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Adjuvantradiotherapy after breast cancer surgery is an important part of breast cancer treatment improv-
ing local control and overall survival. However, a higher risk of cardiac mortality was observed when
conventional radiotherapy techniques were used. Cardiac morbidity and mortality after radiation ther-
apy have been studied in many meta-analyses. In those focused on modern radiotherapy techniques,

cardiac morbidity and mortality were no longer presented. However, an extremely long follow-up period
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is required. Importantly, the cardiac morbidity rates vary depending not only on the dose delivered to
the heart, but also on the systemic therapies administrated and the pre-existing cardiac disease. Sys-
tematic heart dose monitoring is of great importance, as are efforts to constantly decrease doses, using
advanced radiotherapy techniques. Nowadays, it is essential to individualize treatment according to

tumor characteristics and anatomical predispositions, and to consider the cost and benefits.

© 2019 Published by Elsevier B.V. on behalf of Greater Poland Cancer Centre.

The importance of adjuvant radiotherapy (RT) following breast
cancer surgery as part of the treatment protocol for improving local
control and overall survival has been confirmed in several meta-
analyses. Radiotherapy after breast-conserving surgery reduces the
risk of local recurrence by 50% and contributes to the improvement
of overall survival among patients with node-positive and node-
negative disease.! In patients with lymph node positivity, adjuvant
radiotherapy after mastectomy improves the 10-year locoregional
control rate by 60-80% and reduces the 10-year risk of overall recur-
rence by 25-33% and the 15-year risk of death from breast cancer
by 13-22%.2

Radiotherapy influences surrounding healthy tissues and can
lead to persistent edema, hyperpigmentation, fibrosis and pneu-
monitis and more severe late effect like cardiac toxicity and second
primary cancer. The probability of radiotherapy long-term side
effects generally depends on the dose per fraction, time interval
between fractions, total radiation dose, irradiated volume, dosi-
metric parametres, cardiotoxicity of chemotherapy and anti Her
2 therapy and patient-specific risk factors. For instance, a syner-
gistic effect was observed between smoking and RT on the risk of
heart attack. The presence of hypertension was associated with
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a higher risk of coronary artery disease after left-sided breast
radiotherapy.?,*

1. Physiopathology of long term side effects induced by
radiotherapy

Heart irradiation, resp. the dose to the cardiac structures
from left tangential fields, can cause many changes manifesting
themselves as radiotherapy-induced heart disease (RIHD). Cardiac
dysfunction due to radiation involves not only coronary heart dis-
ease (CHD) and pericardial disease (acute pericarditis, delayed and
constrictive pericarditis) but, also, congestive heart failure, valvular
damage, cardiomyopathies and arrhythmias. The main pathology
is radiation-induced fibrosis and microvascular damage leading to
ischemia. The symptoms of RIHD may include chest pain (angina),
dyspnea, swollen feet, fatigue and irregular heartbeat. The volume
of heart irradiated is a major factor in the development of chronic
cardiac toxicity. Gagliari retrospectively analyzed 100 patients irra-
diated for left-sided breast cancer.” The calculated risk of cardiac
mortality increased with dose escalation. A Swedish study included
960 breast cancer patients enrolled between 1971 and 1976 who
were allocated to three groups: low, intermediate, and high car-
diac dose-volumes. Mortality due to ischemic heart disease was
significantly increased in the group with the highest proportion of
irradiated heart volume.® In the other groups, the mortality due
to ischemic heart disease was similar to that of surgical controls.
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To date, the cardiotoxicity of radiotherapy has been studied in
many randomized trials and meta-analyses. In the earlier ones,
conventional left-sided radiotherapy increased ischemic cardiac
disease morbidity and mortality.”-'? The first meta-analysis by
Cuzcik published in 1987 reported significantly worse survival rates
of irradiated patients after the first 10 years.”

2. Patient-specific risk factors

A large study using data from the SEER (Surveillance, Epidemi-
ology, and End Results) cancer registries analyzed 1555 women
irradiated for left-sided breast cancer and 1451 women with
right-sided breast cancer.'' Among the irradiated patients, 2% of
women with left-sided radiotherapy experienced fatal myocardial
infarction compared to 1% of women with right-sided cases. The
risk was significantly increased among women under the age of
60 years. Another large study analyzed almost 50,000 irradiated
women reported to the Swedish Cancer Registry from 1970 to 1985
and observed an association between left-sided radiotherapy and
late cardiac morbidity.'2,'> Myocardial infarction mortality was
significantly higher among women with left-sided breast cancer
radiotherapy. An EBCTCG (Early Breast Cancer Trialists’ Collabo-
rative Group) meta-analysis of 40 randomized trials with around
20,000 women showed a decrease in tumor-specific mortality;
however, non-breast cancer mortality was increased.!*

All the above trials have in common a relatively long follow-up
time of patients irradiated in the 1970s and 1980s; however, older
conventional radiotherapy techniques were used.

Recent clinical trials using modern treatment techniques have
not documented an association between radiotherapy and cardiac
morbidity or mortality. An analysis of a large Danish study with a
12-year follow-up comparing women with versus without adju-
vant radiotherapy (irradiated from 1982 to 1990) did not show
an increased risk of ischemic heart disease among women in the
radiotherapy group.'”> A meta-analysis of 36 EBCTCG studies con-
firmed significant improvement of overall survival after adjuvant
radiotherapy as long as the current techniques and standard frac-
tionation are used.'® Doyle$ analysis of data from the SEER registry,
published in 2007, assessed the benefits of adjuvant radiotherapy,
cardiac toxicity and impact of pre-existing risk factors. A total of
48,353 women over 65 years were involved and the median follow-
up was 13 years. The analysis concluded that radiotherapy does
not increase the risk of myocardial infarction over at least 10 years
regardless of pre-existing risk factors.!”

Of great importance was a paper by Sarah Darby published in
2013. This population study was based on data from the Sweden
and Norway registers including patients irradiated from 1958 to
2001. For each woman, the mean radiation doses to the heart were
estimated. The rates of major coronary artery events were rising
linearly by 7.4% for each 1 Gy increase in mean heart dose, start-
ing within the first 5 years after radiotherapy and continued for
another three decades. An important role is played by pre-existing
cardiac risk factors, too.'® Similarly, French authors proved that
each Gy added to the mean heart dose would increase the risk of
cardiotoxicity by 4%.19

Radiotherapy has made impressive advances in the second half
of the 20th century with technological development continuing in
the 21st century. The target volume doses remain the same. How-
ever, modern radiotherapy techniques have significantly reduced
the doses delivered to the heart and major coronary vessels.

Over the last two years, several meta-analyses estimating the
long-term risks of radiotherapy have been published. A paper from
the Early Breast Cancer Trialists’ Collaborative Group published in
2017 focused on lung cancer risks. The estimated absolute risk of
lung cancer development was 4% for smokers and 0.3% for non-

smokers. Cardiac mortality was approximately 1% for smokers and
0.3% for non-smokers. Regarding long-term smokers, the absolute
risk of modern radiotherapy may outweigh the benefits, but for
most non-smokers (and ex-smokers), the benefits of radiotherapy
significantly outweigh the risks.2?

The German PASSOS-Heart Study analysing 11,982 patients
treated for breast cancer between 1998 and 2008 showed that
modern radiotherapy techniques do not increase cardiac mortality.
However, itis important to identify pre-existing cardiac disease and
ensure an extended follow-up period.2! Self-administered ques-
tionnaire surveys on cardiovascular events were used and validated
by obtained medical records.??

Pre-existing cardiac disease is probably very important for
developing radiotherapy-induced cardiac morbidity. A population-
based study of patients treated between 2000 and 2010 using
modern radiotherapy techniques showed higher risk of coronary
interventions among patients with left-sided tumors and higher
risk of cardiac mortality. However, the risk was limited to women
with previous cardiac disease.??

Sardara’s meta-analysis published in 2017 included 289,109
patients from 13 observational studies. Women who had received
left-sided radiotherapy had an increased risk of cardiovascular
death compared to those receiving right-sided radiotherapy. The
difference in cardiovascular mortality was apparent after 15 years
of follow-up. The highest risk was observed among women diag-
nosed before 1982. There was no difference in cardiovascular
mortality between left-sided or right-sided radiotherapy in cases
where the diagnosis was established after 1992; however, the
follow-up was shorter (<10 years).2* The largest meta-analysis to
date, published by Cheng in 2017, examined data of 1.191,371
women from 39 studies and 11 randomized trials between 1966
and 2015. The risk of coronary artery disease and cardiac mor-
tality was increased among patients with left-sided radiotherapy
compared to those undergoing right-sided radiotherapy and, also,
among patients with radiation therapy compared to those without
radiotherapy. The risk started to increase within the first decade
for coronary artery disease and in the second decade for cardiac
mortality. While current modern radiotherapy techniques reduce
the risks, they cannot completely eliminate cardiotoxicity.2”

A recently published German analysis from the SEER database
with 347,476 patients focused on Ilate radiotherapy- and
chemotherapy-related cardiac mortality. Heart-specific mortality
among breast cancer survivors was not increased compared to
the general population. The cardiac specific mortality risk could
be increased by the antiHer2 therapy, not because of the tumor
biology.26

A review of studies and meta-analyses evaluating the impact
of modern RT on cardiac morbidity and mortality is listed in the
Table 1.

3. New radiotherapy techniques

Currently, the use of conformal 3D radiotherapy is an absolute
must, as it is able to reduce the dose delivered to the heart and
decrease cardiac mortality.'”,?”,%8 The key point is a precise delin-
eation of target volumes and organs at risk. An important part of
treatment planning is accurate and reproducible delineation of the
heart and all its components.?? The most common radiation tech-
nique used today for breast or chest wall radiotherapy is called two
tangential photon fields (Fig. 1).

Taking into account individual patients’ risks, the aim is to
deliver the lowest dose not only to the heart but, also, to the left
ventricle and left coronary artery.>° The relationship between car-
diac dose and induced toxicity has not been well defined due to
the variation in substructure delineation: whole heart pericardium,
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Table 1

Studies evaluating the impact of modern breast cancer radiotherapy on cardiac morbidity and mortality.

Author Type of study Number of patients  Period covered Impact on cardiac morbidity and mortality

Doyle, 20077 SEER 48,353 1992-2000 No impact on myocardial infarction occurrence

Darby, 20138 Population-based case-control 2168 1958-2001 Higher risk (subsequent rate) of IHD

Taylor, 2017%° Meta-analysis 40,781 2008-2011 No impact on cardiac mortality amog non-smokers

Merzenich, 2017?!  Retrospective 1982 1998-2008 No impact on mortality

Boero, 201623 SEER 29,102 2000-2009 Higher risk of PCI among patients with a cardiac history

Sardar, 201724 Meta-analysis 289,109 1954-2008 No increase in morbidity among patients treated after 1992

Cheng, 20172 Meta-analysis 1,191,371 1949-2008 Increased CV morbidity in the first decade, mortality in the second one
Weberpals, 2018?¢  SEER 347,476 2000-2011 No impact on mortality

Abbreviations: SEER, Surveillance, Epidemiology, and End-Results cancer registry; IHD, ischemic heart disease; PCI, percutaneous coronary intervention; CV, cardiovascular.

Fig. 1. Three-dimensional conformal adjuvant breast cancer radi.

chambers, vessels and valves. According to several studies, cardiac
mortality reflect a risk of radiation - induced atheroma in the ante-
rior descending coronary artery function of total dose rather than
the length of the artery exposed.

A study from Michigan, USA, proved that prospective systematic
heart dose monitoring can lead to gradual dose reduction. A total of
4,688 patients with breast cancer from 20 centers treated between
2012 and 2015 were enrolled in the registry. For left-sided breast
cancer treated with conventional fractionation, the median heart
dose (MHD) in 2012 was 2.19 Gy versus 1.65 Gy in 2015; the results
are statistically significant. Similar statistically significant results
were achieved with hypofractionated radiotherapy (MHD in 2012,
1.70Gy vs. 1.22 Gy in 2015).3!

Patients’ individual anatomical predispositions also need to be
taken into consideration while planning appropriate radiotherapy
techniques. For women with large and pendulous breasts, it is
appropriate to position the body face down (prone position), using
a breast board (Fig. 2). In the prone position, the dose delivered
to the heart is significantly reduced. However, the main issue is
to ensure an appropriate, reproducible position of the patient.>?
Many helpful positioning devices are available including the arm
positioner, chest fixation thermoplastic mask, etc.

4. Maximizing heart protection - technical issues

Many other studies have suggested a significant advance toward
heart dose reduction by using techniques monitoring chest wall
respiratory movements. Conformal radiotherapy is static, while
4D radiotherapy follows the movement of the organs using 4D CT
scans during the whole respiratory cycle. Results from clinical trials
suggesting an increase in cardiovascular morbidity and mortality,
especially after left-sided radiotherapy, led to the development of
a new technique called deep inspiration breath holding. The aim
of this technique is to deliver a dose only during a particular phase

Fig. 3. Dose distribution in perioperative interstitial brachyt.

of the respiratory cycle when the breast and chest wall are as far
as possible from the heart.>>-3> This technique is very effective for
a significant heart dose reduction.>® Another technique consider-
ably reducing the dose delivered to the heart is accelerated partial
breast irradiation (APBI), which focuses radiation on the tumor
bed (Fig. 3). In selected (low risk) patients, it is currently consid-
ered the standard technique replacing whole breast irradiation.?’
The use of partial breast irradiation results in lower 5-year non-
breast cancer and overall mortality rates compared to whole-breast
irradiation.>8

A systematic review of heart doses from radiation therapy,
published in 2015, showed a wide variation among studies, and
even similar regimens. The lowest doses are achieved by using the
deep inspiration breath holding technique and proton therapy.>°
Reducing heart doses and decreasing radiation cardiac morbidity
are the two key considerations favoring the use of proton beam
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for left-sided breast cancer. The advantages - based on theoreti-
cal physics axioms - of proton beam dose distribution have been
repeatedly described. Even though breast cancer radiotherapy has
gained widespread acceptance, there are relatively few clinical data
supporting proton radiotherapy. Dosimetric studies and plan com-
parisons showed that the doses delivered to the heart by a proton
beam might be lower if compared even with the deep inspira-
tion breast hold (DIBH) technique.*® A comparison of dosimetric
plans has documented better target volume coverage, and reduced
heart and lung doses in cases where proton therapy was used
for treatment.*! It is essential to take into consideration the cost-
effectiveness of the treatment. A systematic review published in
2016 concluded that the cost of proton radiation therapy is dou-
ble that of photon therapy. The value of proton therapy stands
out particularly among highly selected patients at increased risk of
cardiac morbidity. However, the analysis did not include modern
radiotherapy techniques (breath holding). There are cost savings
associated with proton radiotherapy delivered to the tumor bed
(APBI) when compared with the use of the MammoSite system.*?
A systematic review of 13 studies analyzing proton therapy pub-
lished this year has again shown that the mean doses delivered
to the heart and lungs are reduced with proton therapy compared
to photon therapy. However, large well-designed controlled clini-
cal trials are needed to confirm a clinical benefit of proton therapy.
Several studies are currently underway including the phase Il RAD-
COMP study comparing photon versus proton radiation therapy
after partial mastectomy with lymph node involvement. The study
was launched in 2016 and is due to be completed by 2020 after
enrollment of 1720 patients. The results are expected in 2030.44

5. Conclusion

The results analyzing the impact of left-sided radiotherapy on
cardiac morbidity and mortality are not unequivocal but it is essen-
tial to evaluate cardiovascular toxicity after an extremely long
follow-up period. The effort aimed at reducing heart doses is a well
founded.

Potential radiotherapy cardiac risk factors include a large vol-
ume of heart irradiated, younger age at the time of radiotherapy
concomitant cardiotoxic chemotherapy and trastuzumab, pre-
existing cardiac disease, and conventional cardiac risk factors,
such as diabetes, hypertension, hyperlipidemia, obesity, and smok-
ing. The radiation dose delivered to the heart can be reduced by
using modern radiotherapy techniques, treatment individualiza-
tion regarding the choice of target volume, prescribed dose, the
adequacy of target volume coverage and protection of normal
structure. And it is necessary consideration of the risk of recurrence
versus cardiac toxicity risk. The individual decision between suffi-
cient protection of cardiac structures versus optimal target volume
coverage remains in the physician’s hand.
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