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ABSTRACT

Background: The purpose of this study was to estimate the additional risk of side effects attributed
to internal mammary node irradiation (IMNI) as part of regional lymph node irradiation (RNI) in breast
cancer patients and to compare it with estimated overall survival (OS) benefit from IMNI.

Material and methods: Treatment plans (n =80) with volumetric modulated arc therapy (VMAT) were
calculated for 20 patients (4 plans per patient) with left-sided breast cancer from the prospective
GATTUM trial in free breathing (FB) and in deep inspiration breath hold (DIBH). We assessed doses to
organs at risk ((OARs) lung, contralateral breast and heart) during RNI with and without additional
IMNI. Based on the OAR doses, the additional absolute risks of 10-year cardiac mortality, pneumonitis,
and secondary lung and breast cancer were estimated using normal tissue complication probability
(NTCP) and risk models assuming different age and risk levels.

Results: IMNI notably increased the mean OAR doses. The mean heart dose increased upon IMNI by
0.2-3.4 Gy (median: 1.9 Gy) in FB and 0.0-1.5 Gy (median 0.4 Gy) in DIBH. However, the estimated abso-
lute additional 10-year cardiac mortality caused by IMNI was <0.5% for all patients studied except 70-
year-old high risk patients (0.2-2.4% in FB and 0.0-1.1% in DIBH). In comparison to this, the published
oncological benefit of IMNI ranges between 3.3% and 4.7%. The estimated additional 10-year risk of
secondary cancer of the lung or contralateral breast ranged from 0-1.5% and 0-2.8%, respectively,
depending on age and risk levels. IMNI increased the pneumonitis risk in all groups (0-2.2%).
Conclusion: According to our analyses, the published oncological benefit of IMNI outweighs the esti-
mated risk of cardiac mortality even in case of (e.g., cardiac) risk factors during VMAT. The estimated
risk of secondary cancer or pneumonitis attributed to IMNI is low. DIBH reduces the estimated add-
itional risk of IMNI even further and should be strongly considered especially in patients with a high
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baseline risk.

Introduction

Large randomized studies (EORTC 22922/10925, MA.20) dem-
onstrated better regional and distant control rates as well as
a better disease-specific survival after regional lymph node
irradiation (RNI) in high-risk breast cancer patients [1,2]. In
these randomized trials, RNI comprised both the supra-/
infraclavicular region and the internal mammary node irradi-
ation (IMNI) as a constant component. Therefore, the add-
itional contribution of IMNI during RNI remains unclear in
the randomized EORTC 22922/10925 and MA.20 trials. Yet,
several studies have been conducted to separately investi-
gate the role of IMNI during RNI in breast cancer radiation
therapy. In prospective nonrandomized trials by Stemmer
et al. [3] and the Danish Breast Cancer Group (DBCG) [4],
IMNI resulted in a significant improvement of disease-free
survival (DFS; by 21% [3]) and overall survival (by 3.7% [4]).

This benefit could be confirmed in a recently published
study by Luo et al. [5] (DFS +13.4%, OS +4.8%). In the only
randomized trial on IMNI (French trial [6]) a non-significant
trend toward an improved OS (by 3.3%) was observed after
11.3-year follow-up. Even if this study failed to demonstrate
a clear survival benefit of IMNI, a recent network meta-ana-
lysis including the French, the EORTC 22922, and the MA.20
trial showed that prolongation in survival due to regional
nodal irradiation is only achieved when the internal mam-
mary chain is included [7].

Due to the proximity of the internal mammary chain to
the heart and lung, several guidelines advise against IMNI in
the case of cardiac risk factors [8,9] and many radiation
oncologists are reluctant to use IMNI during RNI [10].
However, reliable clinical evidence for IMNI toxicity is miss-
ing, particularly for modern irradiation techniques such as
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deep inspiration breath-hold (DIBH) with volumetric modu-
lated arc therapy (VMAT), which allows a better sparing of
the OARs [11-14]. Notably, a recent metanalysis by the
EBCTCG indicates that improvements in the irradiation tech-
nique over the years resulted in better outcomes of RNI [15].

Since concerns regarding toxicity remain the limiting fac-
tor for the implementation of IMNI in clinical practice, it is
crucial to quantify the risk of additional side effects in the
OARs and to estimate the pros and cons of different scen-
arios. The aim of the current study was to compare the abso-
lute risk of side effects in the heart, lung and contralateral
breast during RNI with IMNI vs. no IMNI using VMAT and
DIBH techniques.

Material and methods
Treatment planning

20 patients with left-sided breast cancer receiving whole-
breast irradiation after lumpectomy from the prospective
GATTUM trial [16] were included in the present analyses. The
GATTUM trial is a monocentric study including patients with
left-sided breast cancer. The aim of this study is to detect
parameters that predict the advantage of DIBH. The patients’
characteristics are summarized in the supplementary file (1).
All patients gave informed consent for treatment and the
study was approved by the local ethics committee. For each
patient, a planning computed tomography scan (CT) was
acquired on a Somatom Emotion 16 scanner (Siemens
Healthineers, Erlangen, Germany) in DIBH and free-breathing
(FB) using the Real-time Position Management (RPM, Varian,
Palo Alto, California, USA). The clinical target volume (CTV) of
the breast and the lymph node levels were contoured
according to the ESTRO contouring recommendations (the
caudal border of the internal mammary region was defined
as the cranial side of the 4th rib) [17]. In addition, the OARs
including the lungs, the contralateral breast, and the heart
were contoured in the treatment planning software (Eclipse,
Varian, Palo Alto, CA). For contouring of the heart and its
substructures (left anterior descending artery [LAD], right and
left ventricle [RV, LV]) the cardiac contouring atlas for radi-
ation therapy by Duane et al. [18] was used. In each CT
(DIBH and FB) two clinical target volumes (CTV)
were defined:

1. As comprising the breast and the supra-/infraclavicular
region (—IMNI)
2. Asin (1) plus the internal mammary region (4IMNI)

The CTV to PTV margin for the lymph node regions was
5mm and for the breast 10 mm. These PTVs were used for
plan generation in FB and DIBH (four treatment plans per
patient). The treatment plans were calculated using the
VMAT technique with the TPS Eclipse 15.6 (Varian Medical
Systems, Palo Alto, CA). Treatment plans consisted of 3 par-
tial arcs (290°-170°) and the photon beam energy was 6 MV.
To compensate for the intrafractional PTV movement, treat-
ment plan optimization was performed adding a ‘virtual

bolus’ of 12mm. The bolus was removed before the final
dose calculation. The dose was calculated with the aniso-
tropic analytical algorithm (AAA) and a grid size of
2.5 x 2.5mm?. No automatization tools were used. Treatment
plans were calculated by two different physicists, but the
four plans for one patient were always calculated by the
same physicist. The prescription dose to the PTV was 50.4 Gy
delivered in 1.8Gy per fraction and the plans were normal-
ized to a median PTV dose corresponding to the prescription
dose. In addition to the planning PTV, an ‘evaluation PTV’
was created by excluding any lung tissue and a 5mm skin
layer. This evaluation PTV was used for DVH constraints and
analyses: 95% of the evaluation PTV should be covered by
the 95% isodose line. The 95% isodose line encompassed the
dorsal limit of the PTV (assessed by visual inspection) to
avoid dose reduction in the internal mammary region. Dose
maximum should not exceed 110% and preferably not 107%.
The dose to OARs was kept as low as possible, without com-
promising the PTV dose. The treatment plans analyzed in
this study were calculated solely for scientific purposes and
all patients had already completed the treatment prior to ini-
tiation of the study. The treatment of the patients was car-
ried out in accordance with the specifications of the
GATTUM trial [16].

Dose evaluation and risk models

The aim of risk modeling was to estimate the additional
absolute risks due to IMNI for the endpoints of cardiac mor-
tality, radiation pneumonitis, secondary lung cancer and
contralateral breast cancer applying NTCP or risk models. For
this, we estimated the radiation-induced toxicities assuming
different ages (40, 50, 60 or 70years) and risk factors (high
risk and low risk; Table 1) based on the doses in the OARs
for the 20 patients. The risk scenarios (high vs. low) were
defined separately for each OAR, since identified risk factors
vary among the organs, and common risk factors may even
affect the organ-specific risks in opposing ways (smoking
enhances the risk of radiation-induced cardiac mortality but
reduces the risk of radiation pneumonitis). The risk models
and calculations used for each endpoint are listed in Table 1
and explained in detail in the supplementary file. For cardiac
mortality, lung and contralateral breast cancer, radiation risk
models were applied that were derived from studies on
breast cancer patients. Absolute radiation risk was calculated
by the product of the 10-year baseline risk and the radiation
excess relative risk (ERR). In contrast, absolute 10-year radi-
ation pneumonitis risks are directly evaluated from a study
on lung cancer patients [23]. A detailed description can be
found in the supplementary file. All these risk estimates used
in the present study are based on mean organ doses
(Dmean) to the heart, total lung or contralateral breast.
However, some risk models published in the literature (cf.
last column in Table 1) work with alternative dose metrics
such as Dmax (minimum dose in the cubic centimeter with
the highest dose), V20 or V5 (volume fractions with doses
above 20Gy or 5@y, respectively) or OED (organ equivalent
dose derived with a plateau dose-response relationship
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Definition of risk groups, overview of the risk models used for calculation of absolute risks attributed to IMNI, and references to approaches based on

Definition of risk groups

Alternative

Low risk High risk Baseline risk model Radiation risk model dose metrics
Cardiac mortality e Non smoker Smoker SCORE [19], coronary heart ERR =Heart_Dmean x 0.074/ LAD_Dmean [20],
e RRsys 120 mmHg RRsys 160 mmHg disease in low-risk Gy, [20] LV_V5 [21]
e Cholesterol Cholesterol European countries
200 mg/dl 300mg/dl
Radiation e Smoker Non-smoker Not applicable Lyman-Kutcher-Burman model  TotalLung_
pneumonitis e No pulmonary Pulmonary [22], adjusted for clicinal V20 [24]
comorbidities comorbidities risk factors according to
e No sequential Sequential Appelt et al. [23] based on
chemotherapy chemotherapy total mean lung dose
Lung cancer o Non-smoker 10 cigarettes/d - Smokers: Bach [25] ERR =Total_Lung_Dmean x Lung_OEDPIat
since age 20 - Nonsmokers: Thun [26], 0.11/Gy [28] [29]

Contralateral breast
cancer

No family history of
breast cancer

First child born
before age of

30 years

No history of high-
risk neoplasia
Negative hormone

Breast cancer in first
degree relatives
First child born at
age 30-40 years
History of high-

risk neoplasia
Positive estrogen
receptor status and

correcting for incidence by
factor 1.3 [27]
CBCRisk [30]

- Age 40: ERR=CB_Dmean x
0.20/Gy [31,32] - 40%
reduction per 10 years
increase in age [29]

CB_OEDPIat [29]

anti-
estrogen therapy

receptor status

proposed by Schneider et al. [29]). Therefore, in supplemen-
tary material, we report in addition to mean OAR doses also
these dose metrics. The dose values were calculated in
MATLAB based on dose-volume histograms (DVHs) exported
from the treatment planning software. All presented values
are median values based on the 20 patients. To estimate the
statistical significance of differences between RNI with and
without IMNI and FB vs. DIBH, the Wilcoxon signed-rank test
was used. This pairwise test is sensitive to the existence of
plan differences but independent of the magnitude of this
difference. p-Values <.05 were considered statistically
significant.

Results

Eighty-two-and-half percent of the treatment plans fulfilled
all dose prescription criteria. In 14 treatment plans (8 with
and 6 without IMNI) small deviation from V95% were toler-
ated in the PTV (median V95%: 94.3% (92-94.9%)). The dose
distribution of an exemplary patient in FB+IMNI and
DIBH + IMNI is delineated in Figure 1.

Cardiac dose and cardiac mortality

RNI' with IMNI (+IMNI) led to a significant increase of the
dose to the heart and heart substructures compared to RNI
without IMNI (—IMNI). In free-breathing, the heart Dmean
(median over the 20 patients) increased by 33.3% (5.4 vs.
3.6Gy) and the (median) LAD Dmean by 40.0% (14.5 vs.
8.7Gy). For the left ventricle, only small differences were
observed. In DIBH, the additional doses caused by IMNI were
smaller compared to FB (p<.001). However, IMNI still
resulted in significantly higher doses to the heart. The
(median) heart Dmean increased by 18.1% (p <.001) and the
(median) LAD Dmean by 15.9% (p=.09). In 13 out of 20

patients, the (median) dose in DIBH including IMNI was still
lower compared to FB without IMNI (ADmean,, = —0.5Gy
(—1.5 to —1.4Gy)) The dose distribution in the heart and
heart substructures is summarized in Figure 2(a) and the sup-
plementary file (2).

The estimated absolute 10-year cardiac mortality that
resulted from the additional doses during IMNI for different
age levels (40years and 70years) and risk levels are
delineated in Figure 3(a). The estimated absolute risk for all
age levels is summarized in Table 2. The estimated additional
absolute risk due to IMNI was for all assumed scenarios
smaller than 0.3% (both in DIBH and in FB), except for older
(70 years) high-risk patients. However, even for a 70-year-old
high-risk patient, the estimated additional 10-year cardiac
mortality (0.2-2.5%) was clearly lower than the published 8-
or 10-year OS-benefit of IMNI (ranging between 3.3% [6] and
4.8% [4,5]). Patients undergoing DIBH and IMNI had a slightly
lower risk attributed to radiation therapy compared to
patients undergoing FB without IMNI (Table 2).

Lung dose and toxicity

The mean dose and the V20 of the lung (ipsilateral and bilat-
eral) increased significantly when IMNI was included during
RNI. The additional doses in the OARs attributed to IMNI
were smaller for DIBH compared to FB, but still significant.
The dose values are summarized in Figure 2(c,d) and the
supplementary file (3).

Radiation pneumonitis

The additional absolute risk for pneumonitis attributed to
IMNI was estimated to be <1.7% for all scenarios when DIBH
was applied. In FB, the estimated additional risk ranged
between 0.2-2.2% depending on patient anatomies, age and
risk factors (Figure 3(c)). These additional values are small
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Table 2. Estimated toxicity after RNl + IMNI.

Cardiac risk (%)

Risk Group
FB DIBH
Baseline risk —IMNI +IMNI —IMNI +IMNI
40 year low risk 0.0 0 (0-0) 0 (0-0)* 0 (0-0) 0 (0-0)*
40 year high risk 0.2 0.2 (0.2-0.3) 0.3 (0.2-0.3)* 0.2 (0.2-0.3) 0.2 (0.2-0.3)*
50 year low risk 0.1 0.1 (0.1-0.2) (0.1-0.2)* 0.1 (0.1-0.1) 0.1 (0.1-0.1)*
50 year high risk 0.9 1.1 (1.1-1.3) (1.1-1.4)* 1.1 (1.1-1.2) 1.1 (1.1-1.3)*
60 year low risk 0.5 0.6 (0.6-0.7) 7 (0.6-0.7)* 0.6 (0.6-0.7) 0.6 (0.6-0.7)*
60 year high risk 35 44 (4.2-5.1) 9 (4.4-5.4)* 4.2 (4.1-4.7) 4.4 (4.1-4.8)*
70 year low risk 13 1.6 (1.5-1.9) 1.8 (1.6-2)* 1.6 (1.5-1.8) 1.6 (1.5-1.8)*
70 year high risk 9.7 12.3 (11.5-14) 13.6 (12.1-15)* 11.6 (11.3-13.1) 12.1 (11.4-13.3)*
Pneumonitits risk (%)
Baseline risk FB DIBH
—IMNI +IMNI —IMNI +IMNI
50 year low risk n.a. 14 (1.2-1.7) 1.8 (1.6-2.1)* 14 (1.2-1.6) 1.6 (1.4-1.8)*
50 year high risk n.a. 49 (4.4-5.8) 6.1 (5.5-7.1)* 5 (4.2-5.7) 5.6 (4.9-6.2)*
70 year low risk n.a. 3 (2-2.7) 2.9 (2.6-3.4)* 23 (1.9-27) 2.6 (2.3-2.9)*
70 year high risk n.a. 9 (7.1-9.3) 9.7 (8.7-11.3)* 8 (6.7-9) 8.9 (7.8-9.9)*
Secondary cancer lung (%)
Baseline risk FB DIBH
—IMNI +IMNI —IMNI +IMNI
40 year low risk 0.05 0.1 (0.1-0.1) 0.1 (0.1-0.1)* 0.1 (0.1-0.1) 0.1 (0.1-0.1)*
40 year high risk 0.2 02 (0.2-0.2) 2 (0.2-0.2)* 02 (0.2-0.2) 0.2 (0.2-0.2)*
50 year low risk 0.1 1 (0.1-0.1) 1 (0.1-0.1)* 1 (0.1-0.1) 0.1 (0.1-0.1)*
50 year high risk 0.9 2 (1.2-1.3) 4 (1.3-14)% 2 (1.2-1.3) 13 (1.2-1.4)*
60 year low risk 0.2 3 (0.3-0.3) 0.3 (0.3-0.3)* 3 (0.3-0.3) 0.3 (0.3-0.3)*
60 year high risk 3.2 44 (4.2-4.7) 8 (4.6-5)* 44 (4.1-4.6) 4.6 (4.4-4.8)*
70 year low risk 0.4 0.6 (0.5-0.6) 6 (0.6-0.6)* 0.6 (0.5-0.6) 6 (0.6-0.6)*
70 year high risk 6.5 8.9 (8.5-9.5) 9.7 (9.3-10.2)* 8.9 (8.3-9.4) 3 (8.8-9.7)*
Secondary cancer contralateral breast (%)
Baseline risk FB DIBH
—IMNI +IMNI —IMNI +IMNI
40 year low risk 33 5.4 (4.1-6.9) 5.9 (4.9-7.6)* 5.1 (4.3-6) 5.4 (4.9-6.4)*
40 year high risk 7.1 11.6 (8.9-14.8) 12.7 (10.4-16.4)* 11.1 (9.3-12.9) 11.5 (10.5-13.8)*
50 year low risk 3.7 5.1 (4.3-6.1) 5.5 (4.7-6.6)* 49 (4.4-5.5) 5.1 (4.8-5.8)*
50 year high risk 7.9 10.9 (9.1-13) 11.7 (10.1-14.1)* 10.6 (9.4-11.8) 10.9 (10.2-12.4)*
60 year low risk 43 5.3 (4.7-6) 5.5 (5-6.3)* 5.2 (4.8-5.6) 5.3 (5-5.8)*
60 year high risk 9.2 11.3 (10-12.8) 11.8 (10.8-13.5)* 11.1 (10.2-11.9) 11.3 (10.8-12.3)*
70 year low risk 4.4 5 (4.6-5.4) 5.2 (4.8-5.6)* 49 (4.7-5.2) 5 (4.9-5.3)*
70 year high risk 9.4 10.7 (9.9-11.6) 1 (10.4-12)* 10.5 (10-11.1) 10.7 (10.4-11.3)*

Risk for cardiac mortality, pneumonitis and secondary breast and lung cancer for different risk groups compared to the baseline risk.
Median values and range based on dose distribution in 20 patients and risk scenarios are specified in Table 1.

*p < .05.

compared to the risk that already results from RNI without
IMNI (Table 2).

Secondary lung cancer

The estimated additional absolute risk for secondary lung
cancer was highly dependent on the baseline risk. For non-
smokers, the additional risk for pulmonary cancer resulting
from IMNI was generally smaller than 0.1% (both in FB and
DIBH). For high-risk patients (smokers) the estimated add-
itional risk reached up to 1.5% in FB and 1.2% in DIBH.
The estimated risk for secondary lung cancer in depend-
ence on age and risk factors is delineated in Figure 3(d)
and Table 2.

Secondary contralateral breast cancer

Additional IMNI led to a significant increase of the contralat-
eral (median) breast Dmean (or OED, respectively, cf. supple-
mentary material). The additional (median) Dmean attributed

to IMNI was 0.9Gy (FB) and 0.5Gy (DIBH), respectively
(Figure 2(b)). The additional estimated absolute 10-year risk
of contralateral breast cancer attributed to IMNI ranged up
to 2.8% in dependence on the baseline risk (Figure 3(b) and
Table 2).

Discussion

According to our data, the estimated additional (absolute)
10-year cardiovascular mortality attributed to IMNI is very
low for most patients. Even in patients with a high cardiovas-
cular baseline risk, the estimated 10-year-mortality caused by
IMNI is clearly smaller than the published 10-year overall sur-
vival benefit of IMNI. With regard to the 10-year risk of sec-
ondary cancer (lung and breast) the estimated additional risk
also was small for most scenarios. DIBH lowered significantly
the estimated additional risk due to IMNI for all endpoints.
Dose reduction to the OARs from DIBH outweighed the dose
increase to OARs from IMNI in most patients.
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Figure 1. Dose distribution of an exemplary patient in free breathing without (A) and with (C) IMNI and in DIBH without (B) and with (D) IMNI. Level: sternocostal

joint of the third rip.

Data on the toxicity of IMNI is very limited in the litera-
ture. Most of the available data is derived from the random-
ized trials that investigated the effect of RNI on the
oncologic outcome (EORTC 22922-10925, MA.20, French trial)
[1,2,6]. In the MA.20 study, RNI included the supra-/infracla-
vicular and internal mammary region. RNI increased the rates
of acute pneumonitis significantly (1.2 vs. 0.2%) [2]. For
delayed events, there were significant increases in lymphe-
dema, fibrosis and telangiectasia in the RNI group. No
increase in cardiac disease or secondary cancer was found.
However, the follow-up time of 62 months of the MA.20 trials
is considered insufficient to exclude relevant late toxicity
[33]. For the EORTC 22922-10925 trial, toxicity data after
10years follow-up is available [1]. Pulmonary fibrosis
occurred in 4.4% after RNI and 1.7% in the control group. No
significant increase in the cardiac disease was observed (6.5
vs. 5.6%, p=.25). Secondary cancers occurred more often
after RNI (n =222 vs. 191). It is unclear to which extent the
observed toxicity can be attributed to IMNI because the
treatment groups received in both studies IMNI and supra-/
infraclavicular irradiation. The French trial [6] on the other
hand focused on the effect of additional IMNI und thus
allows an estimation of the toxicity attributed to IMNI. Even
though no significant differences regarding toxicity were
found in the French trial, grade 3-4 late side effects of radi-
ation were more common in the IMNI group (3.1 vs. 2.3%)
and also late cardiac events occurred more often in the IMNI
group (2.2%, 15/672 vs. 1.7%, 11/662). A major limitation of
that study is outdated irradiation techniques. In general,
none of the randomized studies mentioned before used 3D-

CT, IMRT or VMAT as a standard modality. However, the
treatment technique has an important impact on the dose in
the organs at risk. Studies by Ranger et al. [11] and Osman
et al. [14] compared the dose distribution between VMAT
and 3D-CRT during RNI in left-sided breast cancer patients. In
both studies, VMAT led to lower mean heart and lung doses
compared to 3D-CRT/Wide tangents and provided better tar-
get coverage. Nevertheless (wide) tangential 3D-CRT/IMRT
might be advantageous in some patients, especially taking
low dose exposure of OARs into account [34,35]. Since low
doses to the OARs may actually contribute to secondary can-
cer risk more than implied by linear risk models [18,35], esti-
mating secondary cancer risk by mean OAR doses only is a
potential limitation to our study (discussed below).

In a DBCG simulation study by Thorsen et al. [36] using
conventional 3D-CT, IMNI resulted in an increase of the
mean heart dose by 4.8%. Despite this large difference (com-
pared to Figire 2(a)) risk calculations by the authors showed
that the benefits from IMNI outweigh the costs in terms of
ischemic heart death. In the DBCG study, it remains unclear
whether patients with high-risk features would also benefit
from IMNI. This is relevant as several guidelines advise
against IMNI in case of ‘cardiac risk factors’ and reliable clin-
ical evidence (in particular for different subgroups) is lacking.

The published oncologic benefit (OS: 3.3-4.8% [3-6]) of
(VMAT-) IMNI exceeds the estimated 10-year risk of cardiac
mortality, even in patients with high baseline risk. Even
though a comparison of the other endpoints (secondary can-
cer, pneumonitis) with overall survival is difficult, the risk
appears to be relatively low given the published OS benefit
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Figure 2. Box-plot diagrams delineating the dose difference between DIBH and FB =+ IMNI. Comparison of dose to the heart (a), total lung (c, d) and the contralat-
eral breast (b) during RNI with (+) and without (—) IMNI in free breathing (FB) and deep inspiration breath hold (DIBH). (a—c) Mean dose in gray (Gy); (d) volume
fraction receiving at least 20 Gy in % (V20Gy). First and second box: positive dose difference means that OAR dose is lower for — IMNI. Third and fourth box: nega-

tive dose difference means that OAR dose is lower in DIBH.

of IMNI. Notably, the oncologic benefit published in studies
focusing on IMNI is higher (and statistically significant) com-
pared to the benefit of RNI (including supra/infra-clavicular
irradiation and IMNI) in the randomized MA.20 and EORTC
trials. This could indicate that the estimated benefit of the
IMNI the nonrandomized trials is too large, which should be
considered during the interpretation of our results. However,
a recently published meta-analysis including also the EORTC
and MA.20 trials concludes that the OS-benefit of RNI relies
on IMNI [7]. Furthermore, modern irradiation techniques are
likely to improve survival outcomes compared to the
randomized trials, which were initiated more than
20years ago.

Estimating the additional toxicity of IMNI based on radi-
ation risk models is associated with uncertainties. Limitations
with regard to the risk models comprise the possibility of
non-linear dose-response relationships, inaccuracies of the
models used in this study, and statistical uncertainties (See:
supplementary file (5) - Details of the risk models). Also, it
should be noted that the risk models are based on data
from ‘non-VMAT treatment’ with a different dose distribution
the OARs, which might impact the toxicity estimations.
Despite the limitations to our methodology, the actual 10-
year toxicity resulting from IMNI is likely to be lower in clin-
ical practice than estimated in the current study: First of all,
it should be noted that the choice of risk models based on

mean organ dose is conservative: addition of IMNI yielded a
relative increase of mean organ doses higher than the rela-
tive increase in dose metrics used for alternative risk models
of cardiac mortality or secondary cancer, see supplementary
files (2-4), that is, the reported qualitative findings and con-
clusions are stable with respect to the choice of alternative
risk models. In addition, the toxicity resulting from IMNI may
be even lower in clinical practice than estimated in the cur-
rent study, since (for methodological reasons) we prioritized
dose coverage of the IMN-CTV instead of sparing of the
OARs during treatment. Moreover, some of our calculations
are likely to overestimate the actual 10-year risk. For lung
cancer, there is consistent evidence that radiation risk arises
not earlier than about 5years after radiation therapy [28],
however, this is less obvious for contralateral breast cancer
and cardiac mortality. Therefore, we assumed radiation risk
to set in immediately after radiation therapy for these end-
points. This implies an overestimation of risk if there is some
biological latency between radiation damage and clin-
ical endpoint.

DIBH is a frequently used technique to decrease the heart
and lung dose during adjuvant radiation therapy in breast
cancer [37]. Previous studies suggest a lower risk of coronary
events and secondary lung cancer when breast cancer
patients are treated in DIBH [38]. According to Nguyen et al.
[39] relative heart sparing benefits of the DIBH technique are
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Figure 3. Box-plot diagrams delineating the estimated additional risk of IMNI Estimated 10-year increase of cardiac mortality attributed to IMNI for different age
and risk levels compared to the published (8-year or 10year) overall survival (OS) benefit of IMNI [4,6]. Estimated increase of absolute 10-year contralateral breast
cancer risk (b) additional 10-year absolute risks for pneumonitis (c) or secondary lung cancer (d) due to IMNI for different age and risk levels. Baseline risks in

parentheses.

retained also when IMN is included in the target volume.
Our study confirms this finding and reveals that DIBH lowers
the IMNI-related toxicity for all endpoints. The highest abso-
lute 10-year risk reduction (regarding lung and heart toxicity)
during DIBH was achieved in older patients with high-risk
factors. In clinical practice, DIBH is often offered to younger
patients with a longer life expectancy. These patients have a
considerable risk of side effects beyond the period of
10years. This risk is not explicitly addressed in the current
study. Instead, we focused on the 10-year risk to allow for a
direct comparison of the toxicity risks to the oncologic bene-
fit published in the prospective trials. Furthermore, patients
receiving RNI are mostly (nodal positive) high-risk patients
with a less favorable outcome. Still, toxicity beyond 10 years
may be relevant for some patients. For the most severe end-
points, cardiac mortality, and lung cancer, the risk strongly
increases with age. As a result, cumulative risk until age 80 is
not very different between a young patient and a patient at
age 70, and DIBH should thus be offered to high-risk patients

independent of age [40]. Based on our results, even if older
(risk) patients are unable to perform DIBH, IMNI in FB should
be strongly considered.

In the current study, we focused only on the late effects
of organs with proximity to the internal mammary region. It
should be noted, that IMNI potentially also affects other end-
points such as esophageal cancer and lymphedema, which
are not addressed in the current analyses.

Conclusion

The estimated risk of additional IMNI on cardiac mortality,
secondary lung and breast cancer and pneumonitis is low.
Even in patients with a high baseline risk, previously pub-
lished oncologic benefit of IMNI outweighs the additional 10-
year cardiac mortality. According to our analysis, IMNI can be
safely applied even in patients with risk factors using VMAT-
technique. DIBH significantly reduces the additional risk
caused by IMNI for all endpoints and should be strongly



8 K. J. BORM ET AL.

considered especially for patients with a high baseline risk,
irrespective of their age.
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