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Abstract

Background: Uncertainty about the benefit–risk ratio of regional lymph node irradiation led to varying clinical protocols. We
investigated long-term late side effects after internal mammary and medial supraclavicular (IM-MS) lymph node irradiation
to improve shared decision making. Methods: The multicenter European Organization for Research and Treatment of Cancer
trial (ClinicalTrials.gov, NCT00002851) randomly assigned stage I-III breast cancer patients with involved axillary nodes and/
or a medially located primary tumor. We analyzed late side effects both longitudinally at every follow-up and cross-
sectionally at 5-year intervals. All statistical tests were 2-sided. Results: Between 1996 and 2004, 46 departments from 13
countries accrued 4004 patients. Median follow-up was 15.7 years. Longitudinal follow-up data showed cumulative incidence
rates at 15 years of 2.9% (95% confidence interval [CI] ¼ 2.2% to 3.8%) vs 5.7% (95% CI ¼ 4.7% to 6.9%) (P < .001) for lung fibrosis,
1.1% (95% CI ¼ 0.7% to 1.7%) vs 1.9% (95% CI ¼ 1.3% to 2.6%) (P ¼ .07) for cardiac fibrosis, and 9.4% (95% CI ¼ 8.0% to 10.8%) vs
11.1% (95% CI ¼ 9.6% to 12.7%) (P ¼ .04) for any cardiac disease when treated without or with IM-MS lymph node irradiation.
There was no evidence for differences between left- and right-sided breast cancer (Wald v2 test of treatment by breast side in-
teraction, P ¼ .33 and P ¼ .35, for cardiac fibrosis and for any cardiac disease, respectively). The cumulative incidence probabil-
ities of cross-sectionally reported side effects with a score of 2 or greater at 15 years were 0.1% (95% CI ¼ 0.0% to 0.5%) vs 0.8%
(95% CI ¼ 0.4% to 1.4%) for pulmonary (P ¼ .02), 1.8% (95% CI ¼ 1.1% to 2.8%) vs 2.6% (95% CI ¼ 1.8% to 3.7%) for cardiac (P ¼
.15), and 0.0% (95% CI not evaluated) vs 0.1% (95% CI ¼ 0.0% to 0.4%) for esophageal (P ¼ .16), respectively. No difference was
observed in the incidence of second malignancies, contralateral breast cancer, or cardiovascular deaths. Conclusions: The
incidence of late pulmonary side effects was statistically significantly higher after IM-MS lymph node irradiation, as were
some of the cardiac events, without a difference between left- and right-sided treatments. Absolute rates and differences
were very low, without increased non-breast cancer–related mortality, even before introducing heart-sparing techniques.
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Radiation therapy improves loco-regional tumor control for all
breast cancer patients, and decreases breast cancer related mor-
tality in node-positive and some high-risk node-negative
patients (1,2). However, an overview of randomized trials con-
ducted in the 1950s-1970s showed a non-statistically significant
trend for decreased overall survival after 15 years of follow-up
(3,4). It was concluded that the benefits of radiation therapy
might be jeopardized by serious late side effects. Especially the
use of internal mammary lymph node irradiation was consid-
ered to contribute to an increased rate of cardiovascular mor-
bidity and mortality (5). Other studies demonstrated a
substantial beneficial effect on overall survival for high-risk
patients as hypothesized by avoiding secondary dissemination
from subclinical tumor deposits in untreated lymph nodes (6,7).
This controversy resulted in varying policies, with some centers
continuing to treat internal mammary lymph nodes in high-risk
patients, whereas others irradiated only the axilla and the me-
dial supraclavicular lymph nodes to avoid radiation to the heart.

Further support in favor of comprehensive lymph node irradia-
tion, including the internal mammary lymph nodes, in high-
risk cases led to the initiation of several studies (8–11). Ten-year
results showed, overall, an improved disease-free and distant
disease-free survival, with reduced breast-cancer mortality and
a varying effect on overall survival after regional nodal irradia-
tion (12–15).

For the randomized, phase 3, multicenter European
Organisation for Research and Treatment of Cancer (EORTC)
trial 22922/10925 (Clinicaltrials.gov NCT00002851) that investi-
gated the impact on overall survival of elective internal mam-
mary and medial supraclavicular (IM-MS) lymph node
irradiation in stage I-III breast cancer, the second of 2 scheduled
analyses at a median follow-up of 15.7 years showed a statisti-
cally significant reduction of breast cancer mortality and breast
cancer recurrence by IM-MS irradiation, which was not con-
verted into improved overall survival (12,16). In this article, we
present a detailed analysis of the late side effects.

Box 1. Side effects recorded during follow-up on the annual CRF 4 and on the 5-yearly CRF 10a

Form 4, to be completed once a year or if an event occurred
Date of examination or of last contact: (day/month/year)
ECOG/WHO performance: (0-4)
Late toxicity

• Any clinical evidence of lung fibrosis? (0¼no, 1¼yes)

• Any clinical evidence of cardiac fibrosis? (0¼no, 1¼yes)

• Other late toxicity? (0¼no, 1¼yes)

• If yes, please specify

Cardiac diseases

• Any evidence of cardiac diseases? (0¼no, 1¼ yes)

• If yes, please specify

Form 10, to be completed every 5 years after treatment
Date of assessment: (day/month/year)
Heart Late RT Morbidity Scoring: (0-4)

• 0¼no change from baseline

• 1¼asymptomatic or mild symptoms; transient T-wave inversion and ST changes; sinus tachycardia >110 (at rest)

• 2¼moderate angina on effort; mild pericarditis; normal heart size; persistent abnormal T-wave and ST changes; low QRS

• 3¼ severe angina; pericardial effusion; constrictive pericarditis; moderate heart failure; cardiac enlargement; ECG
abnormalities

• 4¼ tamponade severe heart failure/severe constrictive pericarditis

Lung Late RT Morbidity Scoring: (0-4)

• 0¼no change from baseline

• 1¼asymptomatic or mild symptomatic or mild symptoms (dry cough); slight radiographic appearances

• 2¼moderate symptomatic fibrosis or pneumonitis (severe cough); low-grade fever; patchy radiographic appearances

• 3¼ severe symptomatic fibrosis of pneumonitis; dense radiographic changes

• 4¼ severe respiratory insufficiency/continuous O2/assisted ventilation

Esophagus Late RT Morbidity Scoring: (0-4)

• 0¼no change from baseline

• 1¼mild fibrosis; slight difficulty in swallowing solids; no pain on swallowing

• 2¼unable to take solid food normally; swallowing semi-solid food; dilation may be indicated

• 3¼ severe fibrosis; able to swallow only liquids; may have pain on swallowing; dilation required

• 4¼necrosis/perforation; fistula

Other late radiation toxicity: (0¼no, 1¼yes)

• If yes, specify (please use CTC toxicity scale-version 2)
aSee Supplementary Figure 1 (available online) for CRF 4 and Supplementary Figure 2, (available online) for the 5-yearly CRF 10.
CRF ¼ case report form; CTC ¼ Common Toxicity Criteria, ECG ¼ electrocardiogram; ECOG/WHO ¼ Eastern Cooperative Oncology
Group/World Health Organization; RT ¼ radiation therapy; T, ST, QRS ¼ ECG readings.
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Methods

Patients

The study design of the multicenter, randomized, phase 3
EORTC trial 22922/10925 was previously reported (12). Eligibility
criteria included unilateral histologically confirmed adenocarci-
noma stage I-III breast cancer with a primary tumor located
centrally or medially in the breast, irrespective of axillary in-
volvement, or a primary tumor located in the external quad-
rants combined with axillary lymph node involvement. Patients
after both mastectomy and breast-conserving surgery could

participate. After the introduction of the sentinel lymph node
procedure during the last years of the trial, this procedure—fol-
lowed by an axillary dissection in case of involved sentinel
lymph nodes—was allowed next to primary axillary lymph
node dissection. Patients were centrally randomly assigned to
irradiation or not of the IM-MS lymph nodes. The prescribed to-
tal dose was 50 Gy in 25 fractions of 2 Gy over 5 weeks. A mini-
mization algorithm with a 1:1 ratio was used for the
randomization, taking into account the following stratification
factors: center, menopausal status, site of the primary tumor
within the breast, type of breast surgery, type of axillary dissec-
tion as stated by the surgeon, pathological T-stage, and
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- 56 had no IM-MS irradia�on
- 8 had par�al IM-MS irradia�on
- 3 had ≤ 20 Gy IM-MS irradia�on
- 2 had no treatment form

45 did not received the treatment 
as per-protocol:
- 20 had IM-MS irradia�on
- 21 had par�al IM-MS irradia�on
- 4 had no treatment form
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long-term side effects analysis

32 were not eligible:
- 16 had concurrent disease
- 6 were N0 with lesion in external quadrants
- 3 were T4
- 3 had metastases
- 1 was N3
- 3 had other reasons (histology, other cancer, loca�on)

Figure 1. CONSORT flow diagram graphically displaying the enrolment and follow-up of the study patients. Follow-up status at the clinical cut-off date of the final anal-

ysis. Long-term side effect analysis includes eligible patients who received the allocated treatment.
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pathological N-stage. Sample sizes were calculated based on
overall survival, the primary endpoint. Study approval was pro-
vided by the participating departments’ ethical committees,
and written informed consent was obtained from all patients.

After treatment completion, patients were seen annually for
the first 5 years and thereafter every 2 years or until the date of re-
currence or death. Concerning side effects, when designing the
trial in 1992, we originally planned to score only the performance
status, the presence of any clinical evidence of lung or cardiac fi-
brosis, and any evidence of cardiac disease using conventional lon-
gitudinal follow-up (Supplementary Figure 1, available online),
without any routinely scheduled follow-up examinations. After
initiation of trial accrual, we launched a supplementary prospec-
tive project for a more detailed evaluation of the incidence of late
side effects, recording cardiac, pulmonary, and esophageal side
effects according to the Common Terminology Criteria for Adverse
Events version 2 cross-sectionally every 5 years during follow-up
(Supplementary Figure 2, available online). Box 1 summarizes the
recorded side effects. Reporting of data on the case report form
(CRF) was continuously followed-up at the EORTC headquarters,
with reminders being sent in case of delays as well as personal
contacts by the study coordinators if required to optimize compli-
ance by actively updating the follow-up of all patients, using a
multitude of sources, including patients or their proxies, general
practitioners, and other treating physicians. This “synchronizing”
and “updating” of the follow-up, both at the occasion of the 10-
and 15-year analyses, minimized a possible influence of missing
data. All data were analyzed using cumulative incidence curves.
Time to late side effects was defined as the time interval between
the date of random assignment and the date of the first assess-
ment of the side effect. Only the first event was taken into account;
death was considered as a competing risk.

Results on the 15-year primary and secondary tumor-out-
come–related endpoints, overall survival, disease-free survival,
distant metastases-free survival and breast cancer mortality
were published recently (16).

Statistical Analysis

The evaluation of the rates of side effects was done including
only the eligible patients that were treated per-protocol in-
cluded (n¼ 3866 of 4004 [96.6%]). Inferential tests were con-
ducted to assess whether the differences were beyond random
fluctuations. Cumulative incidence curves were compared using
Gray’s test. The homogeneity of differences across the left and

right breast was tested using the Fine and Gray model, including
a term for treatment by side interaction. All tests were 2-sided,
and a P of less than .05 was considered statistically significant,
with no adjustment for multiplicity. Estimates are provided
with their 2-sided 95% confidence intervals.

Results

Between July 1996 and January 2004, 46 radiation oncology
departments from 13 countries accrued 4004 patients. The
CONSORT flow diagram is displayed as Figure 1. A detailed over-
view of patient-, tumor-, and treatment-related characteristics,
which did not differ between groups, is given in Supplementary
Table 1 (available online). Median age at study entry was
54 years; 34.1%, 52.3%, and 13.7% had stage I, II, and III breast
cancer, respectively. The majority of patients (76.7%) were
treated with breast-conserving therapy, including breast irradi-
ation. Chest wall irradiation was given to 73.4% of the patients
receiving mastectomy. Nearly all lymph node-positive (99.0%)
and 66.3% of lymph node-negative patients received adjuvant
systemic treatment. IM-MS irradiation was given in 1944 (97.1%)
of the patients randomly assigned to receive it and in 41 (2.0%)
patients randomly assigned not to receive it.

Table 1 and Figure 2 show the 15-year cumulative incidence
rates of late side effects in the per-protocol population accord-
ing to the allocated treatment and laterality, as scored annually
using the conventional CRF (Supplementary Figure 1, available
online). Cumulative incidence of lung fibrosis at 15 years was
2.9% (95% CI ¼ 2.2% to 3.8%) vs 5.7% (95% CI ¼ 4.7% to 6.9%)
(Gray’s test, P < .001), cardiac fibrosis 1.1% (95% CI ¼ 0.7% to
1.7%) vs 1.9% (95% CI ¼ 1.3% to 2.6%) (Gray’s test, P ¼ .07), and
any cardiac disease 9.4% (95% CI ¼ 8.0% to 10.8%) vs 11.1% (95%
CI ¼ 9.6% to 12.7%) (Gray’s test, P ¼ .04), respectively, for patients
without vs with IM-MS irradiation. There was a higher incidence
of deaths in the absence of lung fibrosis in patients without
compared with IM-MS irradiation (Gray’s test, P ¼ .04, data not
shown), potentially preventing the observation of lung fibrosis
in this arm and possibly explaining the higher incidence in the
IM-MS arm. There was no statistically significant difference in
the incidence of competing risks, that is, deaths in absence of
cardiac fibrosis or cardiac disease (data not shown). No differen-
ces for cardiac side effects between left- and right-sided breast
cancer were noted (Wald v2 test of treatment by breast side in-
teraction, P ¼ .33 and P ¼ .35, for cardiac fibrosis and for any car-
diac disease, respectively).

Table 1. Cumulative incidence rates at 15 years of late side effects for all patients in the per-protocol population according to the allocated
treatment and laterality

Late side effect

Treatment

P
No IM-MS (n¼ 1944) IM-MS (n¼ 1922)

Rate (95% CI), % Rate (95% CI), %

Clinical evidence of lung fibrosis 2.9 (2.2 to 3.8) 5.7 (4.7 to 6.9) <.001a

Clinical evidence of cardiac fibrosis 1.1 (0.7 to 1.7) 1.9 (1.3 to 2.6) .07a

Right-sided breast cancer 0.6 (0.2 to 1.3) 1.9 (1.1 to 3.1) .07b

Left-sided breast cancer 1.6 (0.9 to 2.6) 1.8 (1.1 to 2.9)
Any evidence of cardiac diseases 9.4 (8.0 to 10.8) 11.1 (9.6 to 12.7) .04a

Right-sided breast cancer 8.3 (6.5 to 10.3) 10.8 (8.8 to 13.1) .04b

Left-sided breast cancer 10.5 (8.5 to 12.7) 11.3 (9.2 to 13.6)

aTwo-sided Gray test. CI ¼ confidence interval; IM-MS ¼ internal mammary–medial supraclavicular irradiation.
bTwo-sided P value for treatment effect, obtained using a Fine and Gray model adjusted for left and right side. Test of treatment by left- and right-side interaction: 2-

sided P value ¼ .33 and .35 for cardiac fibrosis and cardiac diseases, respectively.

A
R

T
IC

LE

P. M. Poortmans et al. | 1363

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article/113/10/1360/6329829 by U

C
Louvain-SC

EB user on 08 June 2022

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab156#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab156#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab156#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab156#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djab156#supplementary-data


Supplementary Figure 3 (available online) shows the cumu-
lative number of cross-sectional late-effect forms. We received,
according to the time since random assignment, 6489 forms in
total: 2679 (77.5%) of the 3457 patients alive or with follow-up at
5 years, 66.8% (1934 of 2896) at 10 years, and 61.6% (911 of 1479)
at 15 years, respectively. The cumulative incidences of cross-
sectionally reported late cardiac, pulmonary, and esophageal

side effects are displayed in Table 2. In summary, the cumula-
tive rates of any side effect after 15 years of follow-up were 2.5%
(95% CI ¼ 1.7% to 3.6%) vs 3.7% (95% CI ¼ 2.8% to 4.9%) for pul-
monary (P ¼ .01), 3.9% (95% CI ¼ 2.9% to 5.1%) vs 4.5% (95% CI ¼
3.4% to 5.8%) for cardiac (P ¼ .26), and 0.7% (95% CI ¼ 0.4% to
1.3%) vs 1.1% (95% CI ¼ 0.7% to 1.8%) for esophageal (P ¼ .59) for
patients without or with IM-MS irradiation, respectively. There
was no statistically significant difference in the incidence of
competing risks, that is, deaths in absence of pulmonary, car-
diac, or esophageal side effects (data not shown). The cumula-
tive incidence probabilities of clinically relevant scores of 2 or
greater at 15 years were 0.1% (95% CI ¼ 0.0% to 0.5%) vs 0.8%
(95% CI ¼ 0.4% to 1.4%) for pulmonary (P ¼ .02), 1.8% (95% CI ¼
1.1% to 2.8%) vs 2.6% (95% CI ¼ 1.8% to 3.7%) for cardiac (P ¼ .15),
and 0.0% (CI not evaluated) vs 0.1% (95% CI ¼ 0.0% to 0.4%) for
esophageal (P ¼ .16), respectively (Figure 3).

No differences between treatment arms for the worst World
Health Organization performance score during follow-up and
before any progression of the disease or new disease
(Supplementary Table 2, available online) were noted.
Supplementary Table 3 (available online) shows 563 second pri-
mary cancers among the 3866 patients (14.6%), 255 of which
were contralateral breast cancers (6.6%). No difference in the
frequency of secondary cancers between the treatment arms
was observed during follow-up. Supplementary Table 4 (avail-
able online) displays the survival and follow-up status, includ-
ing the cause of death, if applicable, showing as the only
difference a lower death rate due to breast cancer after IM-MS
irradiation: 15.5% (95% CI ¼ 13.8% to 17.1%) vs 18.7% (95% CI ¼
16.9% to 20.4%). The rate of unknown causes and missing data
was higher in the nodal irradiation treatment arm: combined
2.1% (95% CI ¼ 1.5% to 2.8%) vs 3.4% (95% CI ¼ 2.6% to 4.2%).

Discussion

The per-protocol analysis on clinically relevant late side effects
of at least grade 2 for the 3866 eligible patients without or with
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Figure 2. Cumulative incidence rates over time (all patients in the per protocol

population) for lung fibrosis (A), cardiac fibrosis (B) and cardiac disease (C). IM-

MS ¼ internal mammary-medial supraclavicular irradiation.

Table 2. Cumulative incidence rates at 15 years of late radiation ther-
apy morbidities over time, per score (all patients in the per-protocol
population)a

Late side effect

Rate (95% CI), %

No IM-MS IM-MS
(n¼ 1944) (n¼ 1922)

Cardiac late RT morbidity score
� 1 3.9 (2.9 to 5.1) 4.5 (3.4 to 5.8)
� 2 1.8 (1.1 to 2.8) 2.6 (1.8 to 3.7)
� 3 1.1 (0.6 to 1.8) 1.0 (0.5 to 1.7)
� 4 0.3 (0.1 to 0.7) 0.1 (0.0 to 0.5)

Lung late RT morbidity score
� 1 2.5 (1.7 to 3.6) 3.7 (2.8 to 4.9)
� 2 0.1 (0.0 to 0.5) 0.8 (0.4 to 1.4)
� 3 0.0 (NE-NE) 0.2 (0.0 to 0.7)
� 4 0.0 (NE-NE) 0.1 (0.0 to 0.7)

Esophageal late RT morbidity
� 1 0.7 (0.4 to 1.3) 1.1 (0.7 to 1.8)
� 2 0 0.1 (0.0 to 0.4)
� 3 0 0.1 (0.0 to 0.4)
� 4 0 0

aCI ¼ confidence interval; IM-MS ¼ internal mammary–medial supraclavicular

irradiation; NE ¼ Not Evaluated; RT ¼ Radiation Therapy.
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IM-MS lymph node irradiation who received the allocated treat-
ment showed a statistically significant difference between
cross-sectionally scored cumulative incidence rates of clinically
relevant scores of 2 or greater at 15 years for pulmonary morbid-
ity (0.1% vs 0.8%), whereas the differences for cardiac (1.8% vs
2.6%) and esophageal morbidity(0.0% vs 0.1%) were statistically
non-significant. When focusing on differences in severe grade

3-4 toxicity, extremely low rates without differences between
the treatment arms were observed. For the conventional longi-
tudinally scored side effects after 15 years of follow-up, statisti-
cally significant differences were only noted for cumulative
rates of “pulmonary fibrosis,” increasing by 2.8% (from 2.9% to
5.7%) and for “any cardiac disease,” increasing by 1.7% (from
9.4% vs 11.1%), without left- or right-sided treatment differen-
ces. So, in summary, we found very low absolute values with
small differences between the treatment arms for all late side
effects. This is in agreement with the lack of differences in car-
diac mortality, in the rate of second cancers, and in World
Health Organization performance scores after treatment (16). Of
note, the parallel-running, annual, conventional longitudinal
scoring of side-effects with the more detailed cross-sectional 5-
annually reporting—both analyzed cumulatively—did offer ad-
ditive detailed information and the opportunity to compare
rates of side effects based on different scoring systems and
intervals, thus verifying acute side effects being potentially re-
versible during an extensive follow-up (Supplementary Figures
1 and 2, available online).

The observed rates of any cardiac disease, as displayed in
Table 1, reflect a combination of a median patient age of
54 years at study entry, with a median age of 69.7 years after
15.7 years of follow-up and an overreporting from minor events
such as hypertension. The observed low rates and differences
between treatment arms of cardiac disease and cardiac deaths
do not seem in line with the findings of Darby et al. (17) They
demonstrated in a population-based case–control study a rela-
tive increase of major coronary events by 7.4% per Gy mean
heart dose without a threshold dose. These findings were de-
rived from patients treated in Sweden and Denmark between
1958 and 2001, with radiation doses to the heart estimated from
treatment charts. Their conclusions were confirmed in several
other studies using various irradiation techniques, follow-up
times, and methods to estimate the cardiac doses, resulting in a
range of relative risk increases between 6.4% and 19.0% per Gy
(18–20). We emphasize that these studies found a proportional
and not absolute increase; with a baseline risk of 10%, a 7% in-
crease per Gy implies a total risk of 10.7% after a mean heart
dose of 1 Gy.

All this led to a still-ongoing debate about the translation of
these findings into daily clinical practice, which is challenged
also by the introduction of contemporary modern radiation
therapy approaches, including target volume–based treatment
set-up and respiratory control (17,21,22). Importantly, this con-
siderable risk, starting within 5 years after radiation therapy,
was not present in the more recently published studies evaluat-
ing lymph node irradiation (12–14). Moreover, the meta-analysis
of the Early Breast Cancer Trialists’ Collaborative Group
(EBCTCG) concerning lymph node irradiation gave an important
clue to an explanation as an increase in non-breast cancer–re-
lated mortality was seen only for patients treated in older trials
and not in trials starting in 1989 or thereafter (15).

Our findings, based on a large and representative patient co-
hort, have important—reassuring—consequences for decision
making concerning elective lymph node treatment in breast
cancer. Still, the differences might be explained from progress
in cardiology as well as by patient selection. The increase of
7.4% in the relative risk for major coronary events per Gray (Gy)
as in the study of Darby et al. (21) was similar in women with
and without cardiac risk factors at the time of treatment.
Therefore, it seems logical to take the preexisting cardiac co-
morbidity of patients into consideration when weighting the as-
sumed benefits against the possible risks, putting the threshold
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Figure 3. Cumulative incidence rates of late radiation therapy morbidities with

score greater than or equal to 2 over time (all patients in the per-protocol popu-

lation) for cardiac morbidity (A), pulmonary morbidity (B) and esophageal mor-

bidity (C). IM-MS ¼ internal mammary-medial supraclavicular irradiation.
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for accepting a planned dose distribution at lower mean heart
dose levels for those at higher baseline risks (3,4,19,21).
Unfortunately, as our study was conducted before the era of
routine Computed Tomography (CT)-based treatment planning,
we cannot accurately estimate the cardiac doses delivered in
the patients who participated in our trial. However, knowledge
of possible risks might have guided patient selection towards
women bearing a relatively low baseline risk and might have af-
fected treatment planning. So, despite the long follow-up period
in our trial, increased rates of side effects may eventually be
found after even longer follow-up, as noted by others (3,4,19,23).
Therefore, we advise that patients are properly informed during
the shared decision-making process and that long-term follow-
up for selected patients at higher risk for cardiovascular and
pulmonary toxicity, including those treated before 1989—based
on the EBCTCG data—and smokers should be encouraged.

Another important implication of our findings concerns the
introduction of new techniques and preventive treatments for
reducing the risks of cardiovascular morbidity and mortality.
For example, the introduction of novel radiation therapy techni-
ques suggest that, based on comparative dosimetry analyses,
the heart and lung doses can be further reduced in the subgroup
of patients with a challenging anatomy (24,25). However, con-
temporary techniques have evolved a lot over time, with a
sharp decrease in cardiac doses compared with the past. This,
combined with the low rates of side effects and the absence of
excess non-breast cancer–related mortality in our study, chal-
lenges the validity of the model-based indication for proton
therapy in breast cancer, which ultimately might be only benefi-
cial in very specific circumstances (26). Overall, we expect that
by lowering radiation exposure to the heart, the risk of cardio-
vascular morbidity and mortality will be further reduced, which
may require actualization of the risk-estimates that are cur-
rently used (20). Moreover, cardiology has evolved a lot over the
last decades, resulting in decreasing morbidity and mortality by
preventive and therapeutic measures for cardiovascular events,
which is similarly reflected by an improved awareness about
the relevance of cardiac risk factors by general practitioners and
patients. This ultimately leads to an improved efficacy of pre-
ventive and therapeutic interventions in patients at substantial
risk for radiation-induced heart disease (20).

The risk of developing radiation-associated secondary can-
cers is well known, especially when combined with other risk
factors such as smoking and, especially for younger women, at
the contralateral breast (27–30). We did not observe an increase
in contralateral breast cancer incidence in our study, although
we could have expected more second cancers in the IM-MS arm
due to the increased irradiated tissue volumes as such and the
anatomical site of the esophagus and thyroid gland. We cannot
exclude a small tumor-inducing effect because the absolute
numbers are small and—in contrast to other studies—we did
not compare irradiation vs no irradiation, with most patients re-
ceiving at least radiation therapy of the breast or the chest wall.

Among the strengths of our study are the high-quality data
for a large number of patients during a very long follow-up pe-
riod, the extensive quality assurance program linked to the trial,
and the real international, multicentric contribution from a
wide range of participants, increasing the applicability of the
outcomes to clinical practice (31). The lack of detailed specifica-
tion of events concerning side effects on the original CRF dating
from 1992 was compensated by the supplementary, dedicated,
late-effects CRF that was to be filled in every 5 years. This
allowed for a more detailed analysis and, to some extent, for an
innovative comparison between the conventional cumulative

data that are annually collected during follow-up with a cumu-
lative, 5-yearly, cross-sectional recording.

As limitations of our study, we include the lack of quality-of-
life evaluations, the unbalanced amount of missing and
“unknown” data between the treatment arms, and the use of ra-
diation techniques during the accrual period spanning from
1996 until 2004 that are considered to be outdated by now (32).
We expect that with contemporary volume-based radiation
therapy, outcomes will be even better by improved coverage of
target volumes, more homogeneous dose delivery, and de-
creased doses to nontarget tissues (19,21,24,33). The low rates of
recorded side effects in our trial preclude any meaningful sub-
group analysis for patient-, tumor-, and treatment-related fac-
tors with clinical impact. We assume that this will be further
elucidated in the framework of the ongoing meta-analysis by
the EBCTCG. Finally, a recorded side effect such as a transient
radiation pneumonitis observed in a patient 1 year after treat-
ment has the potential for full recovery, but this cannot be for-
mally addressed and is complicated by patient attrition.

Overall, for patients treated 20 years ago, we demonstrated
better cancer-related outcomes (73.1% overall survival rate at
15 years) combined with lower rates of side effects compared
with those predicted by others (18,20,33,34). This challenges
several assumptions about the critical balance between benefits
and risks derived from radiation therapy for breast cancer,
where both the relative calculated risk increment using data
from other studies and the absolute baseline risk in the contem-
porary population are likely to be overestimated(35). Therefore,
currently used risk estimations should be reviewed using con-
temporary data and details about outcomes for improved pa-
tient selection. We will continue follow-up for an additional
5 years, with an expected final analysis at 20 years follow-up in
2023.
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