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Radiotherapy improves local control in breast cancer (BC) patients which increases overall survival in the
long term. Improvements in treatment planning and delivery and a greater understanding of BC
behaviour have laid the groundwork for high-precision radiotherapy, which is bound to further improve
the therapeutic index. Precise identification of target volumes, better coverage and dose homogeneity
have had a positive impact on toxicity and local control. The conformity of treatment dose due to three-
dimensional radiotherapy and new techniques such as intensity modulated radiotherapy makes it
possible to spare surrounding normal tissue. The widespread use of dose-volume constraints and his-
tograms have increased awareness of toxicity. Real time image guidance has improved geometric pre-
cision and accuracy, together with the implementation of quality assurance programs. Advances in the
precision of radiotherapy is also based on the choice of the appropriate fractionation and approach.
Adaptive radiotherapy is not only a technical concept, but is also a biological concept based on the
knowledge that different types of BC have distinctive patterns of locoregional spread. A greater under-
standing of cancer biology helps in choosing the treatment best suited to a particular situation. Bio-
markers predictive of response play a crucial role. The combination of radiotherapy with molecular
targeted therapies may enhance radiosensitivity, thus increasing the cytotoxic effects and improving
treatment response. The appropriateness of an alternative fractionation, partial breast irradiation, dose
escalating/de-escalating approaches, the extent of nodal irradiation have been examined for all the BC
subtypes. The broadened concept of adaptive radiotherapy is vital to high-precision treatments.

© 2016 Elsevier Ltd. All rights reserved.

Introduction

molecular basis, dividing BC into subtypes with different tumour
behaviour and treatment response [2]. The time is ripe to make

Radiotherapy is an essential component of early breast cancer
(BC) management, which significantly improves overall survival in
patients treated both with conservative surgery (CS) and with
radical mastectomy [1]. Decision making in radiation oncology has
always been based mainly on histopathological and clinical fea-
tures. The introduction of gene expression profiles has pioneered
an era of increasingly effective therapies for targeting tumours on a
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radiotherapy fully adaptive by embracing the biological behaviour
of tumours, considering their different potential and pathways for
recurrence [3]. More personalized radiotherapy must replace the
approach of “one size only” [4]. This broader concept of adaptive
radiotherapy, which goes beyond the technical definition, has
already gained ground among radiation oncologists (ROs). How-
ever, current knowledge, derived from studies based mainly on
pathology rather than on biology, makes it difficult to adapt
treatment to the individual patient. In spite of the huge techno-
logical advances and the wealth of choice of treatment modalities
and techniques, there is a general tendency to treat all BC with the
same regime, irrespective of tumour response or how much benefit
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is gained [5—7]. Radiotherapy has achieved great precision in
planning and delivering treatment and innovations are being made
continuously. The meta-analyses show that as radiation techniques
have been refined, local control has increased, toxicity-related
mortality has decreased and the benefit to survival stands out
clearly [1,8,9]. Modern radiotherapy is expected to improve survival
even more because treatment has become more effective and safer.
The challenge nowadays is targeting not the tumour volume [10],
but the population, who would most benefit from a specific treat-
ment, balancing the costs and the benefits (clinical outcome and
quality of life).

This paper addresses the current and the potentially available
tools for high-precision radiotherapy to tailor treatments, not only
to individual anatomy for the greatest degree of conformity, but
also to tumour profile for more accurate risk stratification.

The biological tools of high-precision radiotherapy

In radiation oncology, very few biomarkers are used in a clinical
setting. Decision-making is still based upon TNM staging and
clinicopathological features such as age, positive margins, high
tumour grade, presence of lymphovascular invasion, tumour size,
etc. Differences in response and benefit according to the subgroup
emerge clearly throughout the literature [11]. The European Orga-
nisation for Research and Treatment of Cancer Radiation Oncology
and Breast Cancer Groups trial “boost versus no boost” has clearly
demonstrated that a higher dose increases local control in selected,
age-correlated, subgroups, suggesting an underlying radio-
resistance [12]. The Oxford meta-analysis shows that the thera-
peutic impact of radiotherapy was greater in estrogen receptor
(ER)-positive tumours, suggesting an underlying radiosensitivity
[13]. In spite of increasing awareness of the differences, the current
recommendations tend to fall into general risk categorizations that
rarely consider tumour biology profile [14]. One example is the
issue related to nodal radiotherapy in the case of 1-3 positive
axillary nodes, since the Early Breast Cancer Trialists' Collaborative
Group review highlighted the benefit to all patients with low nodal
involvement, without providing any risk stratification to assess its
magnitude [15]. At the 14th St. Gallen Consensus, most panellists
agreed that adverse pathology or young age should be considered
when identifying patients requiring radiotherapy [16]. Predictive
biomarkers are steadily growing in importance with a view to
tailoring treatments. They are bound to be even more valuable if
the TNM staging is incomplete, as in the case of patients with one or
two positive sentinel node but no axillary dissection. If the number
of involved nodes is not known, the extent of the radiation fields
must be based on tumour features, possibly using validated no-
mograms, to estimate residual nodal burden [17,18]. There are
several ongoing trials (OPTIMAL, POSNOC, SENOMAC, SINODAR,
INSEMA, SOUND trials) [19], some of them including biological
stratification, to guide ROs in tailoring radiation fields when the
actual nodal involvement is unknown.

As well as the widely available immunohistochemistry tech-
niques, molecular signatures such as MammaPrint and Oncoty-
peDX are also being investigated in the field of locoregional
treatment [20]. Using the 21-genes OncotypeDX recurrence score,
Mamounas et al. [21] showed that, among patients from National
Surgical Adjuvant Breast and Bowel Project trials, there is a sig-
nificant association between local recurrence (LR) and high recur-
rence score, which outweighs other traditional factors, including
tumour grade and size at multivariable analysis. A multi-joint task
force developed a highly radiotherapy-specific multigene expres-
sion model, the radiation sensitivity index (RSI), to predict radiation
responsiveness. In the BC setting, when combined with intrinsic
subtypes and age, RSI was able to identify patients who would least

benefit from radiotherapy (ER negative/RSI resistant) or who are in
need of a dose escalation approach (Luminal/RSI resistant) [22]. In
addition, inside the triple-negative (TN) subtype, the authors
described subpopulations with a different risk of LR (RSI sensitive
and RSI resistant), for whom personalized radiotherapy may be
considered. It has become evident that the diversity of BCs makes
specific local strategies necessary [22]. A retrospective analysis of
the combined Danish Breast Cancer Cooperative Group (DBCG)
82b/c postmastectomy radiation (PMRT) trials, in which patients
underwent mastectomy and were thereafter randomized
to + PMRT following systemic therapy, found that luminal A tu-
mours benefitted the most from radiotherapy, while the HER-2
positive and TN subtypes were less likely to exhibit a reduction in
LR due to radiotherapy and experienced no significant overall sur-
vival improvement [23]. In this trial population, a subsequent gene
expression analysis on the frozen tumour samples available iden-
tified a 7-gene predictive model for LR, dubbed the “DBCG-radio-
therapy” profile, which was able to predict the benefit of PMRT
more accurately than molecular subtypes by themselves [24]. In
fact, although there was a general correlation between the “DBCG-
radiotherapy” profile and the subtypes, as was expected, the exis-
tence of “low LR risk” and “high LR risk” groups were to be found in
all of the subtypes, including a small number of Luminal A patients
who did not experience any additional reduction in LR with PMRT
when compared to the no-PMRT randomized group, which is in
contrast with the original analysis.

Novel approaches to locoregional treatment, including dose
escalation should be tried out on these subgroups, when identified.
High expectations are placed on the ability to predict good or bad
responders in order to offer less or more intensified treatments, by
varying the fractionation, dose, volume or by combining radio-
sensitizing targeted therapies. Currently, the less expensive
immunohistochemistry (IHC) surrogates for the main intrinsic
biological subtypes are readily available to ROs and several studies
have shown that they are able to independently predict LR after
radiotherapy. Almost all of them ascribe a lower rate to the Luminal
A subtype and a higher rate to basal —like/TN and HER-2 positive
tumours [25—32]. The overall 5-year incidence of LR in patients
treated with CS and radiotherapy at the Dana Farber Institute was
2.1%, dropping to 0.8% in the Luminal A subtype [33]. In addition, in
this study, increasing age was associated with a decreased risk of LR
at multivariate analysis. In the Electron Intraoperative Radio-
therapy (ELIOT) randomized trial molecular classification, showed
that luminal A had the lowest risk of LR [1.4%) [34]. The value of
looking at tumour and patient features as an entirety in the attempt
to identify a favourable subgroup, was explored by Liu et al. [35], by
using six-immunohistochemistry -marker panels, in the context of
the Toronto-British Columbia trial, dedicated to older node-
negative patients randomized to receive tamoxifen with or
without radiotherapy. By combining Luminal A and low-risk fea-
tures (>60 years, T1, grade 1/2], the 10-year LR rate was 3.1%
compared to 11.8% for the high-risk subtypes (HER-2 positive and
basal type). Besides, the addition of radiotherapy to tamoxifen did
not yield higher local control. The small benefit from radiotherapy
for older women with favourable tumour features receiving endo-
crine therapy has long been emphasized. The criterion of age, along
with other risk factors, is also taken into account for accelerated
partial breast irradiation (APBI) according to the American Society
for Radiation Oncology (ASTRO) and European Society for Thera-
peutic Radiology and Oncology (ESTRO) recommendations [36,37].
APBI represents a challenge for high-precision radiotherapy,
considering the important implications of patient selection and
proper target volume identification [38]. The advantages of APBI
techniques are that it reduces the volume treated, with a potential
decrease in normal tissue toxicity, and it shortens the treatment
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time, which reduces RT waiting lists, treatment costs and is more
convenient for the patient. Over and above these positive aspects,
the main concern is the effectiveness of the treatment. The key to
successful outcome lies in identifying patients with a low risk of
harbouring occult neoplastic foci outside the index breast quadrant.
The integration of clinical data, histopathological features, bio-
molecular factors and, possibly, genetic profiles, might help to
provide a framework for deciding when APBI can be safely pre-
scribed. As well as ongoing trials [39,40] or those which have been
closed but are not yet mature [41,42], the results from Hungarian
[43], GEC-ESTRO [44], Spanish [45] IMPORT LOW [46] and Florence
University [47], randomized trials have confirmed the efficacy of
APBI in selected patients. These modern trials did not show any
statistically significant difference in local control between the APBI
and the whole breast radiotherapy (WBRT) arms, unlike those
dating back to the eighties [48,49], in which patient selection was
less strict and the techniques used were less conformal. The
intraoperative techniques [34,50] might be penalised by the lack of
full tumour view at the time of radiation delivery, although pre-
operative/intraoperative pathological assessment is recommended.
However, the TARGIT trial [50] allowed for WBRT if the final his-
tological report revealed high-risk features, formally fulfilling the
criterion for adaptive radiotherapy. An overview of phase III trials
on APBI is shown in Table 1.

Although recent updated trials support the omission of radio-
therapy in selected patients, several confirmatory trials are on the
way. They are dedicated to women aged 50 and over, presenting
TINO, low-intermediate grade, hormone-sensitive and HER-2
negative, who plan to receive endocrine therapy. Favourable
tumour profiles are identified either by immunohistochemical
(LUMINA trial from the Ontario Clinical Oncology Group), or
Oncotype DX RS (IDEA trial from the University of Michigan), or
Prosigna PAM50 assay (PRECISION trial from the Dana-Farber
Cancer Institute) [19,51].

By contrast, luminal B and higher-risk subtypes, characterized
by more aberrant genomes, showed a higher risk of LR and greater
benefit from radiotherapy. Regarding the role of Ki-67, high
expression was found to be associated with an increased risk of LR,
even in small node negative tumours [52,53]. However, the addi-
tion of radiotherapy did not always result in better outcome,
highlighting the need to investigate alternative regimens. Inter-
estingly, high Ki-67 turned out to be the only factor to interact
significantly with the effect of axillary radiotherapy on the risk of
recurrence. For patients not receiving axillary dissection in the
GRISO 053 trial, high Ki-67 acted as a successful indication for
axillary radiotherapy, which benefitted disease free survival [54].

TN and HER-2 positive are known to have an increased risk of
developing LR, irrespective of the type of surgery [11]. The
perceived outcome for HER-2 positive is influenced negatively by
the pre-trastuzumab era and recent trials are likely to give a
different perspective. In preclinical studies, the association of
trastuzumab with ionizing radiation enhances the radiosensitivity
of breast cancer cell lines, through DNA repair inhibition and
increased tumour cell death [55]. Clinically, while no increased
toxicity is reported, improved outcome has been seen in several
studies [55]. In HER2-positive patients receiving trastuzumab, the
LR was far lower than TN patients [56] and whole breast radio-
therapy resulted in optimal local control [57]. Conversely, APBI or
even mastectomy without radiotherapy worsened outcome, which
shows the value of extensive radiotherapy for this subtype [57].

Basal-like/TN are characterized by early relapse, poor disease
free and overall survival. Currently, there is no indication that basal-
like/TN patients should receive different radiotherapy regimens
[58,59], except in the case of APBI, which is recommended only in
clinical trials [60]. Basal-like/TN belongs to the subgroup that is

unsuitable for APBI according to ASTRO/ESTRO [36,37], and, in the
ELIOT randomized study, it indicated an increased risk of LR [34].
However, in the presence of this relatively aggressive phenotype,
ROs tend to deliver more aggressive treatments, including larger
radiation fields or dose escalation [29]. For instance, a basal-like/TN
phenotype might make it advisable to add a supraclavicular field if
the axilla has not been dissected and there are one or two positive
sentinel nodes, or to prescribe PMRT in early stage BC[18,61]. Novel
radiosensitizers, such the PARP inhibitors, may increase the efficacy
of radiotherapy [25]. Table 2 summarizes radiosensitivity and
pattern of recurrence in accordance with molecular classification.

That it is safe to omit radiotherapy has long been doubted in the
case of ductal carcinoma in situ (DCIS) [5]. Biomarkers can be used
in addition to traditional clinicopathology to select adjuvant
treatment. High Ki-67 tumours seem to benefit the most from
radiotherapy, irrespective of nuclear grade and necrosis [62],
whereas radiotherapy is seen to have no effect on Luminal A DCIS
with Ki-67 < 14%. All HER-2 positive DCIS are responsive to radio-
therapy, showing a significant decrease in all local relapse-related
events except for invasive recurrences [63]. Based on the results
of the Eastern Cooperative Oncology Group E5194 trial, which
enrolled low/intermediate grade DCIS or small high-grade DCIS, the
12-gene panel, known as the OncotypeDX DCIS Score, was able to
discriminate between a low or high risk of LR, either invasive or in
situ [64].

Considering the recent redefinition of the alfa/beta ratio for BC,
there is a growing body of evidence advocating the use of hypo-
fractionation [65], characterized by short overall duration with
increased dose/fraction. The effectiveness of altering the fraction-
ation has been examined for all the subsets [66]. A first analysis in
the randomized Canadian study conducted by Whelan, evaluating
whole-breast radiotherapy; a 3-week hypofractionated schedule
versus a 5-week schedule in nodal negative women after CS, high-
grade tumours had a higher incidence of LR when treated with
hypofractionation than with standard radiotherapy [15.6% vs. 4.7%,
respectively) [67]. The lesser sensitivity to accelerated radiation
schedules was not confirmed in a subsequent analysis with a
different grading score system [68], in keeping with the UK START A
and B trials [69]. In addition, further investigations on the Canadian
study population, using a six biomarker panel, found that the
molecular subtype was an independent predictor of LR, out-
performing other clinical—pathological parameters, but did not
predict response to hypofractionation, suggesting that tumours of
all grades and molecular subtypes may be effectively treated with
alternative schedules [68].

The technological tools of high-precision radiotherapy

In the radiotherapy setting, technological innovation has led to
remarkable improvements in every phase related to treatment,
from simulation to planning to delivery, with the aim of minimizing
normal organ toxicity and improving local control. The funda-
mental step towards high-precision radiotherapy was the intro-
duction of the computed tomography (CT) scan, which emphasized
the passage from a two-dimensional to a three-dimensional (3D)
perspective [70]. The high conformability of 3D radiotherapy,
supported by the implementation of new treatment planning sys-
tems equipped with multileaf collimators (MLC) and beam-eye-
views, has led to a remarkably improved dosimetric accuracy and
to a precise reconstruction of patient anatomy, including the
complex relationships of adjacent organs or structures. The opti-
mization of dose distribution limits the hot spots, areas receiving a
higher dose than that prescribed, which could give rise to severe
late effects [71]. This phenomenon known as “double trouble” in
conventional fractionation turns into “triple trouble” in the case of
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Table 1

Overview of phase III trials on APBI. For each trial, the inclusion criteria, the number of patients (N pts), the median follow-up period (F-up) and the techniques and schedules are shown. The main findings of the trials are
reported: local recurrence (LR), overall survival (OS) and cosmetic outcome. True recurrence refers to the reappearance of the breast cancer in the index quadrant while marginal miss recurrence refers to reappearance close to the
margin of the tumour bed. DCIS = ductal carcinoma in situ, LCIS = lobular carcinoma in situ, HDR-BRT = high dose rate brachytherapy, PDR-BRT = pulsed dose rate brachytherapy, 3D-CRT = three-dimensional conformal external

beam radiation therapy N.A. = data not available.

Trial Inclusion criteria N pts F-up [years] APBI WBRT LR rate OS rate Cosmetic
(Enrolment period) Technique Dose Technique Dose APBI vs WBRT APBI vs WBRT
. . . . (p-value) (p-value)
fractionation fractionation
Christie Hospital (1982 age <70 708 8 Electrons 40—42.5Gy in 8 fr Tangential fields 40 Gy in 15 fr 25% vs 13% 73% vs 72% (No N.A.
—1987) T<4cm (8—14 MeV) (4 MV) (p < 0.0001) significant
Single institution [48]  cNO differences)
Cookridge Hospital pT1/pT2 174 8 Cs'*7 or Co® or 50 Gy in 20 fr Tangential fields 40 Gy in 15 fr 12% vs 4% 70% vs 73% NA.
(1986—1990 closed) pNO/pN1 Electrons + + (p = 0.07) (p = 0.7474)
Single institution [49]  Free margins (6—8 MeV) or Boost (Cs'*” or  max 15 Gy in 5 fr  True recurrences:
Tangential fields Co® or electrons) 7/10
BUDAPEST age >40 (<40 258 10.2 HDR-BRT 36.4 Gy in 7 fr Tangential fields 50 Gy in 25 fr 5.9% vs 5.1% 79.7% vs 82.1% Excellent and
(1998—-2004) initially included) . . (6—9 MV) (p=10.77) (p=0.73) good APBI vs
Single institution [43]  pT1 Ifunsuzm@le 42-50 Gy in 25 fr or True/marginal WBRT
pNO/pN1mi implantation telecobalt miss recurrences: 81% vs 63%
Grade < 2 Electrons 2.4 vs 3.4% (p < 0.01)
Free margins (615 MeV) (p=0.72)
Unifocal
Excluded: DCIS, LCIS,
invasive lobular
carcinoma,
extensive
intraductal
component
GEC-ESTRO age > 40 1184 6.6 HDR-BRT 32 Gyin 8 fr Tangential fields 50-50.4 Gy in 25 1.44% vs 0.92% 97.3% vs 95.6% Severe fibrosis
(2004—2009) invasive or DCIS or303Gyin7fr (4-10 MV) —28 fr (p=042) (p=0.11) (grade 3)
Multi-centre [44] pTis/pT1/pT2 (twice daily) + + True/marginal APBI vs WBRT
(T<3cm) boost (electrons) 10 Gy in 5 fr miss recurrence: 0% vs 0.2%
pNO/pNmi PDR-BRT 50 Gy 10/14 (p = 0.46)
Free margins (0.60-0.80 Gy
(>2 mm, >5 mm pulse)
lobular invasive/
DCIS)
No lympho-
vascular invasion
Hospital de la age > 60 102 5 3D-CRT 375Gy in 10 fr  Tangential field 48 Gy in 24 fr 0% vs 0% similar Excellent and
Esperanza invasive or ductal twice daily (6 h  + + good APBI vs
(=) carcinoma apart) optional boost 10 Gy WBRT
single institution [45] pT2 (T < 3 cm) >75% vs >84%
pNO (similar)
Grade <2
NO extensive
intraductal
component
Free margins
(>3 mm)
IMPORT LOW age > 50 2018 5.7 IMRT Test 2: 40 Gy in  Tangential fields  Control: 40 Gy in  Test 2: 0.5% vs N.A. Moderate/
(2006—2010) invasive carcinoma 15 fr 15 fr 1.1% (Control) marked changes
Multi-centre [46] no lobular histology (partial breast) Test 1: 36 Gy in  and 0.2% (Test1) (reported by
pT1/pT2 (T < 3 cm) 15 fr patients)
pNO/pN1 (whole breast) + APBI (Test 2) vs
Free margins 40 Gy in 15 fr WHBI (Control):
(>2 mm) (boost) 15% vs 27%

(p = 0.005)
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Florence University
(2005—-2013)
Single institution [47]

ELIOT
(2000—2007)
single institution [34]

TARGIT
(2000-2012)
Multi-centre [50]

RAPID
(2006—2011)
Multi-centre [41]

NASBP-B.39/RTOG-
0413

(2005—-2013)

Multi-centre [42]

IRMA
(2008-ongoing)
Multi-centre [39]

SHARE
(2010-ongoing)
Multi-centre [40]

age > 40
T<25cm
pNO/pN1
Unifocal
Free margins
(=5 mm)

age:48-75
T<25cm
cNO
Unifocal

age > 45
invasive ductal
carcinoma
unifocal

age > 40
invasive or DCIS
T<3cm

pNO

MO

Free margins

age > 18
invasive and/or
DCIS
T<3cm
unifocal/
microscopic
multifocality
pNO/pN1
Free margins
age > 49
invasive

pT1/pT2 (T < 3 cm)

pNO/pN1
unifocal

Free margins
(>2 mm)

age > 50
postmenopausal

status > 12 months
all types of invasive

T<2 cm)
PNO/pNO (i+)
unifocal

Free margins
(>2 mm)

520 5
1305 5.8
3451 2.5
2135 3
4300 N.A.
To enrol N.A.
3302

To enrol N.A.
2800

Step and shoot
IMRT
(6 MV)

Intraoperative
electrons

Intraoperative
photons
(50 kV)

Intraoperative
photons +
EBRT

3D-CRT
(6—18 MV)

multi-catheter
brachytherapy
MammoSite®
balloon catheter

3D-CRT

3D-CRT

3D-CRT
(>4 MV)

30Gyin 5
non-consecutive
fr

(over 2 weeks)

21Gyin1 fr

20Gy in 1 fr
(at 1 cm depth 5
—7Gy)

20Gy in 1 fr +
EBRT (dose site
specific)

38 Gy in 10 fr
twice daily (6 h
apart)

34 Gy in 10fr
twice daily (6 h
apart)

38.5 Gy in 10 fr
twice daily (6 h
apart)

38.5 Gy in 10 fr
twice daily (6 h
apart)

40Gy in 10 fr
twice daily (6 h

photons or mixed apart)

(photons and
electrons)

Tangential fields
+

Boost (electrons)

Tangential fields
+

Boost (electron)

Tangential fields
+

Boost permitted

Tangential fields
(4—18 MV)

+

optional boost
wedges, and
forward planned
or IMRT permitted
Tangential field
+

optional boost
(photons or
electrons)

Tangential fields
(4—6 MV)
boost permitted
(electron
photons)

Tangential
fields + boost
(electrons or
photons or
mixed)

50 Gy in 25 fr
+

10Gyin5 fr

50 Gy in 25 fr
+

10 Gy in 5 fr

40-56 Gy
+

10-16 Gy

42.5Gy in 16 fr or
50 Gy in 25 fr
+

10 Gy in 4/5 fr

50 Gy in 25 fr or
50.4 Gy in 28 fr

+

10-16.2 Gy in 5
-9 fr

45 Gy in 18fr or
50 Gy in 25 fr or
50.4 Gy in 28 fr

+

10-16 Gy in 5—-8
fr

50 Gy in 25 fr

+

10-16 Gy in 5—-8
fr

42.5 Gy in 16 fr or
40 Gy in 15 fr

1.5% vs 1.4%
(p=0.86)

True recurrences:
0% vs 1.4%
(p=0.11)

4.4% vs 0.4
(p = 0.0001)
True recurrences:
2.5% vs 0.4%

(p = 0.0003)
3.3% vs 1.3%

(p = 0.042)

pending

pending

N.A.

99.4% vs 96.6%
(p = 0.057)

96.8% vs 96.6%
(p =0.59)

96.1% vs 94.7%
(p = 0.099)

pending

N.A.

N.A.

Skin fibrosis
ABPI vs WBRT
4.5% vs 11.2%
Excellent and
good APBI vs
WBRT

100% vs 99.2%
(p = 0.045)
Skin side-effects:
APBI < WBI
(p = 0.0002)

Wound related
complications:
similar

Skin complication
grade3-4:

APBI < WBRT

Excellent and
good APBI vs WBI
(reported by
physicians)

35% vs 17%

(p < 0.001)

pending

N.A.

N.A.
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Table 2

Summary of radiosensitivity and pattern of recurrence. Molecular classifications of breast cancers are based on immunohistochemistry. Suggestion for therapeutic approaches
is indicative. Decision —making for radiation techniques and volumes must integrate biological, clinical and pathological factors. True: any reappearance in the same quadrant
as the primary tumour; Elsewhere: any reappearance of carcinoma in other quadrants; RT: radiotherapy; APBI: accelerated partial breast irradiation.

Molecular subtypes Radiosensitivity

Locoregional recurrence rate

Pattern of recurrence Possible therapeutic approach

Luminal A High [3,4,11,25] Low [3,4,11,25]

Luminal B Intermediate [3,4,11,25] Intermediate [3,4,11,25]

HER2/neu positive

Low [3,4,11,25]

Basal-like/triple
negative

Very low [3,4,11,25,58] High [3,4,11,56,58]

intermediate/high (post- and
pre -trastuzumab) [3,4,11,25]

True [11,26—28,30,31,33,34] Whole breast RT

To discuss:

- noRT[19]

- dose descalation [12]

- APBI [26,34]

Whole breast RT

To discuss:

- dose escalation [22]

- regional nodal RT [16,54]
Whole breast RT

To discuss:

- dose escalation [23,33]

- regional nodal RT [16,18,31]
Whole breast RT

To discuss:

- regional nodal RT [16,18,29,31]
- dose escalation [22,23]

- radiosensitizers [25]

True and elsewhere [26—28,34,57]
Regional [31,53,54]

True [26,34,28]
Regional [11,23,31,32]

True [28] and elsewhere [26,27,34,58]
Regional [11,23,30,31,56,58]

hypofractionation, where dose/fraction size is increased [66].
Reducing exposure to the organs at risk (OARs) by means of precise
3D reconstruction [ 72], decreases toxicity and paves the way to safe
dose escalation. The combination of dosimetric data and data
regarding clinical toxicity makes it possible to chart complex dos-
e—response relationships and to define specific tolerance doses for
OARs. A comprehensive review of clinical tolerance and dose-
—effect correlations of the most commonly irradiated organs was
organized in the Quantitative Analysis of Normal Tissue Effect in
the Clinic (QUANTEC) project, published in 2010 [73]. Models
linking dose with toxicity and tumour control, based on

[Tvansverse options »||&K|{S)|m]

Fig. 1. Transversal view of a treatment plan for whole breast with simultaneous in-
tegrated boost and internal mammary chain irradiation. From the inside to outside, the
dotted lines correspond to 95% of the boost dose (orange), 95% of the prescribed dose
to the breast and the internal mammary nodes (green) and 50% of the boost dose
(blue); Tomotherapy® Treatment Planning System. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

radiobiological and mathematical principles, were used to predict
the normal tissue complication probability (NTCP) and tumour
control probability (TCP), enabling ROs to evaluate the potential
treatment outcome [74].

Positive findings that reflect how technological advances
translate into medical benefit are represented by the rise in local
control, with its effect on survival, and by the ever lower cardiac
toxicity [1,8,9]. The expected local failure at 5 years after CS has
shifted from a rough 5% incidence in studies over twenty-years-old
[75] to 1% or less in the modern era [76], made possible by advances
in surgery, radiotherapy and medical oncology. There are less

Transverse

gptions ~ (<1159 [

Fig. 2. Transversal view of a treatment plan for whole breast irradiation with simul-
taneous integrated boost. From the inside to outside, the dotted lines correspond to
95% of the boost dose (orange), 95% of the prescribed dose to the breast and the in-
ternal mammary nodes (green) and 50% of the boost dose (blue); Tomotherapy®
Treatment Planning System. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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cardiac events because of a reduced dose to the myocardium and
coronary arteries even when the locoregional field includes the
internal mammary nodes, as demonstrated by recent trials [77,78].
Moreover, modern radiotherapy offers the breath hold technique,
which displaces the heart away from the chest wall, and respiratory
gating techniques, where radiotherapy delivery is triggered by
thoracic expansion, leading to a corresponding decrease in the
estimated NTCP for excess cardiac mortality [79].

Nowadays the technological evolution has taken a step forward
as intensity-modulated radiotherapy (IMRT) based on different
types of delivery (step & shoot, sliding windows, Tomotherapy®,
volumetric arc therapy) and stereotactic ablative radiotherapy
(SART) has entered into routine practice [80,81]. The dose distri-
bution can be painted around the target volume with a steep dose
gradient. For IMRT, the dose distribution is characterized by a
concavity at the edge of the higher doses that fits well with breast
conformation and spares OARs (Fig. 1) [82].

In WBRT randomized trials, IMRT BC patients reported lower
acute side effects, late changes in breast appearance and impaired
cosmesis than those in the control arm [80,83,84]. Low incidence of
side effects was also observed in APBI trials [46,47]. In the Florence
University trial [47], acute and chronic toxicity and cosmesis were
significantly better in the APBI arm using IMRT compared to the
WBRTarm treated with a 3D technique. Conversely, adverse cosmesis
and late toxicity occurred in the APBI arm of RAPID trial [41 |, using 3D
conformal technique, although with a different fractionation.

The IMRT technique allows the simultaneous delivery of
different dose levels to different target volumes within a single
treatment fraction: this approach is defined as the “simultaneous
integrated boost technique” (SIB). The SIB technique is of particular
interest because it can be used to yield higher doses to the critical
area (boost volume) (Figs. 1 and 2) without increasing the overall
treatment time [85].

The IMPORT LOW [46] and HIGH trials were designed to deliver
3-level radiation dose distribution to the breast, including dose
escalation in high-risk and dose/volume descalation in low risk
patients. They are able to investigate the dose modulation effect
across the breast in order to reflect individual recurrence risk [86].

SART in BC provides excellent results mainly in the treatment of
metastases; it delivers a high dose/fraction for good local control, it
exploits the steep dose gradient to improve tolerance and it de-
livers the treatment in few fractions for an optimal quality of life
[87].

Within the radiation landscape, proton therapy for BC is still in
its infancy, but preliminary reports seem promising in terms of
OARs sparing, especially in the case of extensive radiation fields
[88].

High-precision radiotherapy demands accurate identification of
target and OARs. Adequate contouring is the fundamental prereq-
uisite for an effective and safe treatment plan. However, contouring
is a process prone to errors and inter- and intra-operator variability
[89]. In particular, the tumour bed is subject to topographical un-
certainties; consequently, many authors recommend the use of
surgical clips to mark the lumpectomy site [90]. The integration of
radiological/metabolic imaging such as Magnetic Resonance (MR)
and Positron Emission Tomography with CT simulation can provide
useful information for high-precision contouring of areas needing
to be boosted or spared [91,92]. To improve the consistency of
contouring among ROs, several working groups have provided
consensus instructions and atlases [93,94]. Recently, software for
the auto-segmentation of volumes of interest has been developed
to support radiotherapy planning [95]. Besides, the possibility of
microscopic extension of the tumour beyond the anatomic borders
defined by the atlases should be carefully considered by ROs,
especially when high-precision techniques are used [96].

An essential aspect of the advances in physics and technology is
expressed in the quality of treatment execution. High conform-
ability means high sensitivity to any changes occurring in the pa-
tient during the course of radiotherapy. Displacement of the target
due to organ motion, anatomical changes in the patient's body or
inaccurate setup affects dose distribution, leading to inadequate
target coverage or excessive irradiation of the OARs. This is of
particular concern when dose escalation or hypofractionation are
used. Immobilization devices, as simple as the forearm support or
prone and lateral decubitus, help to maintain patients in a fixed and
reproducible position that decreases heart and lung irradiation
[97]. Strategies to verify target shape, volume and position, and to
correct the topographical inconsistencies with the original plan, are
part of image-guided radiotherapy (IGRT), which uses various de-
vices, such as electronic portal imaging, cone beam CT, megavoltage
CT, ultrasound, optical imaging and fiducial markers [98]. In the
case of substantial deviations from the original treatment plan that
cannot be adjusted by means of couch, machine or MLC shifts, it
becomes necessary to re-plan and re-optimize the dose distribution
[99]. This kind of adaptive radiotherapy can be done offline, with a
time lapse, or even online, with a fast re-planning system to elab-
orate a new plan for the current treatment session. Besides inter-
fraction motion, also intra-fraction motion has become relevant
because delivery time is longer with modern radiotherapy ma-
chines, extensive locoregional treatment and hypofractionation
schedules [100]. Displacements are related to uncontrolled physi-
ological behaviour; coughing, body relaxation, suggesting that non-
invasive continuous monitoring should be envisaged [101,102].
Treatment rooms should be equipped with a movement tracking
system to monitor and compensate for target motion during irra-
diation. The MR linear accelerator (MR-linac) represents a further
step towards a fully adaptive intra-fraction planning system [103].
More precise tracking of target and organs at risk, thanks to
advanced soft-tissue visualization, should lead to narrower safety
margins around the target and to smaller treated volumes, making
it possible to escalate the dose safely.

Predicting toxicity is an important step for cost effectiveness and
quality of life, but it is subject to great individual variability and has
a multifactorial genesis. Moreover, innovative therapies, such as
alternative radiation schedules or target agents, pose new chal-
lenges and increase the complexity. Predictive markers of
radiation-induced toxicity could be used to identify patients who
are bound to suffer from severe normal tissue reactions to radia-
tion, in order to offer personalized schedules. Severe late radiation-
induced toxicities were correlated to a low rate of radiation-
induced CD8 T-lymphocyte apoptosis [104]. Severe late effects
were seen in patients with four or more Single Nucleotide Poly-
morphisms in candidate genes (ATM, TGFB1, XRCC1, XRCC3, SOD2,
and RAD21] [105]. Currently, the evidence is insufficient and
inconsistent because of the complex mechanisms behind radiation-
induced toxicity and the inter-patient variations in radiosensitivity
but the ability to identify a genetic signature which would help to
determine which patients are likely to develop severe early or late
normal tissue injury is appealing.

Closing remarks

Modern radiotherapy is devoted to more selective treatments,
with the aim of optimizing the coverage of tumours and areas at
risk and minimizing the involvement of healthy tissue. A plethora
of technological tools is available to target the tumour and/or the
areas at risk and is now part of daily practice. Further imple-
mentations, such as the routine use of fast re-planning and the
potential of MRI-linac, will soon be entering the radiation oncology
scenario. Adaptive radiotherapy, as a general concept, has already
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developed to take account of the patient's anatomy and the geo-
metric conformation of the tumour. However, technological ad-
vances seem likely to reach a plateau in the near future and, if there
is to be a continuation towards ever more cost-effective treatments,
they must be accompanied by a better understanding of tumour
biology. Radiotherapy needs to be adaptive to tumour profile. In the
context of a multidisciplinary approach, radiation oncology
decision-making must combine the clinical-pathological and the
biological features involved in radiation response, without over-
looking the contribution made by systemic therapies and patient-
related factors, such as age or comorbidities [106]. The best
approach for the individual patient can cover a wide range of
choices, from no treatment at all, to partial breast irradiation to
loco-regional irradiation, even including the internal mammary
chain. Recent research and clinical evidence have generated few
certainties but some new hypotheses that make tumour biology the
most important challenge for ROs in the proper selection of pa-
tients and treatments.
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TN triple-negative
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NTCP  normal tissue complication probability
TCP tumour control probability
IMRT intensity-modulated radiotherapy
SART stereotactic ablative radiotherapy
SIB simultaneous integrated boost technique
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