectomy GTV: represented the surgical cavity from
the breast conserving surgery with contouring using all
available clinical and radiographic information including the
excision cavity volume, architectural distortion, lumpectomy
scar, seroma and/or extent of surgical clips.

Lumpectomy CTV: consists of the contoured
lumpectomy plus a 10-mm 3D expansion with the following
3 limitations: (I) CTV limited posteriorly at anterior surface
of the pectoralis major; (II) antero-laterally 5 mm from skin;
and (IIT) CTV should not cross midline (39).

Lumpectomy PTV: this is a 7-mm expansion on the
Lumpectomy CTV and excludes the heart (Figure 5).
Therefore the potential total expansion from the GTV was
17 mm, similar to the 20 mm above for the Netherland
study (40,41). We use a 10 rather than 7 mm expansion
for patients at higher risk of a local recurrence, e.g., with
extensive lymphovascular invasion present.

Conservative surgery alone

One way of reducing radiation toxicity has been to reduce
the volume of the breast receiving radiation. The most
extreme form of this is to recommend no radiation at all. In
Fisher’s NSABP-B06 study, the incidence of an ipsilateral
breast recurrence was 14.3% for women who underwent
lumpectomy and breast irradiation, compared to 39.2%
for women who underwent lumpectomy alone (P<0.001).
RT was associated with a marginally significant decrease
in deaths due to breast cancer [hazard ratio (HR) 0.82;
P=0.04]. At 20 years, there were 44 more deaths from breast
cancer for patients who had lumpectomy alone than for
those who had lumpectomy and radiation, equating to a
10% difference in breast cancer death rate (11). By collating
individual data from multiple trials, the Oxford overview
confirmed what we expected: with time, higher recurrence
rates were associated with subsequent death rates. After
conservative surgery, RT to the breast halves the overall
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Table 2 Meta-analysis from over 10,000 women in 17 randomized trials of radiation versus no radiation after breast-conserving surgery

Pathological nodes No. patients Treatment % loco-regional recurrence % breast cancer mortality
All 10,801 No RT 25 25
RT 8 21
Negative 7,287 No RT 23 21
RT 7 17
Positive 1,050 No RT 43 51
RT 12 43

RT, breast conserving whole breast radiation.

Table 3 Trials of conservative surgery and accelerated whole breast irradiation versus conventional radiation (50 Gy in 25 fractions)

- First Years  Tumor Breast Boost Accelerated breast % local recurrence
Institution Years No. . )
author FU size (mm) dose (Gy) dose (Gy) dose/fraction (Gy) WBI AWBI
Royal Marsden/ Owen  1986-1998 1,410 9.7 <50 39/42.9 14 (74% of pts) 3.0/3.3 121 14.8/9.6
Gloucestershire (over 5 w)
Ontario Oncology Whelan 1993-1996 1,234 12 <50 42.5 0 2.66 6.7 6.2
Group
START-A Haviland 1999-2002 2,236 9.3 <50 39/41.6 10 (61% of pts) 3.0/3.2 6.7 8.1/5.6
(over 5 w)
START-B Haviland 1999-2001 2,215 9.9 <50 40 10 (43% of pts) 2.67 5.2 3.8
West Midlands Spooner 1985-1992 358 16.9 <80 40 15 (all pts) 2.67 11.9 13.8

WBI, whole breast irradiation; AWBI, accelerated whole breast irradiation.

recurrence rate and reduces breast cancer mortality by
about one-sixth (Table 2) (42).

Several trials attempted conservative surgery firstly
with or without RT; and later, with or without HT;, usually
tamoxifen (TAM). Although recent trials have reported
lower recurrence rates, this is partly due to shorter follow-
up and better patient selection and may not generally
apply to a community setting. The Oxford overview found
that older patients with small, low-grade, oestrogen-
receptor (ER) positive tumors have a low recurrence rate
and are possible candidates to omit RT in some clinical
circumstances (42) and others have tested accelerated
partial breast irradiation (APBI) in this low-risk group (43).
Boyages and others have recently reviewed trials of lower-
risk older patients with small, ER-positive, node-negative
tumors randomized between conservative surgery +/- RT
and/or HT (44,45). Adjuvant HT reduces the risk of an in-
breast recurrence when compared with surgery alone, but
the combination of RT +/- HT is more effective and more
sustainable (11,46-51). However, for highly selected patients
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with wider margins, minimal associated DCIS and no
lymphatic invasion or other risk factors, this option should
be discussed. If implemented, it is critically important to
ensure close clinical and imaging follow-up for at least 10—
15 years. The 15-year data of the Swedish sector resection
versus sector resection + RT found a local recurrence of
23.9% versus 11.5% (P<0.001) with associated lower overall
survival of 68.4% versus 71.1% (P=0.68) (52). For patients
who want more “insurance”, a short hypofractionated
technique over 3 weeks, or APBI technique over 2 weeks is
probably better than no radiation.

Accelerated whole breast irradiation (AWBI)

Hypofractionation involves a shorter or accelerated radiation
course with higher daily doses for the same biological effect
(Table 3) (53-56). AWBI saves the patient time and money
and reduces pressure on public radiotherapy units. The
UK Standardization of Breast Radiotherapy (START)-A
trial compared standard 50 Gray (Gy) in 25 attendances

Gland Surg 2018;7(6):576-595
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(fractions) to 41.6 or 39 Gy in 13 fractions. In START-B,
50 Gy in 25 fractions over 5 weeks was compared with 40 Gy
in 15 fractions over 3 weeks (54) similar to another UK study
from the West Midlands Oncology Group (55). A Canadian
trial for node- and margin-negative disease compared
42.5 Gy in 16 fractions to 50 Gy in 25 fractions (56).
Boost was optional in the UK trials and omitted in the
Canadian trials. Shorter schedules were not worse for local
recurrence or survival compared to the control group (4.7%,
P=0.01), except for high-grade tumors (15.6% 10-year
local recurrence), perhaps due to the lack of a radiation
boost in the Canadian trial. More detailed analysis and a
longer follow-up of the Canadian study found that grade
alone did not influence local recurrence, which was lower
for low-grade ER-positive tumors (4.5%) and higher-grade
triple-negative breast cancer (4.5%), but statistically higher
(P<0.001) for higher-grade ER-positive tumors (7.9%) and
those with HER2-positive tumors (6.9%) (57). The START
trials did not demonstrate a higher local recurrence rate
for higher-grade tumors, perhaps because 61% received an
additional RT boost.

In practice, standard fractionation appears to be better
for larger-breasted women for whom increased breast
oedema can be a problem. It remains to be seen if this can
be reduced with more sophisticated radiation techniques. In
the Canadian trial, women with large breasts were excluded,
few women received chemotherapy and nodal radiation
was not given. In the START trial, cosmetic result was not
inferior for larger-breasted women, but only a small number
were in this group (15.6%). However, a recent study
from the MD Anderson Cancer Center randomized 287
women, 40 years or older with stage 0 to II breast cancer
for standard fractionation to the whole breast [50.00 Gy/25
fractions + boost (10.00-14.00 Gy/5-7 fractions)] vs. AWBI
[42.56 Gy/16 fractions + boost (10.00-12.50 Gy/4-5
fractions)]. Of note, 76% of study participants were
overweight or obese and large breast size was not a
contraindication to treatment. Treatment with AWBI
yielded lower rates of acute effect than WBI, as well as less
fatigue and less difficulty meeting family needs 6 months
after completing RT. Longer follow-up is required to assess
late outcomes such as fibrosis and cosmesis, although it is
highly probable that with modern planning techniques,
such as intensity modulated radiation therapy (IMRT) or
volumetric modulated arc therapy (VMAT), reduced-dose
inhomogeneity will lead to reduced toxicity for larger-
breasted women (58). Studies of five treatments (one per
week for five weeks) are also being evaluated. With a
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median follow-up of 37.3 months, two local tumor relapses
occurred and 28.5 Gy in 5 fractions was found to be
comparable to 50 Gy in 25 fractions and significantly milder
than 30 Gy in 5 fractions in terms of adverse effects in the
breast (59).

Recent meta-analyses of published and unpublished
studies of hypofractionation include 13 trials with 8,189
participants. No differences were observed in local failure
(7 trials), loco-regional failure (8 trials) or survival (4
trials). Further, hypofractionated RT was associated with
significantly less acute toxicity, but no difference in late
cosmesis (60,61).

The Australian and US guidelines only recommend
hypofractionated treatment for patients 50 years or older
who have node-negative tumors up to 5cm, have had
no chemotherapy and where breast size and treatment
technique minimises dose variation across the volume
(62,63) and the Australian guidelines advise caution when
recommending this approach to other patients. The UK
NICE guidelines recommended that all patients receive
40 Gy in 15 fractions (64).

A pragmatic approach is to prescribe 42.5 Gy in 16
fractions if a boost is not required (e.g., negative re-
excision, unicentric luminal A tumor in a patient over 70
with negative margins and no lymphatic vessel invasion). If
a boost is required, 40 Gy in 15 fractions followed by 10 Gy
in 4 or 5 fractions is acceptable. A German group has tested
40 Gy in 16 fractions for a synchronous integrated boost
of an additional 0.5 Gy per fraction to the tumor bed for a
total dose of 48.0 Gy in 16 fractions with good tolerance
and minimal complications (65).

APBI

The utility of APBI is not yet entirely clear, largely because
of the still relatively short follow-up in these studies.
However, it is an option for older patients with small,
unicentric good prognosis tumors with negative margins.
This type of radiation can be delivered using several
techniques: (I) interstitial brachytherapy (high dose rate,
pulsed dose rate, permanent implants); (II) brachytherapy
using the balloons (Mammosite®, Contura®); (IIT) hybrid
brachytherapy devices [strut-adjusted volume implant
(SAVI) applicator]; (IV) external beam radiotherapy (3D,
IMRT, VMAT); or (V) intraoperative radiotherapy with
electrons or X-rays, (detailed below). A review of these
techniques and associated controversies has been reported
elsewhere (66,67).

Gland Surg 2018;7(6):576-595
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The Groupe Europeen de Curiethrapie-European
Society of Therapeutic Radiology and Oncology (GEC-
ESTRO) randomized 1,184 patients to whole breast
irradiation or interstitial APBI. Between 2004 and 2009,
551 patients had whole-breast irradiation with tumor-bed
boost and 633 patients received APBI using interstitial
multicatheter brachytherapy (68).

Patients were considered eligible for the trial if they were
aged 40 years or older, had localized pTis or pT'1-2a (lesions
of <3 cm diameter), pNO/pNmi, and MO breast cancer,
had undergone local excision of the breast tumor with
microscopically clear resection margins of at least 2 mm
in any direction (in cases of invasive lobular carcinoma or
DCIS, at least 5 mm), and had no lymphovascular invasion.

APBI was delivered with high-dose-rate (HDR) or
pulsed-dose-rate (PDR) multicatheter brachytherapy.
For HDR brachytherapy, a total dose of 32.0 Gy in eight
fractions or 30.3 Gy in seven fractions, with fractionation
twice a day was prescribed. For PDR brachytherapy, a total
of 50 Gy with pulses of 0.60-0.80 Gy/hour (one pulse per
hour, 24 h/day) was given. Patients allocated irradiation of
the whole breast were delivered a total dose of 50.0-50.4 Gy
in 25-28 fractions. An electron boost of 10 Gy in five
fractions was also given.

The 5-year local recurrence rate was 1.4% for APBI and
0.9% for whole-breast irradiation (P=0.42). Five-year toxicity
profiles and cosmetic results were similar in patients treated
with breast-conserving surgery followed by either APBI
with interstitial brachytherapy or conventional whole-breast
irradiation, with significantly fewer grade 2-3 late skin side-
effects after APBI with interstitial brachytherapy (69).

GEC-ESTRO also conducted a similar trial using IMRT
techniques for the APBI arm. In this study, for patients
assigned to the APBI arm, the CTV was drawn with a
uniform 10 mm three-dimensional margin around the
surgical clips and was limited to 3 mm from the skin surface.
A second uniform three-dimensional 10 mm margin was
added to the CTV to obtain the PTV. The PTV could
extend 4 mm inside the ipsilateral lung. A dose of 30 Gy in
five non-consecutive daily fractions at 6 Gy/fraction was
prescribed over 2 weeks.

The following constraints were adopted: 100% of PTV
covered by 95% of the prescribed dose (V28.5 =100%);
maximal dose to PTV <105% (31.5 Gy); minimal dose to
PTV 28 Gy (93.3%); un-involved ipsilateral breast: (V15
<50%); ipsilateral lung (V10 <20%); contralateral lung (V5
<10%); contralateral breast, maximal dose <1 Gy; and heart
(V3 <10%). The 5-year IBTR rate was 1.5% (three cases) in
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the APBI group and 1.4% (three cases) in the whole breast
irradiation group (P=NS). The APBI group presented
significantly better results considering acute (P=0.0001),
late (P=0.004), and cosmetic outcome (P=0.045) (70). A trial
from Barcelona also used external beam irradiation for the
APBI arm, which significantly reduced the complexity of
this technique (71).

In the UK-Import-Low trial, patients assigned to whole-
breast radiotherapy (control) received 40 Gy in 15 fractions,
those assigned to the reduced-dose group received 36
Gy in 15 fractions to the whole breast and 40 Gy in 15
fractions to the partial breast containing the tumor bed, and
those assigned to the partial-breast group received 40 Gy
in 15 fractions. In this study, the GTV (seroma or area
of titanium clips) was expanded by 15 mm to obtain the
CTV and a further 10 mm for the PTV. Anteriorly, the
PTV was 5 mm from the skin surface and did not extend
beyond the pectoral fascia posteriorly and/or was no more
than 5 mm from the lung/chest wall interface. The partial-
breast radiotherapy technique used standard tangential
fields that were simply shortened to encompass the PTV,
which meant that while a larger volume of breast is treated
than with other 3D conformal or IMRT and brachytherapy
techniques, tangential beams minimise the dose to
surrounding organs at risk, such as the heart and lungs, by
keeping the exit beams within the breast. Breast hardness
was reported by patients in 35%, 21% and 15% of the
whole-breast control, whole breast (reduced dose group)
and the partial breast groups respectively (72).

Local recurrence and late normal-tissue effects
were uncommon in all groups (7zble 4). Significantly
fewer patients reported breast hardness in the partial-
breast radiotherapy group compared with the control.
An unexpected problem of PBI is that there is a higher
incidence of recurrence in the axilla, as whole breast
irradiation also partially treats level 1 and 2 of the axilla (73).

The American Society for Radiation Oncology (ASTRO)
has updated its consensus statement on the use of APBI
with the “Suitable” group now including the following
patient and tumor factors: age >50 y; margins negative by
at least 2 mm; T stage: Tis or T'1 or screen-detected low
to intermediate nuclear grade DCIS <2.5 c¢m resected with
margins negative at >3 mm (74).

Intraoperative RT

As noted above, intraoperative radiation is a type of partial-
breast irradiation. To date, two randomized clinical trials
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Table 4 Trials of accelerated partial breast irradiation versus whole breast irradiation

% local recurrence

o . Years Tumor size APBI dose Partial breast

Institution First author Years No. )
FU (mm) (Gy) dose/fraction (Gy) WBEI APBI

Hungary Polgar 1998-2004 258 10.2 <20 36.4 5.2 5.1 5.9
GEC-ESTRO Strnad 2004-2009 1,184 5 <30 32-30.3 4-4.3 0.9 14
(Brachytherapy trial)
GEC-ESTRO (IMRT Livi 2005-2013 520 6.6 <25 30 6 14 1.5
trial)
Barcelona Rodriguez ~ Not stated 102 5 <30 37.5 3.75 0 0
UK IMPORT Low Coles 20072010 2,016 6 <30 40 2.67 0.2-1.1 0.5

Trial

WBI, whole breast irradiation; AWBI, accelerated whole breast irradiation.

(the ELIOT and TARGIT trials) have investigated the use
of intraoperative radiotherapy for delivery of APBI (75,76).
One of the difficult issues in this type of approach is that
the final pathology report is not available as the therapy
is given. The ELIOT study was done at the European
Institute of Oncology (Milan, Italy) where 1,305 female
patients aged 48 to 75 years who had a maximum tumor
diameter of up to 2.5 cm and were suitable for breast-
conserving surgery were randomly assigned to receive
either whole-breast external radiotherapy or intraoperative
radiotherapy with electrons. Patients in the intraoperative
radiotherapy group received one dose of electrons to 21 Gy
to the tumor bed at the time of surgery. Those in the
external radiotherapy group received 50 Gy in 25 fractions
of 2 Gy, followed by a boost of 10 Gy in five fractions. After
a median follow-up of 5.8 years, the 5-year event rate for
an ipsilateral breast tumor recurrence was 4.4% for the
intraoperative radiotherapy group and 0.4% for the external
radiotherapy group (HR 9.3). Five-year overall survival
was not significantly different between the two groups and
approached 97%. There were significantly fewer skin side-
effects in women in the intraoperative radiotherapy group
than in the external radiotherapy group (P=0.0002).

The TARGIT trial recruited patients between 2000
and 2008 and randomized them between a control arm of
whole breast radiation of 40 to 56 Gy in 15-25 fractions (+/-
Boost of 10-16 Gy in 5-8 fractions) and an intraoperative
technique using low-energy X-rays of 50 kV. The prescribed
dose was 20 Gy in one fraction to the applicator surface,
which corresponded to 5-7 Gy at 1 cm from the applicator.
After a median follow-up of 24.6 months, the Kaplan-Meier
estimate of local recurrence at 4 years did not differ between

TARGIT (1.20%) and control (0.95%) (77). However, in
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an updated report, the 5-year risk of local recurrence was
significantly greater in the TARGIT group (3.3% vs. 1.3%;
P=0.042) (75). Several concerns about this trial have been
discussed elsewhere but the technique has been accepted as
a UK NICE guideline with some controversy (78-81).

The internal mammary chain-balancing
treatment with cardiac irradiation

IMC RT can reduce distant metastases and potentially
improve survival, as shown in the Oxford overview and
recent trials (Table 2) (42,82-88). For example, the MA.20
trial randomized patients with node-positive or high-risk,
node-negative disease treated with conservative surgery
and RT to additional RT to the regional nodes, including
the IMC (88). Distant metastases were 12.9% in the nodal-
irradiation group and 16.5% in the control group (P=0.03)
with no difference in breast cancer mortality. Patients with
ER-negative disease who had IMC RT had a lower 10-year
mortality rate than patients without IMC RT (18.7% uvs.
26.1%) (P=0.05). Other trials show similar findings and
support the notion that leaving IMC disease behind is
probably detrimental to survival and that this area should be
selectively treated using RT; as addressed elsewhere (44).
IMC radiation is difficult because it potentially increases
heart dose, morbidity and mortality. There is also variation
in the number of levels of the IMC that should be treated
(e.g., upper 3 or 4 levels versus all levels), the dose (e.g.,
47.5 or 45 Gy to 95%) and the way to volume the region.
Research from the Mayo Clinic mapped the location of
130 IMC metastases in 67 patients. The location was in the
first three intercostal spaces in 102 of 130 nodal metastases
(78%), whereas 18 of 130 IMNs (14%) were located caudal
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Figure 6 Fused image showing heart covered by radiation beam
(normal breathing, blue arrow) and missed after deep inspiration
(red arrow). Primary tumor site marked at surgery by titanium

clips (yellow arrow).

to the third intercostal space and 10 of 130 IMNs (8%)
were located cranial to the first intercostal space. Of the 102
nodal metastases within the first three intercostal spaces,
only 53% were located within the Radiation Therapy
Oncology Group consensus volume. Ninety percent of
lymph nodes within the first 3 intercostal spaces would
have been encompassed within a 4-mm medial and lateral
expansion on the IM vessels (89).

There have been significant advances in radiotherapy
technology, with sophisticated imaging integrated into
planning systems using techniques that protect the heart
with shielding or deep inspiration breath holding, preferably
using VMAT. VMAT can achieve highly conformal dose
distributions by rotating the linear accelerator gantry
at varying speeds through one or more arcs, while
simultaneously changing the field shape. This allows
shaping or sculpting radiation doses to complex cancer
volumes while using modern equipment with on-board CT
scans, with treatment times of about five minutes, to reduce
the dose to normal structures such as the heart. These
advances are likely to further improve the incremental
benefit of radiation over and above surgery and systemic
therapy and thus increase survival rates.

Evolution of radiation techniques

With the meta-analysis shown in 7able 2 and the trials
of IMC irradiation showing a benefit, there has been an
increasing trend to irradiate the IMC, which is not normally
dissected when the sentinel node drains to that location.
Concern for irradiation of the heart stemmed back to 1974
when Stjernsward tabulated the survival rates of the six
existing post-mastectomy trials at that time and found that
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radiation increased mortality in all trials by between 1%
and 10% (90). He went on to state that “If the routine use
of prophylactic local radiotherapy after radical mastectomy
were stopped, survival might increase and resources might
be saved”. Although Stjernsward was highly criticised at
the time, the high-profile Darby publication found an
association between higher mean heart dose and cardiac
events (91). This case-control study noted that there is
no safe dose of radiation to the heart and that there was a
7.4% increase in relative risk for each 1 Gy of mean heart
dose. However, despite the important strengths of this
study, there were also many weaknesses. The study involved
patients from Sweden or Denmark treated between 1958
and 2001 before the advent of CT-based 3D planning.
Patients in that era also received deep X-ray and some
patients would have received larger fraction sizes. Patients
in the “cases” group had a higher incidence of diabetes and
chronic obstructive pulmonary disease, which implies other
potential confounding risks of heart disease apart from
radiation. Mean heart doses were derived from a selection of
20 cases. Further, relative risks are always magnified when
communicating to patients. Supplementary Table S12 of the
Darby publication shows the absolute risk of ischemic heart
disease (IHD) by age of irradiation to the age of 80 years.
If mean dose can be restricted to 4 Gy or less, the absolute
risk is about 0.5% or 5 per 1,000 by age 80, irrespective of
age at the time of treatment (91).

A second study validated the Darby data in a cohort
of 910 consecutive female patients treated with breast-
conserving radiation. The primary endpoint was cumulative
incidence of acute coronary events (ACE’s) within 9 years
of follow-up. Both mean heart dose and various dose-
distribution parameters of the cardiac substructures were
collected from three-dimensional computed tomography
planning data. The cumulative incidence of ACE increased
by 16.5% per Gy (P=0.042). Analysis showed that the
volume of the left ventricle receiving 5 Gy (LV-V5) was the
most important prognostic dose-volume parameter. (92).

Quantitative Analyses of Normal Tissue Effects in the
Clinic recommends V25 <10%, and National Surgical
Adjuvant Breast and Bowel Project (NSABP) B51
recommends a mean heart dose of <4 Gy mean. However,
Figure 2C shows the damage that can occur to the coronary
artery if irradiated. Such a patient may still have a mean
heart dose of less than 4-5 Gy, but still receive high-dose
radiation to the left anterior descending coronary artery
(LAD). Figure 6 shows the impact that deep-inspiration
breath-hold technique can have on reducing heart dose.

Gland Surg 2018;7(6):576-595
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Figure 7 Axial and sagittal views of VMAT plan with deep inspiration breath hold (A,B), deep tangents (C,D) and conformal field-in-field

plan with photon boost (E,F) (see Tuble 5, plan 10, 2 and 7 respectively). VMAT, volumetric modulated arc therapy.

"The impact of various techniques on the mean heart dose
and other organs at risk is shown in Table 5 for a patient
treated for breast cancer in the left breast using 6 Mv
photons to 50 Gy in 25 fractions with either a synchronous
boost using VMAT (57 Gy in 25 fractions) or a sequential
boost (10 Gy in 5 fractions using 6 Mv photons or 15 Mev
electrons) with the full IMC treated. The patient’s imaging
is shown in Figure 3 and boost or lumpectomy PTV is
shown in Figure 5. Treatment plans were generated for an
Elekta Synergy accelerator (Integrity ™ Rel.1.1; MLCi2
with 0.5 cm leaf width) using the collapsed cone algorithm
of Pinnacle3 (V9.10, Philips Radiation Oncology Systems,
Fitchburg, WI, USA). The plan consisted of two rotational
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tangential arcs from 308° to 136° and back again. SmartArc
plan optimisation was performed for gantry spacing at 4°
during 80 iterations.

Table 5 shows the evolution of radiation techniques used
in the late 1970’ and 80’ (techniques 1 & 2), through the
1990’ (techniques 3-5) and the 2000’ (techniques 6-10).
Excluding tangential fields that did not target the IMC,
the best plan that met all dose parameters was plan 10, the
VMAT plan with deep inspiration breath hold (DIBH)
(100% criteria met) (Figure 74,B) and the worst plan was
plan 2 (“deep tangents”) where 60% of criteria were met
(Figure 7C,D). Of note, the 3D conformal field-in-field
plan had lower dose homogeneity and higher doses to the

Gland Surg 2018;7(6):576-595
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Figure 8 Elekta Synergy®: a modern linear accelerator used in

external beam radiotherapy treatment.

coronary artery with lower doses to the IMC (Figure 7E,F).
DIBH is a technique where radiation is only delivered when
the patient takes a deep breath and holds it for up to 20
seconds at a time. DIBH not only keeps the patient still,
but also creates a bigger space between the heart and the
radiation beam allowing reduced heart and slightly reduced
lung doses (Table 5, plans 9 and 10 and Figure 6).

The low-dose “bath” typical of VMAT or IMRT
techniques has been raised as a concern but there is
increasing evidence that the theoretical risk of second
radiation-induced cancers is not increased by these more
modern techniques (99) and is outweighed by improvements
in local disease control and reduced cardiac toxicity (100).
Our priority is generally PTV of boost > heart/LAD > lung
> PTV breast/chest wall > supraclavicular/infraclavicular
(SCF/ICF) fossa > IMC > contralateral breast similar to
Nielsen ez al. (93). The IMC will increase in priority for
medial quadrant tumors and/or a PET-CT scan shows
disease in an IMC node. Treating the IMC or other regional
node basins increases the lung doses. Radiation pneumonitis
is rare provided the mean ipsilateral lung dose is less than
18 Gy and V20 <35% (93). Lower thresholds for the lung
are used by the author (7able 5).

A population-based study examined 10-year cause-
specific actuarial mortality (breast cancer, cardiac, other
cancers and other causes) for 1,242 patients with unilateral
stage I-III invasive breast cancer in NSW, Australia,
diagnosed over a 6-month period in 1995. For patients who
received left-sided, right-sided or no RT, mortality due to
breast cancer or other cancers was not significantly different
(P=0.30 and P=0.11) between the three subgroups. Mortality
due to cardiac and other causes was higher in patients who

did not have radiotherapy (P=0.001 and P<0.001). A total

© Gland Surgery. All rights reserved.

gs.amegroups.com

Boyages and Baker. Breast conservation radiotherapy techniques

of 52 cardiac deaths in 1,242 patients (4.2%) occurred: six
of 274 patients (2.2%) in the left-sided radiotherapy group,
four of 245 patients (1.6%) in the right-sided radiotherapy
group (P=0.63) and 42 of 723 patients (5.8%) in the no
radiotherapy group. Most cardiac deaths (46 of 52 cases)
occurred in patients aged 70 years or older at the time of
diagnosis. There were no differences in cardiac mortality
between the three treatment groups for those aged 70 years
or older (P=0.22, log-rank test), suggesting that the higher
overall cardiac mortality rate in the no-RT group is due
to a higher percentage of patients aged 70 years or older.
Of the 10 patients who died from cardiac causes and had
received RT, none had received chemotherapy or irradiation
to the internal mammary chain (101). Nevertheless, with
modern radiotherapy techniques and equipment (Figure §8),
it remains critically important to do no harm and keep the
lung and heart dose to acceptable tolerances as shown in
Table 5, while never underestimating the substantial benefit
of reduced breast cancer mortality from comprehensive
radiation. Further survivorship programs incorporating
wellness and heart health are important for the increasing
cohort of survivors after a diagnosis of breast cancer.
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