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Radiotherapy has led to a significant improvement in disease-specific survival 
for patients with early stage breast cancer (BC). However, it increases the risk 
of a broad spectrum of cardiovascular disorders. In the research presented in 
this thesis, the aim was to evaluate the relationship between cardiac toxicity 
and radiation dose to the heart and its substructures for female BC patients. 
Furthermore, we aimed to develop a prediction model to identify patients at high 
risk of radiation-induced cardiac toxicity and who may benefit from primary and 
secondary preventive measures.

In the first part of this thesis, we investigated the relationships between 
a variety of candidate predictors and the risk of cardiac toxicity, such as the link 
between dose-volume histogram parameters and different co-morbidities, and 
the risk of acute coronary events. The second part of this thesis focussed on 
gaining more insight into the underlying mechanisms of radiation-induced acute 
coronary events. This was achieved by investigating the importance of radiation 
dose on atherosclerotic plaques in the left anterior descending coronary artery 
(LAD). In this chapter, the main findings of research presented in this thesis will 
be discussed, together with the strengths and limitations of the studies, followed 
by the recommendations for further research.

In 2013, Darby et al. reported on how incidental cardiac dose and patient risk 
factors interact in causing cardiac disease in BC patients.1 This case-control study 
included more than 2,000 women treated in Sweden and Denmark between 1958 
and 2001. A linear relationship was found between mean heart dose (MHD) and 
the risk of acute coronary events. The study described in Chapter 2 validates 
this linear dose effect relationship for acute coronary events in the first 9 years 
following radiation.1 For this purpose, we used an independent cohort of 910 
BC patients treated with radiotherapy at the department of Radiation Oncology 
of the University Medical Centre Groningen. Patients were included for whom 
three-dimensional (3D) cardiac dose distributions derived from computed 
tomography (CT) planning scans were available. With a median follow-up of 7.6 
years, there were 30 acute coronary events, defined as myocardial infarction, 
coronary revascularization or death resulting from ischemic heart disease. Of 
the 30 patients diagnosed with an acute coronary event, 10 died from ischemic 
heart disease.

 There are a number of differences between the two studies. Our analysis was 
based on a retrospective cohort study, while the study by Darby et al. was a case-
control study. A disadvantage of case-control studies is that the results only provide 
a relative risk against baseline risk, which requires knowledge of the baseline risks 
to be able to assess the risk in individual cases. A Cox multi-variable regression 
model based on a cohort study allows for direct risk estimation for individual 
patients. Another difference between the two studies was that modern radiation 
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techniques were used for patients treated in our cohort, enabling a calculation 
of 3D cardiac dose distributions derived from CT planning scans. The study by 
Darby et al. used reconstructed MHD values derived from two-dimensional data. 
Using a multi-variable Cox regression model, including similar risk factors and 
endpoints as used by Darby et al., the relative risk of acute coronary events was 
16.5% per Gy (P = 0.042) within the first 9 years after radiotherapy. This result 
was comparable to the relative risk found by Darby et al., i.e. 16.3% increase per 
Gy, in the first 4 years of follow-up, and 15.5% increase in the next 5 to 9 years  
after radiotherapy.

Another aim of the work described in Chapter 2 was to investigate whether 
other dose distribution parameters could better predict the excess risk of 
acute coronary events after radiotherapy for individual patients than the MHD. 
Replacement of the MHD by the proportion of the left ventricle (%) receiving 
a dose ≥ 5 Gy (LV-V5) resulted in an improvement of the model. The c-statistic 
of the model increased from 0.79 to 0.80. To further optimize the model based 
on LV-V5, risk factors were added or altered. The dichotomous variable (no risk 
factor versus one or more risk factors) was replaced with a weighted risk score 
per patient, based on the regression coefficient of the significant risk factors for 
acute coronary events (0.8 for diabetes, 1.4 for hypertension, and 1.8 for history 
of ischemic cardiac events). Age and weighted risk score per patient were then 
entered in the multi-variable model. This final model performed significantly better 
in terms of the c-statistic of 0.83, than that of the MHD model (P = 0.042). These 
results suggest that co-morbid risk factors play an additive role in developing 
radiation-induced cardiac toxicity. As shown in figure 3, Chapter 2, the excess risk 
of acute coronary events increases with age and depends on cardiac risk factors. 
For example, a patient aged 70 years with an LV-V5 of 50% and no cardiac risk 
factors has an excess risk of 2.5% of developing an acute coronary event within 
9 years after radiotherapy. If the same patient had a history of ischemic heart 
disease, with a similar value for LV-V5, the excess risk would increase to 8.4%. 

Three-dimensional conformal radiotherapy at our hospital was introduced 
in 2005 and therefore the follow-up time was relatively short. This meant our 
assessment of acute coronary event risks was limited to 9 years. Darby et al. 
found that the risk per Gy of MHD in 10 to 19 years after radiotherapy was lower 
than the risks in the first 9 years and beyond 20 years. The risk of developing 
an acute coronary event seems to vary with time interval since exposure, which 
may indicate that besides atherosclerosis, other mechanisms may also play 
a role in the development of radiation-induced coronary events. Other possible 
underlying mechanisms include microvascular damage, impairment in myocardial 
perfusion and/or fatty acid metabolism, and many more.2,3,4,5,6,7,8,9 However, it is 
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unclear specifically which the most relevant processes are for the development of 
radiation-induced coronary events.

A limitation of this study was the relatively small number of acute coronary 
events. Therefore, it was not possible to use other candidate predictors in 
relation to the number of events. Besides dose distribution parameters, only two 
other variables could be included. Consequently, the effect of other confounders 
could not be investigated in detail, such as the use of systemic therapy, which 
may also enhance the risk of cardiac toxicity. Preliminary data suggested that 
chemotherapy further increases the excess risk of acute coronary events per Gy 
MHD, as demonstrated by the red line in figure 1, compared to radiotherapy 
alone, which is indicated by the blue line. 

A recently published study suggests that the combined effect of radiation 
and chemotherapy may be greater than their individual effects on the heart.10 In 
that study, the joint effects of internal mammary chain irradiation, anthracycline-
based chemotherapy, cardiovascular risk factors at BC diagnosis and smoking 
were compatible with either an additive or a multiplicative relationship for all 
cardiovascular diseases. For acute coronary events, the joint effect of internal 
mammary chain irradiation and the use of anthracycline-based chemotherapy 
was associated with a more than two-fold increase in the incidence of acute 
coronary events (HR = 2.32 95% CI 1.19–4.55) relative to patients who received 
only breast radiotherapy without anthracycline-based chemotherapy. For heart 
failure, this combination was associated with a nine-fold increased incidence 
(HR = 9.23 95% CI 6.01–14.18) relative to patients who received only breast RT 
and no anthracycline-based chemotherapy.
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Figure 1. Excess risk of acute coronary events per Gy mean heart dose presented for 
a 60-year old and 70-year old patient receiving radiotherapy alone (purple line) or receiving 
radiotherapy in combination with chemotherapy (pink line).
Abbreviations: ACE, acute coronary events; RT, radiotherapy.
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Next to the risk of ischemic heart disease, heart failure is another important 
treatment-related cardiac disease for BC survivors.11,8,12,13,5 In contrast to ischemic 
heart disease, the relationship between thoracic radiotherapy and heart failure is 
less clear. Therefore, in Chapter 3 we aimed to assess the relationship between 
radiation dose to the heart, and the left ventricle (LV) systolic and diastolic function 
in BC survivors. As mentioned in Chapter 3, the left ventricle ejection fraction 
(LVEF) is the cornerstone of LV systolic function assessment in clinical practice. 
However, it has some disadvantages. First, the lack of decline in LVEF may 
underestimate actual cardiac damage because of the compensatory reserve of 
the myocardium that enables adequate ventricular outcome even in the presence 
of dysfunctional myocytes. Since a decreased LVEF indicates relatively late and 
severe cardiac damage, we performed an additional analysis using a relatively 
new echocardiographic technique, i.e., global longitudinal systolic strain (GLS). 
GLS detects and quantifies sub-clinical and subtle disturbances in LV systolic 
function and can thus be considered an early marker for radiation-induced cardiac 
damage. In addition to strain analysis through the entire cardiac cycle, which 
provides the values of GLS of the left ventricle, the values of segmental strains 
for all 16 segments of the LV were also simultaneously provided. The division of 
the LV wall in 16 strain segments and the typical distributions of the coronary 
arteries are shown in figure 2.7,14 

In a cross-sectional study that included 109 BC survivors treated at least 5 
years ago, we found, after a median follow-up time of 7 years, no relationship 

Figure 2. The division of the 16 segments of the left ventricle (LV) wall based on schematic 
views, in a parasternal short and long axis orientation, at three different levels. The colors 
represent typical distributions of the right coronary artery (RCA), the left anterior descending 
coronary artery (LAD), and the circumflex coronary artery (CX). The arterial distribution 
varies among patients. Some segments have variable coronary perfusion (modified from 
Lang R.M. et al.14).
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between cardiac radiation dose and a decline in LVEF. Given that the median 
follow-up time was 7 years, the interval may be too short for the development 
of severe damage that would translate into decreased LVEF. Next, we performed 
a more detailed analysis on the GLS of the whole LV, as well as on the segmental 
strain values for all 16 segments of the LV. The latter analysis is not described in 
the published article in Chapter 3, mainly due to word restrictions. No significant 
relationships were found between MHD, dose to the LV or dose to each segment 
of the LV wall and the endpoints GLS of the LV as well as the 16 segmental strain 
values. This was surprising as we expected abnormalities in this early marker for 
cardiac damage within a median follow-up time of 7 years after radiotherapy. 
However, as we looked at the 16 segments of the LV wall in more detail, we found 
that several segments showed abnormal strain values. In figure 3, a schematic 
diagram of the 16 segments of the LV is shown. A cut-off-value of <17% was 
chosen to determine the abnormal strain values, based on strain values from meta-
analysis and individual recent publications using specific vendors’ equipment and 
software.7 Segments with strain values <17% are coloured red. Notably, all the red 
segments in figure 3 are in the area of the left coronary artery (typical distribution 
of the LAD is shown in figure 2 (green)). 

For this reason, we decided to focus on the relationship between radiation dose 
to the LV and radiation dose to the coronary arteries and the endpoints LV systolic 
and diastolic function of BC survivors treated with radiotherapy. The contouring 
of the ascending aorta, left main coronary artery (LMCA), LAD, CX and RCA was 
done by hand, based on a recently published cardiac contouring atlas by Duane 
et al..15 The GLS of the LV was particularly associated with the maximum dose to 
the LMCA, which bifurcates into the LAD and the CX. Although the cross-sectional 
design is an important limitation of this study, the outcome of the study illustrates 
that while analysing relationships between local dose and local changes, relatively 

Figure 3. Schematic diagram of the 16 segments of the LV wall (modified from Lang R.M. 
et al.14). Segments with strain values <17% are coloured red, indicating abnormal strain 
values. All red segments are in the area of the left anterior descending coronary artery. 
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small changes can still be detected that would otherwise not have been found by 
simply comparing irradiated and non-irradiated patient populations.

Knowing the importance of cardiovascular risk factors, as shown in  
Chapter 2, we investigated the prognostic value of the coronary artery calcium 
(CAC) score among BC patients treated with post-operative radiotherapy in 
Chapter 4. The CAC score, as determined from the planning CT, represents an 
assessment of the presence and extent of atherosclerosis in the coronary arteries 
prior to radiotherapy. It is a well-established and reliable early predictor of acute 
coronary events in the general population. Furthermore, calcification may be 
a reflection of increased atherosclerosis conferred by standard cardiovascular risk 
factors such as age, sex, cholesterol, blood pressure, smoking and diabetes.16,17,18 
In Chapter 4 we tested the hypothesis that pre-treatment CAC scores were 
associated with the cumulative incidence of acute coronary events among BC 
patients. We found that a higher pre-treatment CAC score (≥ 100), assessed with 
a planning CT scan, was significantly associated with the cumulative incidence 
of acute coronary events after BC treatment. This holds even after correction 
for confounding factors, such as the MHD. After correction for confounders, 
the hazard ratio for acute coronary events for the higher CAC score (≥ 100) 
category was 4.95 (95%CI: 1.69–14.53; P = 0.004) compared to the category with 
a CAC score of zero. Therefore, the risk of developing an acute coronary event 
was found to be almost five times higher than for BC patients with a CAC score 
of zero. 

Pre-treatment cardiovascular risk factors and CAC scores are important 
predictors for the development of acute coronary events in BC patients. In Chapter 
3 we found an association between RT to the coronary arteries and a sub-clinical 
decline in cardiac function. These results indicate that there might be important 
dose-effect relationships between radiation dose to the coronary arteries and 
cardiac toxicity. To investigate these possible dose-effect relationships, we needed 
to delineate the coronary arteries for a large-scale patient cohort. However, 
manual contouring of the coronary arteries is time consuming, susceptible to 
intra- and inter-observer variation, and often challenging due to the lack of 
intravenous contrast-enhancement and motion induced artefacts. Therefore, 
we developed and evaluated an auto-segmentation tool for the LAD. The tool 
used anatomical structures, including the whole heart (WH), RV and LV, and non-
contrast planning CT-scans, as described in Chapter 5. The contours created by 
the auto-segmentation tool were compared with manual delineations. We found 
that the dose distribution sets calculated showed a high-level of agreement 
between the auto-segmented and the manual contours. This is the first auto-
segmentation tool that uses anatomical landmarks for the contouring of the LAD. 
However, there are several limitations in this study that should be addressed. 
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The LAD is fully based on the anatomical landmarks defined by the atlas-based 
auto-segmentation (ABAS) tool for the WH and ventricles. If the ventricles or 
WH are not contoured accordingly, the LAD will be automatically misplaced. 
Furthermore, because the auto-segmentation tool uses the RV and LV to 
determine the anterior interventricular groove, LAD segmentation can only be 
performed when both ventricles are contoured. This means that the proximal 
1/5th of the vessel may not always be fully contoured because the LAD originates 
from the end of the left main coronary artery. Despite these limitations, with 
the contouring task automated, we were able to investigate possible relationships 
between DVH-parameters of the LAD and cardiac endpoints for a large group of 
BC patients (see Chapter 6).

This thesis shows substantial evidence for the incidence of radiation-induced 
cardiac toxicity, which can lead to substantial morbidity and mortality; however, 
the exact mechanisms remain largely unknown. For decades it was believed that 
only high radiation doses cause injuries to the heart. The results of more recent 
studies, however, indicate that low dose radiation exposure to the heart may also 
result in an excess risks of adverse cardiovascular effects.3,19 Furthermore, the heart 
has been considered a late responding organ to radiation damage, mostly 
characterized by injuries a decade or more following exposure. However, as shown 
in Chapter 2 and Chapter 3, major cardiac events induced by breast irradiation 
may already appear within 5 to 9 years after radiation treatment. Sub-clinical 
cardiac injuries may already become apparent long before the onset of clinically 
significant cardiac events. These new insights suggest that pathophysiologically 
different mechanisms play a role in the development of radiation-induced  
cardiac toxicity. 

Accelerated coronary atherosclerosis is considered one of the mechanisms of 
radiation-induced cardiac toxicity and may lead to serious cardiac morbidity and 
mortality.20 Previous studies showed that a diagnosis of cancer and its treatment 
were associated with the increased incidence of developing CAC for men and 
women even after accounting for atherosclerotic risk factors.21 After cancer 
treatment, intimal thickening, lipid deposition and adventitial fibrosis are found 
within the vascular system.25 Furthermore, based on in vitro models and limited 
autopsy findings, radiation-related plaques tend to grow, rupture and develop 
into myocardial infarctions or cerebrovascular accidents, more often than stable 
“age-related” collagenous plaques.22,23 But the effect of accelerated coronary 
atherosclerosis is a process of many years or even decades, due to the relatively 
slow progression of atherosclerosis. As shown in Chapter 2 of this thesis, as well 
as in the study by Darby et al., a 16% per Gy increase in the incidence of acute 
coronary events within the first 9 years after RT has been observed. It could 
be that next to the phenomenon of accelerated atherosclerosis, radiotherapy 
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triggers another phenomenon in the coronary artery that results in an acute 
coronary event within years after RT. Further knowledge about the nature and 
magnitude of radiation-related heart disease may provide useful information 
for the development of other measures to prevent radiation-induced acute  
coronary events.24

In Chapter 6, we hypothesized that radiation dose to pre-existing atherosclerotic 
plaques in the coronary arteries leads to subsequent inflammatory reactions 
and increased risk of acute coronary events, possibly due to plaque rupture 
and thrombosis. Meaning, that an “unhealthy” atherosclerotic LAD at the time 
of BC treatment develops a significant stenosis or thrombosis much faster than 
a “healthy” non-atherosclerotic LAD. This pathophysiological mechanism could 
be responsible for the acute coronary events seen within the first years after 
radiotherapy. Using our in-house developed automatic segmentation tool for 
the LAD, we could delineate the LAD for all 910 BC patients who were included 
in the cohort study described in Chapter 2. For every patient with a positive CAC 
score in the LAD, all calcified atherosclerotic plaques were manually delineated. 
The results of this study showed that the MHD remains an important predictor of 
acute coronary events, for patients without an atherosclerotic plaque. For the group 
of patients with an atherosclerotic plaque at baseline, we found that the mean 
dose to these atherosclerotic plaques is more relevant for the development of 
an acute coronary event than the MHD or mean dose to the LAD. Furthermore, 
another important finding was that patients prescribed a higher radiation 
dose to the atherosclerotic plaque showed early acute coronary events, even 
within 3 years (Chapter 6, figure 2), which supports our hypothesis. Radiation 
to a pre-existing atherosclerotic plaque in the coronary arteries may therefore 
lead to an increased risk of an acute coronary event, possibly due to post-
radiation inflammatory reactions, accelerated plaque rupture and thrombosis. 
This pathophysiological mechanism could be responsible for the acute coronary 
events seen relatively early following radiotherapy. However, there are limitations 
that need to be addressed. As mentioned in Chapter 2 of this thesis, the relatively 
small numbers of acute coronary events did not allow for adding more other 
candidate predictors to the multi-variable analysis, such as systemic treatment. 
Therefore, it is important to note, that the results of this study should only be 
used for hypothesis generation and that further research is required to validate 
this hypothesis.

FUTURE PERSPECTIVES
While the incidence of BC has been increasing over the past decade, prognosis 
has markedly improved due to several factors. Next to diagnosis in earlier stage 
by enhanced screening programs, prognosis has improved due to multimodality 
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treatment and optimization of individual treatments. Consequently, the prevalence 
of cured patients is increasing and those BC survivors are at increased risk of 
treatment-related late side effects.

As shown in this thesis BC patients are at risk for acute coronary events, within 
just a few years of radiotherapy. From the patient cohort studied in Chapter 2 and 
6, around 30 patients developed acute coronary events, of which 10 died from 
this event. Moreover, a recent study performed by van Boekel et al. suggests 
that radiotherapy may not only increase the risk of acute coronary events, but in 
cases of higher heart dose, may also result in a worst prognosis. They showed 
that cardiac death rates following acute coronary events increased for BC 
patients previously treated with internal mammary chain irradiation, compared to 
patients treated with RT without internal mammary chain irradiation.25 Therefore, 
it is of major importance to identify determinants of radiation-induced cardiac 
toxicity for developing strategies for primary and secondary prevention. Primary 
prevention includes radiation dose optimization to the most critical structures 
of the heart. Recent improvements in radiotherapy technology allows for 
a subsequent decrease in heart dose compared to treatment delivered decades 
ago. However, treatment plans can still be further optimized to minimize radiation 
dose to the most critical structures. Secondary prevention requires identification 
of patients at high risk of future cardiac events as early as possible after RT, to 
offer them individualized cardiac screening programs.

The recent changes in BC photon radiotherapy regimes are all aimed to 
reduce radiation exposure to the heart, such as deep inspiration breath hold, 
partial breast irradiation, and intensity modulated radiotherapy. In addition, since 
January 2019, the selection procedure of BC patients for proton therapy has been 
approved by the National Health Care Institute (Zorginstituut Nederland (ZiN)). 
Proton therapy uses unique physical properties that enable radiation treatment 
with relatively low dose deposition rates outside the treatment target. Therefore, 
proton therapy could minimize exposure to the non-target structures, such as 
the heart and lungs. However proton therapy is expensive, since large investments 
are needed for construction and gantries. Furthermore, the operational costs 
for proton radiation are higher than for photon radiation. Due to the high costs 
and limited availability, BC patients are currently only eligible for proton therapy 
when they are at high risk of developing acute coronary events. This selection 
procedure uses the model-based approach. The national selection criteria for 
proton therapy is described in the National Indication Protocol for Proton Therapy 
Breast Cancer (NIPP for BC patients). For this purpose, a plan comparison, 
comparing photon-based with proton-based dose distributions, is performed for 
every patient for whom the excess risk of developing an acute coronary event 
with photons is ≥ 2%. Based on the plan comparison, the excess risk of acute 
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coronary events for photons and protons can be calculated using a Normal Tissue 
Complication Probability (NTCP) model for acute coronary events. As explained 
in Chapter 2, an NTCP model is a term generally used in radiation oncology 
that refers to any prediction model describing the relationship between 3D dose 
distribution parameters of normal tissue and a complication endpoint. In this case, 
the NTCP model is used to estimate the risks of developing an acute coronary 
event. In the Netherlands, the NTCP model used for selecting BC patients for 
proton therapy is based on the study by Darby et al..1 However, with the model 
published by Darby et al. it is only possible to predict a relative increase in acute 
coronary events, not an absolute risk. Therefore, with the use of Dutch registries 
describing the baseline risk of the Dutch population, the model was adjusted and 
fitted so that an absolute risk calculation may be made. However, there is still 
a need for large prospective cohorts to validate and modify this NTCP model for 
acute coronary events. More knowledge of the most critical and dose sensitive 
cardiac structures may help to further improve the selection of BC patients for 
proton therapy. This knowledge may also help to further improve cardiac dose 
distributions of photon irradiation plans. In addition, NTCP models for other 
radiation-induced cardiac events are called for, such as heart failure. At the time 
of writing, we are performing an additional large observational study including 
7,000 BC patients to determine the relationship between 3D dose distributions 
planned in cardiac structures and the risk of acute coronary events, and other 
cardiac complications, for BC patients. Furthermore, the aim of this study is to 
develop and externally validate NTCP models to assess the risk of acute coronary 
events for individual patients based on cardiac dose metrics in the first 10 years 
after BC radiotherapy.26 With more patients and events, the effects of other 
potential confounders can be considered, such as the addition of systemic agents 
that could also cause cardiac toxicity.27,28,10 

As shown in this thesis, sub-clinical damage to the heart is observable within 
years after radiotherapy. Some BC patients developed an acute coronary event 
even within the first 5 years after treatment. However, there is still a lack of 
knowledge of early cardiotoxicity induced by breast radiotherapy that can appear 
long before the onset of clinically significant cardiac events. Cohorts involving 
prospective data are currently being collected in subsequent studies such as 
the BACCARAT prospective cohort study and MEDIRAD EARLY HEART study.29,30 
These studies aim to enhance knowledge on detection and prediction of early 
sub-clinical cardiac toxicity induced by breast radiotherapy. In both studies, 
BC patients are prospectively followed up for 2 years. The main objective is to 
identify and validate the most important cardiac imaging (e.g. echocardiography, 
computed tomography coronary angiography, cardiac magnetic resonance 
imaging) and circulating biomarkers of radiation-induced cardiovascular changes 
arising in the first 2 years after BC radiotherapy.30
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With the improved survival of BC patients due to improved cancer treatments, 
the number of survivors at risk for treatment-induced cardiotoxicity is increasing. 
In the Netherlands, several “cardio-oncology teams” have emerged. These 
multidisciplinary teams of doctors and nurses aim for early identification of 
cancer patients at risk of cardiac toxicity by using a baseline cardiovascular risk 
assessment. Furthermore, they can rapidly refer high risk patients for urgent 
assessment to minimize delays or interruptions of cancer care. 

Patient management rightfully focuses on cancer cure after diagnosis, but 
paying more attention to other existing co-morbid conditions should also be 
included in patient management and recovery plans. Expanding the follow-up 
with “cardio-oncology” services could help with improving overall survival of high 
risk patients. With the help of prediction models, such as presented in Chapter 2 
and Chapter 6, patients could be selected who are at high risk of developing acute 
coronary events after radiotherapy. In particular, patients should be considered 
for periodic screening who were treated many years ago, and received higher 
radiation doses, had cardiovascular risk factors and had received anthracycline-
based chemotherapy. However, the efficiency of screening or interventions has not 
yet been examined in a BC population. In 2017, the American Society of Clinical 
Oncology Clinical Practice Guideline wrote recommendations for ‘Prevention 
and Monitoring of Cardiac Dysfunction in Survivors of Adult Cancers’.31 In 
this guideline, recommendations are made as to which patients are at risk for 
developing cardiac dysfunction. Unfortunately, recommendations for prevention 
and monitoring of coronary artery disease fall outside the scope of this guideline. 

Radiotherapy significantly improves disease-specific survival for BC patients. 
However, as the results in this thesis show, some patients are at risk of acute 
coronary events that can result in mortality. With the help of prediction models, 
patients could be selected for primary or secondary preventive measures. The aim 
of primary prevention is to prevent radiation-induced cardiac toxicity to adjust 
radiation treatment; dose optimization to the most critical structures of the heart, 
the use of proton therapy, or omit radiotherapy if the toxicity is greater than 
the benefit of treatment. This allows us to consider whether every BC patient 
should always be treated. In 2013, a study included only BC patients 70 years 
of age or older who had tumours that were positive for oestrogen receptors (or 
had an unknown receptor status) and were no greater than 2 cm in diameter.32 
The results showed that irradiation adds no significant benefit in terms of survival 
or time to distant metastasis. It did show a significant increase in the five-year 
rate of local or regional recurrence among women treated with lumpectomy and 
Tamoxifen alone, as compared with BC patients who also received radiotherapy. 
However, the absolute difference was small (4 percent vs. 1 percent). Does this 
absolute difference of 3% matter clinically, weighted against the cost of resources 
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and the risk of radiation-induced toxicity? In selected cases, it could be justifiable 
not to treat BC with radiotherapy.

OVERALL CONCLUSIONS
The studies presented in this thesis show that women treated for BC have 
an increased risk of acute coronary events within 9 years after radiotherapy. 
These risks differ per patient and depend on age, baseline cardiovascular 
risk factors and cardiac dose distributions. Using NTCP-models, high-risk 
patients can be identified. This offers possible targets for primary or secondary  
preventive measures. 

The risk of developing an acute coronary event seems to vary with the time 
interval since exposure, which may indicate that different pathophysiological 
mechanisms could be responsible for this potentially life-threatening complication. 
Literature shows that acute coronary events seen decades after radiotherapy 
treatment could be the result of the relatively slow progression of atherosclerosis. 
A possible explanation for the acute coronary events seen several years after 
radiotherapy is that radiation dose to pre-existing atherosclerotic plaques in 
the coronary arteries leads to subsequent inflammatory reactions, plaque rupture 
and thrombosis. As the number of BC survivors keeps rising, the need for better 
understanding of the underlying mechanism and the possibility to select those 
patients at high risk remains essential.
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