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Abstract: Background: Existing data on adding internal mammary nodal irradiation (IMNI) to the
regional nodal fields are inconsistent. Methods: Randomized trials investigating the addition of IMNI
to standard adjuvant radiation were identified. Hazard ratios (HRs) and 95% confidence intervals
(CI) were extracted for overall-survival (OS), breast cancer specific-survival (BCSS), and disease-free
survival (DFS) as well as distant-metastasis free survival (DMFS). The odds ratios (ORs) for regional
and loco-regional recurrence, non-breast cancer mortality, secondary non-breast cancer, contralateral
breast cancer, and cardiovascular morbidity and mortality were also extracted. Results: Analysis
included five trials comprising 10,994 patients, predominantly with higher risk, lymph node positive
disease. Compared to the control group, IMNI was associated with significant improvement in OS
(HR = 0.91, p = 0.004), BCSS (HR = 0.84, p < 0.001), DFS (HR = 0.89, p= 0.01), and DMFS (HR = 0.89,
p = 0.02). IMNI was also associated with reduced odds for regional (OR = 0.58, p < 0.001) and locoregional recurrence (OR = 0.85, p = 0.04). The odds for cardiotoxicity were not statistically significantly
higher (OR = 1.23, p = 0.07). There were comparable odds for cardiovascular mortality (OR = 1.00,
p = 1.00), non-breast cancer mortality (OR = 1.05, p = 0.74), secondary cancer (OR = 0.95, p = 0.51),
and contra-lateral breast cancer (OR = 1.07, 95% 0.77–1.51, p = 0.68). Conclusions: Compared to the
control group, the addition of IMNI in high-risk patients is associated with a statistically significant
improvement in survival, albeit with a magnitude of questionable clinical meaningfulness.
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1. Introduction
The role of adjuvant radiation in improving outcomes for early-stage breast cancer
patients is well-established [1,2]. Whole-breast radiotherapy following breast-conserving
surgery significantly improves locoregional control and overall survival (OS) [1]. Postmastectomy adjuvant radiotherapy is also associated with improved outcome, mainly in node
positive disease [2].
Breast cancer has the potential to spread to regional lymph nodes, most notably the
axillary, peri-clavicular, and internal mammary lymph nodes (IMN). Historic radical mastectomy series showed substantial incidence of IMN involvement, ranging between 5 and
10% in axillary node-negative patients and 25–40% in axillary node-positive individual [3,4].
Rates of IMN involvement are also greater in patients with larger tumors, high burden of
axillary involvement, and primary breast tumors situated centrally or medially [5,6].
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Current standard of care supports regional nodal irradiation (RNI) in most node positive breast cancer patients, in addition to whole breast or chest wall irradiation [7–9]. RNI
comprises different fields of radiation including the axilla, supra/infraclavicular lymph
nodes, and internal mammary nodes. Typically, decisions on whether to include all or only
part of these fields is based on the disease staging at presentation, tumor subtype and location, the extent of axillary and breast surgery, patient age and comorbidities, and response
to neoadjuvant systemic therapy when applicable. The addition of IMN irradiation (IMNI)
remains controversial. While several pivotal trials have shown that adding IMNI improves
locoregional control and disease-free survival (DFS) [10,11], improvements in OS have been
inconsistent in trials [12–15]. Concern has also been raised that higher doses to the heart
and lungs with the addition of IMNI may contribute to toxicity and increase non-breast
cancer death [16].
It remains unclear whether the risk and benefit balance of IMNI justifies its routine
use in all high-risk breast cancer patients receiving adjuvant radiation. The objective of this
study was to conduct a meta-analysis to explore the efficacy and safety of adding IMNI to
adjuvant radiation therapy in early-stage, high risk breast cancer. We also aimed to identify
whether a specific subgroup may benefit more from IMNI.
2. Materials and Methods
2.1. Literature Review and Study Identification
The analysis was conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. This review was not registered. A
librarian-directed, comprehensive literature search was conducted to identify all RCTs published between January 2005 and May 2022 that evaluated the addition of IMNI to standard
adjuvant radiation in early-stage breast cancer. The search was conducted in MEDLINE
(Host: PubMed) using the query: (‘breast cancer’) AND (radiation OR radiotherapy) AND
(‘lymph node’). The following filters were applied: clinical trial, meta-analysis, randomized
controlled trial, systemic review. A further similar search was conducted in EMBASE using
the query: ‘breast cancer’ AND (radiation OR radiotherapy) AND ‘lymph node’ AND
((systematic review)/lim OR (meta analysis)/lim OR (controlled clinical trial)/lim OR
(randomized controlled trial)/lim) AND (2005–2022)/py AND (english)/lim.
The results of both searches were combined and the duplicates were removed. Eligibility criteria were prospective studies investigating the addition of IMNI to standard
irradiation in early-stage breast cancer. Studies were included if data on the efficacy or
toxicity were reported. Both randomized phase 2 and phase 3 studies were included.
One additional study [14], a prospective non-randomized study that relied on ‘natural
random allocation’ to IMNI, depending on tumor side (right sided tumors for IMNI and
left sided tumors without IMNI), was also included. The search was restricted to the
English language.
2.2. Data Extraction
Data were extracted from primary publications and their appendices by two independent reviewers (YK and DL). Discrepancies between both reviewers were discussed
and resolved together with a third reviewer (HG). For studies with several publications,
the most updated results were extracted. Extracted data included the year of publication,
median duration of follow-up, number of patients, and their available demographic information. Details on the treatment given in each arm were also collected including data on
the field and dose of radiation and on whether a boost was delivered. Additionally, data on
of the systemic treatment and on the type and extent of surgery were extracted. Trial-level
summary data were collected for tumor characteristics including the tumor side (right or
left), tumor location (lateral or central/medial), tumor size, extent of nodal involvement and
presence of extracapsular extension, hormone receptor and human epidermal growth factor
receptor 2 (HER2) expression, histological subtype (invasive ductal carcinoma compared to
other), and tumor grade.
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Hazard ratios (HRs) and respective 95% confidence intervals (CI) were extracted for
the following pre-specified efficacy endpoints: OS, DFS, breast cancer specific survival
(BCSS), and distant metastases free survival (DMFS). If OS was not reported explicitly,
the HR was estimated from Kaplan–Meier curves (if reported) using the Parmar Toolkit
method [17]. OS results were also extracted for prespecified subgroups defined by age,
menopausal status, tumor side, tumor location, receptor expression (i.e., hormone receptor
positive, HER2 positive, triple negative disease), tumor size, extent of nodal involvement,
grade, and number of lymph nodes removed.
For toxicity, the following pre-specified data were collected: pneumonitis, cardiovascular morbidity and mortality, and secondary non-breast cancer malignancy. Data on
locoregional recurrence, regional recurrence, non-breast cancer mortality, and contralateral
breast cancer were extracted when reported.
2.3. Data Synthesis and Statistical Analysis
The primary analysis was the association between IMNI and OS. For all endpoints, the
HR and associated 95% CI were pooled in a meta-analysis using RevMan 5.4 (The Cochrane
Collaboration, Copenhagen, Denmark). Subgroup analyses were conducted in order to
evaluate the efficacy of IMNI on OS in several subgroups defined by patients and tumor
characteristics. Differences between defined subgroups were assessed using methods
described by Deeks et al. [18]. Meta-regression was performed using SPSS version 25
(IBM Corp, Armonk, NY, USA) for continuous variables, using the weighted least squares
(mixed effect) function. As the number of included studies was small, meta-regression
analyses were interpreted quantitatively using the Burnand criteria [19] rather than to infer
associations based on statistical significance [20,21].
Subgroup analyses explored differences between the included studies with respect
to the patient and tumor characteristics as well as the study characteristics such as the
inclusion criteria (inclusion of node positive only compared to both node negative and
node positive disease) and fields of radiation to the control group (breast/chest wall only
compared in addition to other regional lymph node fields except for IMN).
For the toxicity endpoints, and for regional, locoregional recurrence, and contralateral
breast cancer, the odds ratio (OR) and associated 95% CI were computed and subsequently
pooled in a meta-analysis. When the absolute event rates in the experimental and control
groups were smaller than 1% in at least one study, the Peto one-step OR [22] was used to
pool estimates of OR, otherwise the Mantel–Haenszel OR method was used [23]. Cochran
Q and I2 statistics was used to report the statistical heterogeneity. Statistically significant
heterogeneity was defined as a Cochran Q p < 0.10 or I2 greater than 50%. Fixed-effect modeling was performed in analyses without statistically significant heterogeneity, otherwise
random-effects modeling was used. The following sensitivity analyses were conducted
to address heterogeneity excluding studies utilizing natural randomization, studies in
which all patients had breast conserving surgery (rather than mastectomy), and any study
in which the outcomes were estimated rather than reported explicitly. Finally, due to
clinical heterogeneity between studies, any studies pooled initially using fixed effects were
repeated using random-effects modeling.
Statistical significance was defined as p < 0.05. No corrections were made for multiple
significance testing.
3. Results
The search identified 1372 studies initially. An additional study was identified by
Google [13]. After the removal of duplicates and studies not meeting the inclusion criteria,
seven publications reporting on five independent studies were included (see Figure 1 for
the study selection schema) [10–15,24]. An additional study reported on updated toxicity,
but these data were not relevant to the analysis [25]. The included studies comprised
10,994 patients. Individual study characteristics and details on the radiation treatment
in each arm are shown in Table 1. In three studies, the control group was treated with

3. Results

Curr. Oncol. 2022, 29

The search identified 1372 studies initially. An additional study was identified by
Google [13]. After the removal of duplicates and studies not meeting the inclusion criteria,
seven publications reporting on five independent studies were included (see Figure 1 for
the study selection schema) [10–15,24]. An additional study reported on updated toxicity,
6660
but these data were not relevant to the analysis [25]. The included studies comprised
10,994 patients. Individual study characteristics and details on the radiation treatment in
each arm are shown in Table 1. In three studies, the control group was treated with radiation to the
regional
lymph
nodes
other
thanthan
the IMN
[13,14,24]
and in
two
the
radiation
to the
regional
lymph
nodes
other
the IMN
[13,14,24]
and
in studies,
two studies,
control
group
was
treated
with
radiation
toto
the
the
control
group
was
treated
with
radiation
thebreast
breastororchest
chestwall
wallonly
only[10,11].
[10,11].About
About
halfofofthe
theincluded
includedwomen
women had
had left
left sided
half
sided tumor.
tumor. Two
Two studies
studiesincluded
includedonly
onlynode
nodepositive
positive
disease[14,24]
[14,24]and
and in
in three
three studies,
studies, node
node negative
disease
negative disease
diseasewas
wasalso
alsoallowed
allowed[10,11,13].
[10,11,13].
Eithermastectomy
mastectomyor
orbreast
breast conserving
conserving surgery
Either
surgery were
wereallowed
allowedininthree
threestudies
studies[10,13,24],
[10,13,24],
onestudy
studyincluded
includedonly
onlywomen
women who
who had
had a
a mastectomy
one
mastectomy [13],
[13],and
andone
onestudy
studyincluded
includedonly
only
women
who
had
a
lumpectomy
[11].
Other
details
on
the
local
and
systemic
treatment
are
women who had a lumpectomy [11]. Other details on the local and systemic treatment are
reportedininTable
Table2.2.
reported

Figure1.1.The
Thestudy
studyselection
selectionschema.
schema.
Figure

Curr. Oncol. 2022, 29

6661

Table 1. The characteristics of the included studies.
Trial/Median
Follow-Up

Treatment Arms

Sample Size (n)

Age (yr), Median
(Range)

Left Sided Tumor, %

Medial/
Central Tumor, %

Tumor Size 1

Nodal Status 1

Receptor Status

Histology (Grade
and Histological Subtype)

Kim et al., 2021 [24],
100.4 months

Experimental arm:
Radiotherapy to
breast/CW+
supraclavicular fossa+
IMNI. 1.8–2 Gy/fraction,
total dose of 45–50.4 Gy.
Sequential tumor bed boost
was allowed.
Control:
Radiotherapy to
breast/CW+
supraclavicular fossa. 1.8–2
Gy/fraction, total dose of
45–50.4 Gy.
Sequential tumor bed boost
was allowed.

735

48
(28–77)

50%

42%

T1 31%, T2 56%, T3
12%, T4 1%

N1 41% N2 37% N3
22%

ER+: 71%
HER2+: 23%

Grade 3:
46%
IDC:
92%

Thorsen 2016, 2022
[14,15],
177.6 months

Experimental (Right-sided
breast cancer):
IMN treated with an
anterior electron field or by
inclusion in tangential
photon fields.
Dose to breast/chest wall,
scar, supraclavicular nodes,
infraclavicular nodes, and
axillary levels II to III was
48 Gy/24 fractions.
Control (Left-sided breast
cancer):
Dose to breast/chest wall,
scar, supraclavicular nodes,
infraclavicular nodes, and
axillary levels II to III was
48 Gy/24 fractions.

3089

56
(22–70)

52%

40%

T1 41.5%, T2 52%, T3
6.5%, unknown <1%

N1 59% N2 26% N
15%

ER+: 80%
HER2+: NA

Grade 3:
28%
IDC: 86%

Whelan 2015 [11],
114 months

Experimental:
Breast and the ipsilateral
IMN (upper three
intercostal spaces) +
supraclavicular fossa and
axillary lymph nodes.
50 Gy/25 fractions.
Control:
Whole-breast irradiation
alone 50 Gy/25 fractions.

1832

53
(26–84)

NR

38%

T1 52%, T2 47%, T3
1%

N0 10% N1 85%
>N2 5%

ER+:
75%
HER2+: NA

Grade 3:
43%
IDC:
NA
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Table 1. Cont.
Sample Size (n)

Age (yr), Median
(Range)

Left Sided Tumor, %

Medial/
Central Tumor, %

Tumor Size 1

Nodal Status 1

Receptor Status

Histology (Grade
and Histological Subtype)

Poortmans 2015,
2020 [10,12],
188.4 month

Experimental:
Breast/CW and internal
mammary-medial Supra
lymph nodes.
50 Gy/25 fractions.
Control:
Breast/CW only.
50 Gy/25 fractions.

4004

54
(22–75)

49%

66%

T1 60%
T2 36%
T3 4%

N0 44% N1 43% N2
10%
N3 3%

ER+:
74%
HER2+
NA

Grade 3:
NA
IDC:
NA

Hennequin 2013 [13],
135.6 month

Experimental:
CW and supraclavicular
fossa + IMN (first 5
intercostal spaces)
Control:
CW and supraclavicular
fossa.

1334

NR

53%

65%

T1 35%
T2 55%
T3 9%

N0 25% N1 44%
N2–3 31%

ER+:
88%
HER2+: NA

Grade 3:
31%
IDC:
NA

Trial/Median
Follow-Up

Treatment Arms

1

Tumor size and nodal status: As defined by the American Joint Committee on Cancer (AJCC) 7th edition abbreviations: ALND—axillary lymph node dissection; IDC—invasive duct
carcinoma; NA—not available; WBI—whole breast irradiation; CW—chest wall.

Table 2. Data on the local and systemic from included studies.

Trial

Surgery Type

Number of Lymph
Nodes Removed,
Median (Range)

Boost After
Lumpectomy (%)

Chemotherapy (%)

Anti HER2 Therapy (%)

Endocrine Therapy (%)

Kim et al., 2021 [24]

Mastectomy: 49.9%
BSC: 50.1%

17 (4–53)

97.5%

98.9%

23.8% HER2 positive
94.1% received anti her2
therapy

94.2%

Thorsen 2016, 2022
[14,15]

Mastectomy: 65.3%
BSC: 34.7%

16 (13–22)

12.4%

18.9%

NA

100%

Whelan 2015 [11]

Mastectomy: 0%
BSC: 100%

12 (8–16),
1–9 32.6%,
>10 67.4%

33.3%

9%

NA

98.4%

Poortmans 2015, 2020
[10,12]

Mastectomy: 23.9%
BSC: 76.1%

<10 23.6%,
≥10 76.3%

NA

54.8%

NA

81%

Hennequin 2013 [13]

Mastectomy: 100%
BSC: 0%

<10 37.4%,
≥10 62.6%

NA

61%

NA

100%
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Results of the pre-specified efficacy and toxicity and the studies that were included in each
analysis are shown in Table 3. Data on OS were reported explicitly in four studies [11,12,15,24]
and were calculated in one study [13]. Compared to the control group, the addition of IMNI
was associated with significantly improved OS (HR = 0.91, 95% CI 0.85–0.97, p = 0.004),
see Figure 2A. Among the studies reporting the absolute number of deaths [11,12,15,24],
pooling all such events demonstrated that the absolute reduction was −1.9%, translating
to a number needed to treat 52. IMNI was also associated with significant improvement in
BCSS (HR = 0.84, 95% CI 0.77–0.92, p < 0.001), DFS (HR = 0.89, 95% CI = 0.82–0.98, p= 0.01),
and DMFS (HR = 0.89, 95% 0.81–0.98, p = 0.02), see Figure 2B–D. Compared to the control
group, IMNI was associated with lower odds for loco-regional recurrence (OR = 0.85, 95%
CI 0.72–1.00, p = 0.04, absolute difference −0.82%, number needed to treat 122) and regional
recurrence (OR = 0.58, 95% CI 0.44–0.75, p < 0.001, absolute difference −1.26%, number needed
to treat 79), see Figure 3.
Table 3. A summary of the efficacy and toxicity results and sensitivity.
Primary
Analysis,
HR, 95% CI

Analysis with
Random Effect

Excluding the
DBCG Study
[14,15]

Excluding Study
that All Patients
Had BCS [11]

Excluding the
Study all
Patients Had
Mastectomy [13]

Included Studies

DFS

0.89
(0.82–0.98), p=
0.01

0.87
(0.76–0.99)

NA

0.92 (0.84–1.02)

NA

[11,12,24]

OS

0.91
(0.85–0.97),
p = 0.004

0.91
(0.85–0.97)

0.94 (0.86–1.02)

0.91 (0.84–0.97)

0.90 (0.84–0.97)

[11–13,15,24]

BCSS

0.84
(0.77–0.92),
p < 0.001

0.84
(0.77–0.92)

0.80 (0.71–0.91)

0.85 (0.77–0.93)

NA

[11,12,15,24]

DMFS

0.89
(0.81–0.98),
p = 0.02

0.87
(0.77–0.99)

NA

0.92 (0.82–1.02)

NA

[11,12,24]

Primary analysis,
OR, 95% CI
Loco-regional
recurrence

0.85
(0.72–1.00),
p = 0.04

0.85
(0.68–1.05)

0.81
(0.68–0.96)

0.90
(0.75–1.07)

NA

[11,12,15,24]

Regional
recurrence

0.58
(0.44–0.75),
p < 0.001

0.54
(0.34–0.85)

0.58
(0.43–0.76)

0.64
(0.49–0.85)

NA

[11,12,15,24]

Secondary cancer

0.95
(0.82–1.10),
p = 0.51

0.95
(0.82–1.10)

1.01
(0.85–1.21)

0.91
(0.77–1.07)

NA

[11,12,15]

Cardiotoxicity

1.23
(0.99–1.53),
p = 0.07

1.23
(0.99–1.53)

NA

NA

1.22
(0.97–1.54)

[12,13,24]

Cardiovascular
mortality

1.00
(0.69–1.46),
p = 1.00

1.00
(0.69–1.46)

0.98
(0.63–1.51)

1.00
(0.66–1.52)

NA

[11,12,15,24]

Non-breast cancer
related mortality

1.05
(0.79–1.41),
p = 0.74

NA

1.18
(0.98–1.44)

1.04
(0.70–1.57)

NA

[11,12,15,24]

Contralateral
breast cancer

1.07
(0.77–1.51),
p = 0.68

NA

0.90
(0.71–1.14)

1.11
(0.68–1.79)

NA

[11,12,15]
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The magnitude of the relative benefit of IMNI on OS was higher in studies including
only node positive disease (HR = 0.86, CI 0.77–0.96) compared to studies also including
node negative disease (HR = 0.94, CI 0.86–1.02), but this difference was not significant (p
for subgroup difference 0.22), see Figure S1A. The magnitude of benefit on OS was also
comparable in studies where the radiation to the control group comprised the breast or
chest wall only and studies where the control group was treated with radiation to other
regional lymph nodes (HR = 0.94, 95% CI 0.86–1.05 and HR = 0.87, 95% CI 0.79–0.96,
respectively, p for the subgroup difference 0.24), see Figure S1B.

Curr. Oncol. 2022, 29, FOR PEER REVIEW

10

Curr. Oncol. 2022, 29

6666

(A)

(B)
Figure
4. Forest
plots for
forOS
OSby
bysubgroups,
subgroups,hazard
hazardratio
ratio
for:
(A)
tumor
location
(medial/cenFigure 4.
Forest plots
for:
(A)
OSOS
byby
tumor
location
(medial/central
tral compared to lateral); (B) OS by nodal involvement. The weight of each trial in the meta-analysis
compared to lateral); (B) OS by nodal involvement. The weight of each trial in the meta-analysis
is represented by the size of the squares. The estimated pooled effect is represented by a diamond
is represented by the size of the squares. The estimated pooled effect is represented by a diamond
shape. p values are two-sided. References: Hennequin 2013 [13], Kim et al., 2021 [24], Poortmans
shape. p values are two-sided. References: Hennequin 2013 [13], Kim et al., 2021 [24], Poortmans
2020 [12], Thorsen 2022 [15], Whelan 2015 [11].
2020 [12], Thorsen 2022 [15], Whelan 2015 [11].

The
of the relative
benefit
of IMNI
onbetween
OS was higher
in studies
including
The magnitude
odds for second
malignancy
were
similar
the IMNI
and the
control
only
node
positive
disease
(HR
=
0.86,
CI
0.77–0.96)
compared
to
studies
also
including
group (OR = 0.95, 95% CI 0.82–1.10, p = 0.51), see Figure 5A. IMNI was associated
with increased odds of cardiovascular morbidity, which approached, but did not reach significance,

Curr. Oncol. 2022, 29, FOR PEER REVIEW

Curr. Oncol. 2022, 29

11

node negative disease (HR = 0.94, CI 0.86–1.02), but this difference was not significant6667
(p
for subgroup difference 0.22), see Figure S1A. The magnitude of benefit on OS was also
comparable in studies where the radiation to the control group comprised the breast or
chest
wall 95%
only CI
and
studies where
theabsolute
control difference
group was+1.09%,
treatednumber
with radiation
OR
= 1.23,
0.99–1.55,
p = 0.07,
neededto
toother
treat
regional
lymph
0.94, 95% CI
0.86–1.05
and HR = 0.87,
95% CI
0.79–0.96,
re92,
see Figure
5B.nodes
There (HR
were=comparable
odds
for cardiovascular
mortality
(OR
= 1.00, 95%
CI
0.65–1.46,
p
=
1.00)
and
non-breast
cancer
related
mortality
(OR
=
1.05,
95%
CI
0.79–1.41,
spectively, p for the subgroup difference 0.24), see Figure S1B.
p = 0.74),
Figure
5C,D. The
odds forwere
contralateral
breast cancer
were and
comparable
beThe see
odds
for second
malignancy
similar between
the IMNI
the control
tween
and95%
the CI
control
groupp(OR
= 1.07,
CI 0.77–1.51,
p =was
0.68),
see Figure
5E.
group the
(ORIMNI
= 0.95,
0.82–1.10,
= 0.51),
see95%
Figure
5A. IMNI
associated
with
Data
on pneumonitis
were not pooled
as these
wereapproached,
reported only
twonot
studies
increased
odds of cardiovascular
morbidity,
which
butindid
reach[11,24].
signifThere
more
events pof= pneumonitis
the IMNI +1.09%,
compared
to the needed
control
icance,were
OR =numerically
1.23, 95% CI
0.99–1.55,
0.07, absoluteindifference
number
group
(absolute
difference
between
1.0
and
2.9%).
to treat 92, see Figure 5B. There were comparable odds for cardiovascular mortality (OR
Multiple
for both
efficacycancer
and toxicity
have(OR
shown
similar
= 1.00,
95% CIsensitivity
0.65–1.46, analyses
p = 1.00) and
non-breast
relatedresults
mortality
= 1.05,
95%
results,
see
Table
3.
Results
of
the
meta-regression
analysis
are
shown
in
Table
4.
A
CI 0.79–1.41, p = 0.74), see Figures 5C,D. The odds for contralateral breast cancerhigher
were
proportion
grade 3the
disease,
chemotherapy,
and
lessCIthan
10 lymph
comparableofbetween
IMNIadministration
and the controlofgroup
(OR = 1.07,
95%
0.77–1.51,
p=
nodes
removed
associated
with highly
quantitatively
HR only
for OS
0.68), see
Figure were
5E. Data
on pneumonitis
were
not pooled assignificant
these werelower
reported
in
(i.e.,
increased
benefit
from
IMNI).
A
higher
proportion
of
medial/central
tumors,
node
two studies [11,24]. There were numerically more events of pneumonitis in the IMNI comnegative,
ERcontrol
positive,
tumor
size of difference
2 cm or smaller,
and
women were associated
pared to the
group
(absolute
between
1.0older
and 2.9%).
with highly quantitatively significant higher HR for OS (i.e., lower benefit from IMNI).

(A)

(B)

(C)
Figure 5. Cont.

Curr. Oncol. 2022, 29, FOR PEER REVIEW
Curr. Oncol. 2022, 29

12
6668

(D)

(E)
Figure 5.
toxicity,
odds
ratio
for:for:
(A) (A)
second
malignancy;
(B) cardiovascular
morFigure
5. Forest
Forestplots
plotsfor
forthe
the
toxicity,
odds
ratio
second
malignancy;
(B) cardiovascular
bidity;
(C)
cardiovascular
mortality;
(D)
non-breast
cancer
related
mortality;
(E)
contralateral
breast
morbidity; (C) cardiovascular mortality; (D) non-breast cancer related mortality; (E) contralateral
cancer. The weight of each trial in the meta-analysis is represented by the size of the squares. The
breast cancer. The weight of each trial in the meta-analysis is represented by the size of the squares.
estimated pooled effect is represented by a diamond shape. p values are two-sided. References: HenThe estimated pooled effect is represented by a diamond shape. p values are two-sided. References:
nequin 2013 [13], Kim et al., 2021 [24], Poortmans 2020 [12], Thorsen 2022 [15], Whelan 2015 [11].
Hennequin 2013 [13], Kim et al., 2021 [24], Poortmans 2020 [12], Thorsen 2022 [15], Whelan 2015 [11].

sensitivity
analyses for both
efficacy and toxicity results have shown similar
TableMultiple
4. The results
of the meta-regression
for overall-survival.

results, see Table 3. Results of the meta-regression analysis are shown in Table 4. A higher
Overall-Survival—HR
β of chemotherapy, and less pthan 10 lymph
proportion
of grade 3 disease, administration
nodes Median
removed
were associated with highly
quantitatively significant lower
follow-up
+0.207
0.738 HR for OS
(i.e., increased
benefit
from
IMNI).
A
higher
proportion
of
medial/central
tumors, node
Age
+0.906
0.278
negative, ER positive, tumor size of 2 cm or smaller, and older women were associated
% Left sided tumors
−0.269
0.827
with highly quantitatively significant higher HR for OS (i.e., lower benefit from IMNI).
% Medial/central tumors
+0.837
Table 4. The
results
of
the
meta-regression
for
overall-survival.
% T ≤2 cm
+0.711
%Overall-Survival—HR
N negative

0.163
0.289

0.048 p
β
% Grade
3 follow-up
−0.836
0.370.738
Median
+0.207
Age
+0.906
0.278
% ER positive
+0.63
0.937
% Left treatment
sided tumors
−0.269
0.827
% Chemotherapy
−0.937
0.063
% Medial/central tumors
+0.837
0.163
% Mastectomy
−0.04
0.96
% T ≤2 cm
+0.711
0.289
% <10 lymph nodes removed
−0.777
0.434
% N negative
+0.952
0.048
% Grade 3
−0.836
0.37
Node negative
was associated with a significantly
greater relative
magnitude
% ERdisease
positive
+0.63
0.937
of effect on OS (p = 0.048). Chemotherapy administration had a lower magnitude of effect
% Chemotherapy treatment
−0.937
0.063
on OS, where this finding approached, but did not meet statistical significance (p = 0.063).
%
Mastectomy
−0.04
0.96
All of the other evaluated variables including age, tumor size, grade, extent
of surgery,
% <10
lymph nodes
removed
−0.777
proportion
of hormone
receptor
positive disease and of
left sided tumors had0.434
no significant
+0.952

impact on OS, BCSS, and non-breast cancer mortality.
Node negative disease was associated with a significantly greater relative magnitude
of effect on OS (p = 0.048). Chemotherapy administration had a lower magnitude of effect
on OS, where this finding approached, but did not meet statistical significance (p = 0.063).
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4. Discussion
The inclusion of IMNI as an integral part of adjuvant radiation planning has for
years been under debate. Individual studies have not shown a clear OS benefit and with
increased toxicity, the balance between the benefits and risks has remained uncertain.
This meta-analysis, comprising the data of five prospective controlled trials studies with a
weighted median follow of more than 13 years demonstrated that IMNI was associated with
a small magnitude, but statistically significant improvement in OS as well as significantly
improved BCSS, DMFS, and locoregional recurrence together with comparable non-breast
cancer mortality.
Despite a statistically significant improvement in OS, the magnitude of improvement
was modest, with only a 9% relative improvement associated with IMNI. This magnitude
of effect is of questionable clinical meaningfulness. It should be noted that the population
included in this meta-analysis is heterogenous, also comprising patients with relatively
low risk for IMN involvement. This included women with node negative disease or
women with lateral tumors together with a low burden of nodal involvement. Current
guidelines consider adding IMNI in selected patients including medial/central situated
tumors or disease with a high burden of nodal involvement (i.e., pN2-3) [8,9,26]. These
guidelines are based on results from individual trials, suggesting higher IMNI benefit in
these specific subgroups [4,5,14]. While subgroup analyses in this current meta-analysis
failed to identify specific subgroup with greater relative benefit, the meta-regression results
did identify a potential higher magnitude of benefit from IMN in higher risk populations
including a higher proportion of patients with grade 3 disease, node positive disease,
larger tumors, and less patients with ER positive disease as well as in younger women.
Meta-regression results also supported increased benefit in the relative benefit from IMNI
in studies with a higher proportion of chemotherapy administration and in studies with
less extensive nodal removal. Overall, in patients with higher absolute risks of recurrence,
it is expected to achieve a clinically meaningful benefit. Of note, studies including only
node positive disease had a higher benefit from IMNI compared to studies that also
included patients without nodal involvement (HR for OS 0.86 compared to 0.94), though
this difference was not statistically significant. Medial/central tumors are associated with
increased risk for IMN metastasis [5], however in this meta-analysis, the medial/central and
lateral tumors showed a comparable OS benefit with IMNI compared to lateral tumors in
subgroup analysis. Interestingly, meta-regression results showed that a higher proportion
of medial/central tumors was associated with a lower magnitude of benefit from IMNI.
Adjuvant irradiation has a well-established role in omitting axillary lymph node
dissection in patients with a low burden of clinical involvement who presented with clinical
node negative disease [27,28] and the ongoing Alliance 011202 trial is aiming to answer
whether RNI including IMNI is non-inferior to axillary lymph node dissection in patients
who presented with node positive disease [29]. We found a trend for higher relative benefit
from IMNI in patients with less extensive axillary lymph node removal and this signal was
also demonstrated by the meta-regression results, supporting the role of RNI in patients
whose axillary surgery was deescalated. Results from the randomized prospective studies
are awaited in order to adopt de-escalated surgery to the axilla routinely.
There was heterogeneity between the studies included in this meta-analysis with
respect to the treatment that was given to the control groups, the type of surgery to the
breast, and the population included in individual studies. Additionally, one study was a
prospective non-randomized study [14]. To address this heterogeneity, we conducted multiple sensitivity analyses that showed similar results, suggesting that overall conclusions
from the main analysis are likely to be robust. While irradiation to supraclavicular fossa
with/without irradiation to the axilla is considered as the standard of care for high-risk disease [26]; in two studies, the control group was treated with potentially inferior treatment
as radiation was given only to the breast/chest wall fields [10,11]. However, subgroup
analysis by the extent of radiation in the control group demonstrated a comparable OS
benefit from IMNI.
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The main concern when adding IMNI is increasing the long-term toxicity. Cardiac
toxicity, pneumonitis, and secondary malignancies are all associated with adjuvant breast
irradiation [30–32], and the odds for these adverse events are increased with higher doses
and more extensive radiation fields [32–35]. Our analysis demonstrated a relative excess
of cardiovascular morbidity of 23%; this finding was not statistically significant, however,
power to identify the significance of individual toxicity was low and this relative increase
translated to a >1% absolute risk of cardiovascular morbidity albeit without translating to
cardiovascular mortality. As long-term toxicity associated with adjuvant radiation may
present many years after treatment [33], accurate characterization of long-term cardiovascular morbidity may be challenging. Of note, improvement in radiation technology over time
has led to increased efficacy and decreased toxicity in early-stage breast disease. Results
from the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta-analysis have
shown that over the years, there was a favorable change in the risk–benefit balance from
adjuvant RNI in early-breast cancer [36]. This can be attributed to the decreasing mean
heart dose in trials performed in later years [36]. Today, all radiation treatment plans are
computer tomography (CT)-based and utilize the delineation of organs at risk, both strategies have markedly improved the target coverage and sparing heart and lung dose [37–39].
Moreover, breath-hold strategies, which are considered as the standard of care in patients
receiving radiation treatment to the left breast, have enabled the receipt of radiation with
significantly lower heart and lung dose, taking advantage of the anatomical change of
lung expansion, which was demonstrated in patients receiving radiation with and without
IMNI [40–42]. Implementing advanced modalities such as intensity-modulated radiotherapy with breath holding or intensity-modulated proton therapy with free breathing
may also significantly lower heart dose [43]. These changes in radiation planning will
hopefully translate to less cardiovascular morbidity in the future, positively influencing the
risk–benefit balance of IMNI.
This meta-analysis had several limitations. First, this was a literature-based rather
than an individual patient meta-analysis. Second, as breast/chest wall radiation only was
the treatment of the control group in two studies included in this meta-analysis [10,11],
the interpretation of the effect of the addition of IMNI to other RNI fields is more prone to
uncertainty. Third, the included studies were heterogenous with regard to the included
population and the extent of the surgery. However, sensitivity analyses addressing this
limitation did not identify the effect-modifying variables. Fourth, data on the baseline
comorbidities and surgical techniques were not available and could not be adjusted. Additionally, adequate monitoring for toxicity over the duration of follow-up was uncertain,
and therefore, it is possible that toxicity was underestimated. With modest survival improvement with IMNI, the risk–benefit balance could be influenced by longer term (and
unreported) toxicity.
5. Conclusions
In high-risk early breast cancer, IMNI was associated with statistically significant
improvement in OS, BCSS, DFS, and DMFS compared to the control group. Considering
the modest benefit and the potentially increased toxicity, it is unclear whether IMNI has
clinically meaningful benefit in all patients. Subgroup analysis in this meta-analysis did
not identify the sub-population that clearly has a higher magnitude of benefit, though the
meta-regression results did suggest a higher relative benefit for women with unfavorable
clinic-pathological characteristics and an overall higher risk for recurrence are expected
to drive higher absolute benefit from IMNI. With the improvements in the technology of
breast irradiation likely resulting in lesser toxicity, the addition of IMNI in selected high-risk
populations seems reasonable. However, individual decision making is desirable for each
patient considering the clinical risk, age, comorbidities, and meticulous radiation planning.
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comprised breast/ chest wall only compared to breast/ chest wall and other regional lymph nodes.
Author Contributions: Conceptualization, Y.K. and H.G.; Methodology, Y.K., E.A. and H.G.; Validation, Y.K., D.L. and H.G.; Formal Analysis, H.G.; Investigation, Y.K., D.L., A.G., B.W.C., E.A.
and H.G.; Data Curation, Y.K., D.L. and H.G.; Writing—Original Draft Preparation, Y.K. and H.G.;
Writing—Review & Editing, Y.K., D.L., A.G., B.W.C., E.A. and H.G.; Visualization, H.G.; Supervision,
H.G. All authors have read and agreed to the published version of the manuscript.
Funding: The authors received no financial support for the research, authorship, and/or publication
of this article.
Institutional Review Board Statement: Ethical review and approval were waived for this study as
this was a systemic review and meta-analysis using the existing published data.
Informed Consent Statement: Patient consent was waived as this was a systemic review and metaanalysis using existing published data.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Conflicts of Interest: Benjamin W. Corn is the Chief Medical Officer of Lutris Pharma. Eitan Amir
reports consulting fees from: Exact Sciences, Sandoz, and Novartis, all outside the submitted work.
Hadar Goldvaser reports personal fees from: Gilead (honorarium and consulting), Eli-Lilly (honorarium and consulting), MSD (honorarium), Novartis (honorarium and consulting), Pfizer (honorarium),
Rhenium Oncotest (honorarium), and Roche (honorarium), all outside the submitted work. All other
authors have no conflicts of interest.

References
1.

2.

3.
4.

5.
6.
7.

8.
9.

10.

Early Breast Cancer Trialists’ Collaborative Group (EBCTCG); Darby, S.; McGale, P.; Correa, C.; Taylor, C.; Arriagada, R.; Clarke,
M.; Cutter, D.; Davies, C.; Ewertz, M.; et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence and
15-year breast cancer death: Meta-analysis of individual patient data for 10 801 women in 17 randomised trials. Lancet 2011, 378,
1707–1716. [CrossRef] [PubMed]
EBCTCG (Early Breast Cancer Trialists’ Collaborative Group); McGale, P.; Taylor, C.; Correa, C.; Cutter, D.; Duane, F.; Ewertz, M.;
Wang, Y. Effect of radiotherapy after mastectomy and axillary surgery on 10-year recurrence and 20-year breast cancer mortality:
Meta-analysis of individual patient data for 8135 women in 22 randomised trials. Lancet 2014, 383, 2127–2135. [CrossRef]
[PubMed]
Chen, R.C.; Lin, N.U.; Golshan, M.; Harris, J.R.; Bellon, J.R. Internal Mammary Nodes in Breast Cancer: Diagnosis and Implications
for Patient Management—A Systematic Review. J. Clin. Oncol. 2008, 26, 4981–4989. [CrossRef] [PubMed]
Huang, O.; Wang, L.; Shen, K.; Lin, H.; Hu, Z.; Liu, G.; Wu, J.; Lu, J.; Shao, Z.; Han, Q.; et al. Breast cancer subpopulation with
high risk of internal mammary lymph nodes metastasis: Analysis of 2,269 Chinese breast cancer patients treated with extended
radical mastectomy. Breast Cancer Res. Treat. 2008, 107, 379–387. [CrossRef]
Estourgie, S.H.; Nieweg, O.E.; Olmos, R.A.V.; Rutgers, E.J.T.; Kroon, B.B.R. Lymphatic Drainage Patterns From the Breast. Ann.
Surg. 2004, 239, 232–237. [CrossRef]
Handley, R.S. Carcinoma of the breast. Ann. R. Coll. Surg. Engl. 1975, 57, 1701.
Recht, A.; Comen, E.A.; Fine, R.E.; Fleming, G.F.; Hardenbergh, P.H.; Ho, A.Y.; Hudis, C.A.; Hwang, E.S.; Kirshner, J.J.; Morrow,
M.; et al. Postmastectomy Radiotherapy: An American Society of Clinical Oncology, American Society for Radiation Oncology,
and Society of Surgical Oncology Focused Guideline Update. Ann. Surg. Oncol. 2017, 24, 38–51. [CrossRef]
Salerno, K.E. NCCN Guidelines Update: Evolving Radiation Therapy Recommendations for Breast Cancer. J. Natl. Compr. Cancer
Netw. 2017, 15, 682–684. [CrossRef]
Burstein, H.; Curigliano, G.; Thürlimann, B.; Weber, W.; Poortmans, P.; Regan, M.; Senn, H.; Winer, E.; Gnant, M.; Aebi, S.; et al.
Customizing local and systemic therapies for women with early breast cancer: The St. Gallen International Consensus Guidelines
for treatment of early breast cancer 2021. Ann. Oncol. 2021, 32, 1216–1235. [CrossRef]
Poortmans, P.M.; Collette, S.; Kirkove, C.; Van Limbergen, E.; Budach, V.; Struikmans, H.; Collette, L.; Fourquet, A.; Maingon, P.;
Valli, M.; et al. Internal Mammary and Medial Supraclavicular Irradiation in Breast Cancer. N. Engl. J. Med. 2015, 373, 317–327.
[CrossRef]

Curr. Oncol. 2022, 29

11.
12.

13.

14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

29.
30.
31.
32.

33.

6672

Whelan, T.J.; Olivotto, I.A.; Parulekar, W.R.; Ackerman, I.; Chua, B.H.; Nabid, A.; Vallis, K.A.; White, J.R.; Rousseau, P.; Fortin, A.;
et al. Regional Nodal Irradiation in Early-Stage Breast Cancer. N. Engl. J. Med. 2015, 373, 307–316. [CrossRef] [PubMed]
Poortmans, P.M.; Weltens, C.; Fortpied, C.; Kirkove, C.; Peignaux-Casasnovas, K.; Budach, V.; van der Leij, F.; Vonk, E.; Weidner,
N.; Rivera, S.; et al. Internal mammary and medial supraclavicular lymph node chain irradiation in stage I–III breast cancer
(EORTC 22922/10925): 15-year results of a randomised, phase 3 trial. Lancet Oncol. 2020, 21, 1602–1610. [CrossRef]
Hennequin, C.; Bossard, N.; Servagi-Vernat, S.; Maingon, P.; Dubois, J.-B.; Datchary, J.; Carrie, C.; Roullet, B.; Suchaud, J.-P.;
Teissier, E.; et al. Ten-Year Survival Results of a Randomized Trial of Irradiation of Internal Mammary Nodes After Mastectomy.
Int. J. Radiat. Oncol. Biol. Phys. 2013, 86, 860–866. [CrossRef] [PubMed]
Thorsen, L.B.J.; Offersen, B.V.; Danø, H.; Berg, M.V.D.; Jensen, I.; Pedersen, A.N.; Zimmermann, S.J.; Brodersen, H.-J.; Overgaard,
M.; Overgaard, J. DBCG-IMN: A Population-Based Cohort Study on the Effect of Internal Mammary Node Irradiation in Early
Node-Positive Breast Cancer. J. Clin. Oncol. 2016, 34, 314–320. [CrossRef]
Thorsen, L.B.; Overgaard, J.; Matthiessen, L.W.; Berg, M.; Stenbygaard, L.; Pedersen, A.N.; Nielsen, M.H.; Overgaard, M.; Offersen,
B.V. Internal Mammary Node Irradiation in Patients With Node-Positive Early Breast Cancer: Fifteen-Year Results From the
Danish Breast Cancer Group Internal Mammary Node Study. J. Clin. Oncol. 2022, JCO2200044. [CrossRef] [PubMed]
Boekel, N.B.; Jacobse, J.N.; Schaapveld, M.; Hooning, M.J.; Gietema, J.; Duane, F.K.; Taylor, C.W.; Darby, S.C.; Hauptmann,
M.; Seynaeve, C.M.; et al. Cardiovascular disease incidence after internal mammary chain irradiation and anthracycline-based
chemotherapy for breast cancer. Br. J. Cancer 2018, 119, 408–418. [CrossRef]
Parmar, M.K.; Torri, V.; Stewart, L. Extracting summary statistics to perform meta-analyses of the published literature for survival
endpoints. Stat. Med. 1998, 17, 2815–2834. [CrossRef]
Deeks, J.J. Systematic reviews in health care: Systematic reviews of evaluations of diagnostic and screening tests. BMJ 2001, 323,
157–162. [CrossRef]
Burnand, B.; Kernan, W.N.; Feinstein, A.R. Indexes and boundaries for “quantitative significance” in statistical decisions. J. Clin.
Epidemiol. 1990, 43, 1273–1284. [CrossRef]
Wasserstein, R.L.; Lazar, N.A. The ASA Statement on p-Values: Context, Process, and Purpose. Am. Stat. 2016, 70, 129–133.
[CrossRef]
Wasserstein, R.L.; Schirm, A.L.; Lazar, N.A. Moving to a World Beyond “p < 0.05”. Am. Stat. 2019, 73, 1–19. [CrossRef]
Sweeting, M.; Sutton, A.J.; Lambert, P. What to add to nothing? Use and avoidance of continuity corrections in meta-analysis of
sparse data. Stat. Med. 2004, 23, 1351–1375. [CrossRef] [PubMed]
Higgins, J.P.T.; Altman, D.G. Meta analysis of rare events. In Cochrane and Book for Systematic Reviews of Interventions (version 5.1.0);
Higgins, J.P.T., Green, S., Eds.; The Cochrane Collaboration: London, UK, 2011.
Kim, Y.B.; Byun, H.K.; Kim, D.Y.; Ahn, S.-J.; Lee, H.-S.; Park, W.; Kim, S.S.; Kim, J.H.; Lee, K.C.; Lee, I.J.; et al. Effect of Elective
Internal Mammary Node Irradiation on Disease-Free Survival in Women With Node-Positive Breast Cancer: A randomized phase
3 clinical trial. JAMA Oncol. 2022, 8, 96–105. [CrossRef] [PubMed]
Poortmans, P.M.; Struikmans, H.; De Brouwer, P.; Weltens, C.; Fortpied, C.; Kirkove, C.; Budach, V.; Peignaux-Casasnovas, K.;
van der Leij, F.; Vonk, E.; et al. Side Effects 15 Years After Lymph Node Irradiation in Breast Cancer: Randomized EORTC Trial
22922/10925. JNCI: J. Natl. Cancer Inst. 2021, 113, 1360–1368. [CrossRef]
Brackstone, M.; Baldassarre, F.G.; Perera, F.E.; Cil, T.; Mac Gregor, M.C.; Dayes, I.S.; Engel, J.; Horton, J.K.; King, T.A.; Kornecki,
A.; et al. Management of the Axilla in Early-Stage Breast Cancer: Ontario Health (Cancer Care Ontario) and ASCO Guideline. J.
Clin. Oncol. 2021, 39, 3056–3082. [CrossRef]
Giuliano, A.E.; Ballman, K.V.; McCall, L.; Beitsch, P.D.; Brennan, M.B.; Kelemen, P.R.; Ollila, D.W.; Hansen, N.M.; Whitworth,
P.W.; Blumencranz, P.W.; et al. Effect of Axillary Dissection vs No Axillary Dissection on 10-Year Overall Survival Among Women
With Invasive Breast Cancer and Sentinel Node Metastasis: The ACOSOG Z0011 (Alliance) randomized clinical trial. JAMA 2017,
318, 918–926. [CrossRef]
Donker, M.; van Tienhoven, G.; E Straver, M.; Meijnen, P.; van de Velde, C.J.H.; E Mansel, R.; Cataliotti, L.; Westenberg, A.H.;
Klinkenbijl, J.H.G.; Orzalesi, L.; et al. Radiotherapy or surgery of the axilla after a positive sentinel node in breast cancer (EORTC
10981-22023 AMAROS): A randomised, multicentre, open-label, phase 3 non-inferiority trial. Lancet Oncol. 2014, 15, 1303–1310.
[CrossRef]
Comparison of Axillary Lymph Node Dissection with Axillary Radiation for Patients with Node-Positive Breast Cancer Treated
with Chemotherapy. Available online: https://clinicaltrials.gov/ct2/show/NCT01901094 (accessed on 29 June 2022).
Roychoudhuri, R.; Evans, H.; Robinson, D.; Moller, H. Radiation-induced malignancies following radiotherapy for breast cancer.
Br. J. Cancer 2004, 91, 868–872. [CrossRef]
Cheng, Y.; Nie, X.; Ji, C.; Lin, X.; Liu, L.; Chen, X.; Yao, H.; Wu, S. Long-Term Cardiovascular Risk After Radiotherapy in Women
With Breast Cancer. J. Am. Heart Assoc. 2017, 6, e005633. [CrossRef]
Käsmann, L.; Dietrich, A.; Staab-Weijnitz, C.A.; Manapov, F.; Behr, J.; Rimner, A.; Jeremic, B.; Senan, S.; De Ruysscher, D.; Lauber,
K.; et al. Radiation-induced lung toxicity–cellular and molecular mechanisms of pathogenesis, management, and literature review.
Radiat. Oncol. 2020, 15, 214. [CrossRef]
Darby, S.C.; Cutter, D.J.; Boerma, M.; Constine, L.S.; Fajardo, L.F.; Kodama, K.; Mabuchi, K.; Marks, L.B.; Mettler, F.A.; Pierce,
L.J.; et al. Radiation-Related Heart Disease: Current Knowledge and Future Prospects. Int. J. Radiat. Oncol. Biol. Phys. 2010, 76,
656–665. [CrossRef] [PubMed]

Curr. Oncol. 2022, 29

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

6673

Kahán, Z.; Csenki, M.; Varga, Z.; Szil, E.; Cserháti, A.; Balogh, A.; Gyulai, Z.; Mandi, Y.; Boda, K.; Thurzó, L. The Risk of Early and
Late Lung Sequelae After Conformal Radiotherapy in Breast Cancer Patients. Int. J. Radiat. Oncol. 2007, 68, 673–681. [CrossRef]
[PubMed]
Korzets, Y.; Fyles, A.; Shepshelovich, D.; Amir, E.; Goldvaser, H. Toxicity and clinical outcomes of partial breast irradiation
compared to whole breast irradiation for early-stage breast cancer: A systematic review and meta-analysis. Breast Cancer Res.
Treat. 2019, 175, 531–545. [CrossRef] [PubMed]
Dodwell, D.; Taylor, C.; McGale, P.; Coles, C.; Duane, F.; Gray, R.; Kühn, T.; Hennequin, C.; Oliveros, S.; Wang, Y.; et al. Abstract
GS4-02: Regional lymph node irradiation in early stage breast cancer: An EBCTCG meta-analysis of 13,000 women in 14 trials.
Cancer Res. 2019, 79, GS4-02. [CrossRef]
Merzenich, H.; Bartkowiak, D.; Schmidberger, H.; Schmidt, M.; Schwentner, L.; Wiegel, T.; Woeckel, A.; Wollschläger, D.; Blettner,
M. 3D conformal radiotherapy is not associated with the long-term cardiac mortality in breast cancer patients: A retrospective
cohort study in Germany (PASSOS-Heart Study). Breast Cancer Res. Treat. 2017, 161, 143–152. [CrossRef]
Offersen, B.V.; Boersma, L.J.; Kirkove, C.; Hol, S.; Aznar, M.C.; Sola, A.B.; Kirova, Y.M.; Pignol, J.-P.; Remouchamps, V.; Verhoeven,
K.; et al. ESTRO consensus guideline on target volume delineation for elective radiation therapy of early stage breast cancer.
Radiother. Oncol. 2015, 114, 3–10. [CrossRef]
Milo, M.L.H.; Thorsen, L.B.J.; Johnsen, S.P.; Nielsen, K.M.; Valentin, J.B.; Alsner, J.; Offersen, B.V. Risk of coronary artery disease
after adjuvant radiotherapy in 29,662 early breast cancer patients: A population-based Danish Breast Cancer Group study.
Radiother. Oncol. 2021, 157, 106–113. [CrossRef]
Remouchamps, V.M.; A Vicini, F.; Sharpe, M.B.; Kestin, L.L.; A Martinez, A.; Wong, J.W. Significant reductions in heart and lung
doses using deep inspiration breath hold with active breathing control and intensity-modulated radiation therapy for patients
treated with locoregional breast irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2003, 55, 392–406. [CrossRef]
Nguyen, M.H.; Lavilla, M.; Kim, J.N.; Fang, L.C. Cardiac sparing characteristics of internal mammary chain radiotherapy using
deep inspiration breath hold for left-sided breast cancer. Radiat. Oncol. 2018, 13, 103. [CrossRef]
Hjelstuen, M.H.B.; Mjaaland, I.; Vikström, J.; Dybvik, K.I. Radiation during deep inspiration allows loco-regional treatment of
left breast and axillary-, supraclavicular- and internal mammary lymph nodes without compromising target coverage or dose
restrictions to organs at risk. Acta Oncol. 2012, 51, 333–344. [CrossRef]
Bogers, S.; Petoukhova, A.; Penninkhof, J.; Mast, M.; Poortmans, P.; Hoogeman, M.; Struikmans, H. Target Volume Coverage and
Organ at Risk Doses for Left-sided Whole-breast Irradiation With or Without Internal Mammary Chain Irradiation: A Comparison
Between Three Techniques Representing the Past and the Present. Clin. Oncol. R Coll. Radiol. 2022, 34, 537–544. [CrossRef]
[PubMed]

