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INCIDENCE OF BREAST CANCER
Breast cancer (BC) is the most common form of cancer in women in the Netherlands. 
Approximately 15,000 women are diagnosed with invasive BC each year and 
the incidence of an in situ carcinoma is about 2,300 patients.1,2 The incidence is 
rapidly growing (figure 1). The reasons are manifold, but reflect both the aging 
and growth of the population, as well as advances in diagnostic imaging. Early 
detection, particularly through national BC screening, combined with improved 
systemic treatment and more accurate radiotherapy, have substantially improved 
BC survival rates. Consequently, the prevalence of patients cured is increasing 
and those BC survivors are at increased risk of treatment-related late side effects.

STANDARD TREATMENT FOR BREAST CANCER
The current standard treatment for early stage BC is breast-conserving surgery 
followed by radiotherapy. Depending on patient age and pathologic risk factors, 
other adjuvant treatments may be recommended, such as chemotherapy, 
endocrine treatment and targeted agents. A meta-analysis of individual patient 
data for approximately 11,000 women showed that radiotherapy for early stage 
BC can reduce the rates of recurrence and death from BC.3 The 10-year risk of any 
first recurrence was 19.3% for BC patients treated with radiotherapy and 35.0% 
for patients treated with only breast-conserving surgery. The 15-year absolute risk 
reduction of BC death was 3.8% in favour of patients treated with radiotherapy 
(from 25.2% to 21.4%). 

Figure 1. Incidence of women diagnosed with breast cancer in the Netherlands over time.1,2

Abbreviations: BC, breast cancer; DCIS, ductal carcinoma in situ.
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INCIDENTAL CARDIAC IRRADIATION
Studies in which BC patients were treated with outdated radiotherapy, with 
exposure to much larger cardiac volumes with higher dose levels than today, 
showed that BC survivors are at risk of radiation-induced cardiac diseases, such 
as ischemic heart disease, cardiomyopathy, valvular heart disease, pericarditis, 
arrhythmias, and conduction disturbances.4,5,6,7,8,9,10 Over the past 2 decades, 
changes in radiotherapy techniques has led to a significant reduction in radiation 
exposure to the heart.11,12 However, studies assessing BC patients treated with more 
modern radiotherapy planning techniques, such as 3D conformal radiotherapy, or 
intensity modulated radiotherapy, still show higher cardiac dose levels prescribed 
for some patients. This could be due to their anatomy, or when deep inspiration 
breath hold is not possible or effective.13,14,15,16 Additionally, cardiac doses are 
generally higher when the internal mammary chain is irradiated.17 Thus, although 
modern radiation techniques have been refined, there are BC patients that 
receive considerable cardiac radiation doses, and hence are at risk for radiation-
induced cardiac diseases.

DOSE-EFFECT RELATIONSHIP BETWEEN DOSE 
TO THE HEART AND ACUTE CORONARY 
EVENTS 
Although BC treatment increases the risk of cardiac diseases, the benefits 
of radiotherapy and systemic therapy outweigh the risks for many patients. 
However, it remains important to reduce radiation exposure to the heart while 
maintaining appropriate target coverage. Finding this balance is challenging. 
Many questions remain to be answered, such as the magnitude of the risk after 
a given dose to the heart or its substructures, the time to develop radiation-
related cardiac diseases, or the influence of other cardiac risk factors or cardiotoxic 
chemotherapy. Information on the relationships between dose to the heart, and its 
substructures and cardiac toxicity, could be helpful to identify patients at high risk 
for developing radiation-induced cardiac toxicity. Furthermore, such information 
may also provide targets for treatments that help to avoid or delay cardiac 
events. Patients at high risk could benefit from primary preventive measures such 
as optimisation of photon radiotherapy treatment plans or selection for proton 
therapy. Concerning secondary preventive measures, BC patients who have been 
treated and are at high risk of future cardiac events could be offered individualised 
cardiac screening programs. Thus, with better identification of BC patients at risk 
for cardiac damage due to radiotherapy, long-term outcomes and quality of life 
could be greatly improved.
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The risk of radiation induced acute coronary events has been investigated in 
detail. In 2013, a large cohort study showed a significant relationship between 
radiation dose to the heart and the rate of ischemic heart diseases.18 The rate of 
major acute coronary events increased linearly with the mean dose to the heart 
by 7.4% per gray (Gy) over the entire follow-up period of more than 20 years. 
There was no apparent threshold below which there was no increased risk of 
acute coronary events. Confining the analysis to the first 9 years after radiation 
exposure, a relative increase of approximately 16% per Gy was found. Even 
within 5 years after radiotherapy exposure, radiation-related increase in the risk 
of acute coronary events was observed. However, this study had some important 
limitations. First, patients were treated with radiotherapy between 1958 and 
2001, meaning that radiotherapy techniques were outdated and fractionation 
schemes were different from those currently used. Second, because patients 
were treated well before computed tomography (CT) based simulation became 
common practice, cardiac volumes and dose distributions had to be calculated 
based on reconstructed radiotherapy regimens and dose could not be measured 
individually.19 The investigators examined only the mean dose to the heart and 
left anterior descending coronary artery (LAD), other possibly important dose-
volume histogram (DVH) parameters were not examined. Due to these limitations, 
the question arises as to whether these results can be translated to the breast 
cancer population treated today. Therefore validation in an independent cohort, 
with modern radiotherapy techniques, is necessary. Furthermore, it would be 
relevant to investigate whether other DVH-parameters could better predict 
the risk of acute coronary events after radiotherapy, compared with the parameter 
representing the mean dose to the heart.

OTHER FACTORS RELEVANT FOR RADIATION-
INDUCED CARDIAC DISEASES
Next to the cardiotoxic effect of radiotherapy, some patients will have co-
morbidities or receive other cardiotoxic treatments, such as chemotherapy, that 
may contribute to a higher risk of radiation-induced cardiac diseases, which may 
adversely affect the quality of life of cancer survivors.20

A limited numbers of studies has reported on the effects of cardiovascular 
risk factors or co-morbidities on radiation-related cardiac diseases. One study 
found that smoking and radiotherapy together were associated with a more than 
additive effect on risk of myocardial infarction.4 Another study found an interaction 
between the risk of developing coronary artery disease and hypertension at 
the start of radiotherapy.21 In contrast, two studies found that cardiovascular 
risk factors prior to radiotherapy did not significantly increase the relative risk 
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of radiation-related cardiac diseases, but they did increase the absolute risk due  
to radiotherapy.18,22 

In addition to radiation dose to the heart, the administration of certain 
chemotherapeutic agents form an additional risk factor of cardiac toxicity.23 
Anthracyclines are one of the most widely used chemotherapeutic agents for 
the treatment of breast cancer.24 However, the cumulative anthracycline dose is 
a well-recognised risk factor for development of, both acute and late, cardiac 
toxicity, mostly characterised by congestive heart failure.25,26,27,28,29 Therefore, it 
is essential to take into account the effect of co-morbidity and other cardiotoxic 
cancer treatments on the dose-effect relationship. 

OUTLINE OF THE THESIS
The overall objective of this thesis was to evaluate the relationship between 
radiation dose to the heart and cardiac substructures, and acute coronary events, 
in female BC patients treated with radiotherapy after breast-conserving surgery. 
Furthermore, other variables that potentially can contribute to the development 
of acute coronary events, such as cardiac risk factors and chemotherapy, were 
investigated, which may improve the identification of BC patients at high risk of 
radiation-induced cardiac toxicity.

As mentioned, in 2013 a large cohort study demonstrated a dose-effect 
relationship based on the mean dose to the whole heart and the rate of acute 
coronary events.18 The main aim of chapter 2 was to validate these findings with 
an independent cohort of patients with BC based on individual three-dimensional 
dose distributions derived from CT-planning scans. Furthermore, we wanted 
to investigate whether other dose-distribution parameters of the heart or its 
substructures could better predict the excess risk of acute coronary events after 
radiotherapy for individual BC patients compared with MHD.

Another important treatment-related cardiac disease of BC therapy is heart 
failure.4,5,6,7,8 The left ventricular ejection fraction (LVEF) by echocardiography is 
the cornerstone of LV systolic function assessment in clinical practice. However 
it can underestimate actual cardiac damage because of the compensatory 
reserve of the myocardium that enables adequate ventricular outcome, even 
in the presence of dysfunctional myocytes. So, cardiac dysfunction can remain 
sub-clinical for a long time because of its gradual onset and presentation with 
vague symptoms. Therefore, it becomes increasingly important to assess not 
only clinical cardiac dysfunction, but also the sub-clinical functional effects. 
The global longitudinal systolic strain (GLS) is an echocardiographic technique 
that detects and quantifies sub-clinical and subtle disturbances in LV systolic 
function. In chapter 3 we assessed the relationship between radiation dose to 
the left ventricle and radiation dose to the coronary arteries and left ventricle 
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systolic function, GLS and left ventricle diastolic function in BC survivors treated 
with radiotherapy.

As several studies indicate that the excess risk induced by radiotherapy 
depends on baseline cardiovascular risk factors, it becomes increasingly important 
for radiation oncologists to identify which baseline factors are important for BC 
patients.18,4,21,22 The amount of coronary artery calcium (CAC), as determined from 
CT, is a well-established and reliable early predictor of acute coronary events in 
the general population. However, its predictive value in BC patients in unknown. 
The main objective of chapter 4 was to test if pre-treatment CAC scores, based 
on planning CT scans, were associated with the cumulative incidence of acute 
coronary events among BC patients treated with post-operative radiotherapy. If 
the CAC score is a reliable predictor of acute coronary events, it could be used as 
an important baseline cardiovascular risk factor. 

Understanding the underlying mechanisms behind radiation-induced cardiac 
diseases is still lacking. However, some studies have highlighted the importance 
of the coronary arteries in the pathogenesis of radiation-induced cardiac toxicity 
in cancer patients, in particular the left anterior descending coronary artery 
(LAD).30,31 The problem of manually contouring the LAD is that it is time consuming, 
susceptible to intra- and inter-observer variation and often challenging due 
to the lack of intravenous contrast-enhancement in planning CT scans. These 
problems limit large scale contouring tasks necessary for research projects. 
Therefore in chapter 5 we developed and evaluated an automatic segmentation 
tool for the LAD in non-contrast planning CT-scans based on anatomical landmarks.

Armed with the knowledge about dose-effect relationships in chapter 2, 
and the importance of dose to the coronary arteries in chapter 3, we wanted 
to understand more about a possible mechanism behind the radiation-induced 
acute coronary events. Darby et al. showed that particularly older patients 
developed acute coronary events, mainly in the first 5 to 10 years.18 As age is an 
important factor in developing higher calcium scores in the coronary arteries,32 
we hypothesised that radiation dose to pre-existing atherosclerotic plaques in 
the coronary arteries leads to subsequent inflammatory reactions and an increased 
risk of acute coronary events, possibly due to plaque rupture and thrombosis. 
With the available calcium scores in chapter 4 and the development of an auto-
segmentation tool for the LAD in chapter 5, we were able to investigate this 
hypothesis. Therefore, in chapter 6 we tested a hypothesis that radiation dose to 
atherosclerotic plaques is more important for the development of acute coronary 
events than radiation dose to the whole heart or LAD, for a cohort of BC patients 
treated with 3D conformal radiotherapy. The findings of this thesis are summarised 
and discussed in chapter 7.
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ABSTRACT
Purpose
A relationship between mean heart dose (MHD) and acute coronary event (ACE) 
rate was reported in a study of patients with breast cancer (BC). The main objective 
of our cohort study was to validate this relationship and investigate if other dose-
distribution parameters are better predictors for ACEs than MHD.

Patients and Methods
The cohort consisted of 910 consecutive female patients with BC treated with 
radiotherapy (RT) after breast-conserving surgery. The primary end point was 
cumulative incidence of ACEs within 9 years of follow-up. Both MHD and various 
dose-distribution parameters of the cardiac substructures were collected from 
three-dimensional computed tomography planning data.

Results
The median MHD was 2.37 Gy (range, 0.51 to 15.25 Gy). The median follow-up 
time was 7.6 years (range, 0.1 to 10.1 years), during which 30 patients experienced 
an ACE. The cumulative incidence of ACE increased by 16.5% per Gy (95% CI, 0.6 
to 35.0; P = .042). Analysis showed that the volume of the left ventricle receiving 5 
Gy (LV-V5) was the most important prognostic dose-volume parameter. The most 
optimal multivariable normal tissue complication probability model for ACEs 
consisted of LV-V5, age, and weighted ACE risk score per patient (c-statistic, 
0.83; 95% CI, 0.75 to 0.91).

Conclusion
A significant dose-effect relationship was found for ACEs within 9 years after 
RT. Using MHD, the relative increase per Gy was similar to that reported in 
the previous study. In addition, LV-V5 seemed to be a better predictor for ACEs 
than MHD. This study confirms the importance of reducing exposure of the heart 
to radiation to avoid excess risk of ACEs after radiotherapy for BC.
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INTRODUCTION
The number of breast cancer (BC) survivors is increasing as a result of rising 
incidence, earlier diagnosis, and better treatment results.1,2 Although adjuvant 
radiotherapy (RT) after surgery for BC improves locoregional control and overall 
survival, incidental exposure of the heart to radiation increases the risk of RT-
induced cardiac toxicity.3,4,5 Consequently, the prevalence of BC survivors at risk 
for long-term RT-induced cardiac toxicity is increasing and may have a significant 
impact on health-related quality of life. 

Darby et al.6 demonstrated a dose-effect relationship based on the mean heart 
dose (MHD) to the whole heart. They found a relative increase of 7.4% per Gy of 
MHD in the rate of major acute coronary events (ACEs) for the entire follow-up 
period. Confining the analysis to the first 9 years after radiation exposure, a relative 
increase of approximately 16% per Gy was found. However, the study had some 
limitations: its design (case-control study), use of outdated RT technologies, and 
use of reconstructed MHDs derived from two-dimensional data.

Therefore, the first aim of our study was to validate the findings of Darby et al.6 
with an independent cohort of consecutive patients with BC based on individual 
three-dimensional (3D) dose distributions derived from computed tomography 
(CT) planning scans. The second aim of this cohort study was to investigate 
whether other dose-distribution parameters could better predict the excess risk 
of ACEs after RT in individual patients with BC compared with MHD.

PATIENTS AND METHODS
Study Population
This study population was composed of a consecutive series of female patients 
with BC treated with RT after breast-conserving surgery for stage I to III invasive 
adenocarcinoma or carcinoma in situ from January 2005 to December 2008 
in our hospital (Appendix Fig A1). Patients with BC were eligible for inclusion 
only if CT-based RT planning data were available. Patients were excluded if 
they had a history of other malignancies or had received prior RT or treatment 
with neoadjuvant chemotherapy. The primary end point was an ACE, defined 
as a diagnosis of myocardial infarction (International Classification of Diseases, 
10th Revision, codes 121 to 124), coronary revascularization, or death resulting 
from ischemic heart disease (codes 120 to 125) after completion of treatment. 
Pretreatment risk factors for ACEs that were taken into account included history 
of ischemic heart disease, any other cardiac disease, hypertension, chronic 
obstructive pulmonary disease, pulmonary embolism, diabetes, current smoker 
status, and body mass index ≥ 30 kg/m2. Both the end point and pretreatment 
risk factors were similar to those defined by Darby et al..6
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Data Collection
Patient characteristics, treatment plans, follow-up data, and information on 
cardiac risk factors and cardiac end points were retrospectively extracted from 
patient records of the Department of Radiation Oncology (University Medical 
Center Groningen, University of Groningen, Groningen, the Netherlands). 
Incomplete patient data were supplemented with information derived from 
general practitioners’ (GPs’) records. To this end, surviving patients were informed 
about the study by letter and asked for their written informed consent. GPs of 
deceased patients were allowed to provide relevant information directly, because 
GPs have legal governance over deceased patients’ records in the Netherlands. 
The aforementioned procedure was approved by the medical ethical committee 
of the University Medical Center Groningen.

Data Definitions
The baseline date was defined as the first day of breast irradiation. Patient event 
times were censored in cases where a new radiation treatment was delivered 
in the follow-up period, in cases of death, or at the end of follow-up time. 
The follow-up interval was defined as the time between baseline and censoring 
date or date of event. Patient information was collected until the last known date 
of medical follow-up or last known information obtained from the GP.

Radiation Dosimetry
Irradiation of the breast for all patients was performed with 3D conformal RT using 
CT-based planning, as described previously.7 All treatment plans were calculated 
using heterogeneity corrections. Beam configuration comprised tangential fields 
and additional beams for optimization of planning target volume coverage, as 
well as for minimization of the dose to the heart, lungs, and contralateral breast. 
A dose of 50.4 Gy was prescribed for the whole breast in 28 fractions, with 
a simultaneous integrated boost dose of 14 or 16.8 Gy in the same 28 fractions, 
depending on pathologic risk factors. The heart and its substructures, including 
the left ventricle (LV), left atrium, right ventricle, and right atrium, were recontoured 
with a multiatlas automatic segmentation tool of the heart developed in house 
based on the atlas by Feng et al.8 (Mirada RTx [version 1.6]; Mirada Medical, 
Oxford, United Kingdom).9 Automatic segmentation reduces interobserver 
variability in contouring organs at risk and therefore generates more consistent 
data to create normal tissue complication probability (NTCP) models.10,11 With 
the delineated volumes, it was possible to calculate the exact planned radiation 
dose to the different volumes. This so-called dose-volume histogram showed 
the relationship between the dose in Gy to the volume percentage of the structure 
of interest.12,13 With the dose of the individual patients, the dose-effect relationship 
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could be calculated independently of RT technique or treatment volume. Finally, 
the planned dose-distribution parameters for the whole heart and its substructures 
were extracted from our treatment planning system (Pinnacle [version 9.1]; Philips 
Radiation Oncology, Fitchburg, WI).

Statistical Analysis
The cumulative incidence of ACEs was analyzed using the Kaplan-Meier method. 
To validate the model of Darby et al.,6 a multivariable Cox regression analysis 
was used, including the same risk factors and end point. Model performance was 
tested for calibration using the Hosmer-Lemeshow (HL) test, and discrimination 
was tested using the c-statistic. 

The most relevant dose-distribution parameters for the different cardiac 
substructures were identified by comparing the mean dose-distribution parameters 
of patient cases (patients who experienced an ACE) with noncases (patients who 
did not). To this end, we calculated the mean V(x) in bins of 5 Gy for both patient 
cases and noncases, where V(x) refers to the relative volume (in percentage) of 
the heart or cardiac substructure that received x Gy. Differences between the two 
groups regarding all mean dose-distribution parameters were tested with a t test 
or Wilcoxon rank sum test whenever appropriate. The dichotomous variable (no 
risk factor v one or more risk factors) was replaced by a weighted ACE risk score 
per patient. To this end, we first investigated which risk factors were significantly 
associated with the incidence of ACEs by using univariable Cox regression 
analysis and then performed a multivariable analysis taking into account only 
the significant cardiac risk factors. For the risk factors that were significantly 
associated with ACEs in the multivariable analysis, the regression coefficients 
were calculated and used for the weighted sum of the risk factor(s) per patient. 
In correspondence with Darby et al.,6 age was entered into the model as well. 
Because the number of events was limited, we decided not to add more than 
these three factors to the model to prevent overfitting.14,15 For internal validation 
and adjustment for possible internal optimism for both the c-statistics and some 
estimators, bootstrapping was performed by using 1,000 random subsets. Model 
performance was tested for calibration using the HL test. Finally, the excess risk 
of an ACE resulting from RT was calculated via the individual patient risk based 
on the model minus the individual patient risk assuming the LV receiving 5 Gy 
(LV-V5) received 0%. Calculations were performed SPSS software (version 22; 
SPSS, Chicago, IL).
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RESULTS
Patient Characteristics
A total of 910 patients were included in this study. The characteristics of these 
patients are summarized in table 1. The median age of all patients was 59 years 
(range, 26 to 84 years). At baseline, more than half of the patients had one or 
more risk factors for ACEs. The median follow-up time was 7.6 years (range, 0.1 
to 10.1 years).

Table 1. Patient Clinical Characteristics at Baseline (N = 910)

Characteristic No. of patients % P*

Age at BC diagnosis, years <.001
Median 59
Range 26-84
18-35 13 1.4
36-45 109 12
46-55 238 26.2
56-65 294 32.3
66-75 214 23.5
≥ 76 42 4.6

Follow-up interval, years 
Median 7.6
Range 0.1-10.1

No, of risk factors for ACE at baseline† 0.002
0 387 42.5
≥ 1 523 57.5

History of (cardiac) comorbidity 
Ischemic heart disease‡ <.001

Yes 35 3.8
No 875 96.2

Heart failure 0.069
Yes 6 0.7
No 904 99.3

Cardiac valve disease 0.215
Yes 28 3.1
No 882 96.9

Myocarditis, endocarditis and/or pericarditis NA
Yes 0 0
No 910 100

Hypertension (mmHg)§ <.001
Yes 278 30.5
No 632 69.5
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Table 1. (continued)

Characteristic No. of patients % P*

COPD║ 0.315
Yes 53 5.8
No 857 94.2

Pulmonary embolism 0.714
Yes 9 1
No 901 99

Diabetes¶ 0.001
Yes 66 7.3
No 844 92.7

Lifestyle risk factors at baseline
Current smoker 0.431

Yes 199 21.9
No 711 78.1

BMI, kg/m2 0.304
< 30 832 91.4
≥ 30 78 8.6

Tumor characteristic
Pathologic T stage

T1 664 73 0.948
T ≥ 2 240 26.4 0.745
Unknown 6 0.7 0.976

Pathologic N stage
N0i+ 617 67.8 0.782
N1 208 22.9 0.22

0.724
0.979

N2 46 5.1
N3 7 0.8

Nx/Unknown 32 3.5 0.915
Laterality of the breast 0.128

Right 459 50.4
Left 451 49.6

Treatment of BC
Chemotherapy# 0.101

Yes 329 36.2
No 576 63.3

Hormonal therapy 0.187
Yes 387 42.6
No 523 57.4

RT
MHD, Gy

Total
Median 2.37
Range 0.51-15.25
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Table 1. (continued)

Characteristic No. of patients % P*

Right Breast 50.4
Median 1.31
Range 0.51-6.87

Left Breast 49.6
Median 4.44
Range 0.99-15.25

Regional RT 0.900
Yes 63 6.9
No 847 93.1

Abbreviations: ACE, acute coronary event; BC, breast cancer; BMI, body mass index; COPD, chronic 
obstructive pulmonary disease; MHD, mean heart dose; NA, not applicable; RT, radiotherapy.
*P value between the variable and occurrence of an ACE, calculated using univariable Cox regression 
analysis.
†Risk factors according to Darby et al.6 included: history of ischemic heart disease, history of circulatory 
disease other than ischemic heart disease, history of diabetes, history of COPD, current smoker, and 
BMI ≥ 30 kg/m2, ACE was defined according to Darby et al. as a diagnosis of myocardial infarction 
(International Classification of Diseases, 10th Revision, codes 121 to 124), coronary revascularization, 
or death resulting from ischemic heart disease (codes 120 to 125).
‡Women with a history of ischemic heart disease were defined as those for whom myocardial 
infarction or angina was documented in their medical record.
§Hypertension was considered when the systolic blood pressure was ≥ 140 mmHg and/or when 
the diastolic blood pressure was ≥ 90 mmHg.
║COPD of any Global Initiative on Obstructive Lung Disease class.
¶Diabetes of any type.
#Adjuvant systemic therapy was indicated in patients with high-risk node-negative tumors and 
in patients with node-positive disease, In 55 patients, detailed information about chemotherapy 
treatment was not clearly registered, In total, 248 patients received anthracyclines, In this series, 26 
patients were treated with taxane-based chemotherapy, Trastuzumab (n = 47) was recommended for 
all patients with tumors overexpressing the human epidermal growth factor receptor 2.

More detailed information about the distribution of MHD and the univariable 
analysis between MHD and the end point ACE is provided in Appendix  
table A1, Appendix figures A2 to A4, and Appendix figure A5, and information 
about patients experiencing an event is listed in Appendix table A2. In total, 30 
patients (3.3%) developed an ACE during follow-up, 10 of whom died as a result 
of ischemic heart disease. In the first 5 years, 17 patients were diagnosed with 
ACEs. The 5- and 9-year cumulative incidences of ACEs were 1.9% (95% CI, 0.9% 
to 2.9%) and 3.9% (95% CI, 2.3% to 5.5%), respectively (Appendix Fig A6).
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Table 2. Multivariable NTCP model for the Cumulative Incidence of ACE

Within first 9 years after RT

B SE HR 95% CI for HR P

Age 0.087 0.020 1.090 1.049 to 1.133 <.001
MHD* 0.153 0.075 1.165 1.006 to 1.350 .042
Risk Factor† 1.821 0.619 6.180 1.837 to 20.790 .003

Within first 5 years after RT

B SE HR 95% CI for HR P

Age 0.113 0.028 1.120 1.061 to 1.182 <.001
MHD* 0.220 0.093 1.246 1.037 to 1.495 .019
Risk Factor† 1.491 0.758 4.443 1.006 to 19.622 .049

Abbreviations: ACE, acute coronary event; HR, hazard ratio; MHD, mean heart dose; NTCP, normal 
tissue complication probability; RT, radiotherapy.
*MHD per Gy based on individual three-dimensional dose-volume data obtained from computed 
tomography planning scans.
†Defined by Darby et al.6 as a dichotomous variable: none versus one or more risk factors.

Validation
To validate the model of Darby et al.,6 a multivariable Cox regression model 
was created using the same prognostic factors (ie, age, MHD, and presence of 
pretreatment risk factors for ACEs, categorized as either none or one or more 
at baseline). The cumulative incidence of ACEs increased by 16.5% per Gy  
(P = .042) within 9 years of RT (table 2).

On the basis of this model, the 9-year excess cumulative risk (CER9y) can be 
calculated using the following equations:

1. The linear predictor LPMHD-model = (0.153 × MHD) + (0.087 × AGE) + (1.821 ×  
RISK), in which MHD = mean heart dose in Gy, AGE = age in years, and 
RISK = 0 when no risk factors for ACEs are present at baseline and RISK = 1  
if one or more risk factors at baseline are present.

2. The cumulative incidence for each individual patient at 9 years (CI9y) can then 
be calculated using the following equation: CI9y = 1 – [EXP(−0.000025 ×  
EXP(LPMHD-model))].

3. The 9-year excess cumulative risk (CER9y) can then be calculated by using 
Equation 2 minus the CI9y assuming an MHD of 0 Gy (CI9y-0Gy): CER9y =  
CI9y – CI9y-0Gy.
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The HL test showed no significant difference between expected and observed 
rates of ACEs (P = .406), indicating good calibration. Model discrimination was 
good, with a c-statistic of 0.79 (95% CI, 0.71 to 0.87). The mean predicted CI9y 
for the entire population was 4.0%, which was in agreement with the CI9y actually 
observed: 3.9%.

To get an impression of the early risk of ACEs, a model for the first 5 years after 
RT (table 2) was tested separately. Using the same risk factors and end point as 
those of Darby et al.,6 an increase of 24.6% in the rate of ACEs per Gy of MHD 
was found for the complete follow-up period of 5 years.

Model Optimization
To identify the most relevant dose-distribution parameters, we compared 
the mean dose parameters of the patient cases (patients who experienced 
an ACE) with noncases (patients who did not). Figure 1 shows the differences 
between the mean dose-distribution parameters per cardiac substructure that 
were tested for significance. The largest difference was found for LV-V5.

In the univariable Cox regression analysis, summarized in table 3, LV-V5 was 
significantly associated with the cumulative incidence of ACEs, with a hazard ratio 
of 1.016 (95% CI, 1.002 to 1.030; P = .016). Because of this strong association, we 
chose to include LV-V5 in the model. Replacement of MHD with LV-V5 resulted 
in an improvement of the c-statistic of the NTCP model to 0.80 (95% CI, 0.72 
to 0.88). We also tested the relationship of the maximum dose to the heart with 
the cumulative incidence of ACEs using a univariable Cox regression analysis and 
found it was not significantly associated with ACEs (data not shown).

To further optimize the NTCP model based on LV-V5, the dichotomous variable 
(no risk factor v one or more risk factors) was replaced with a weighted ACE risk 
score per patient. Because there were only 30 events, LV-V5, age, and weighted 
ACE risk score per patient based on the regression coefficient of the significant 
risk factors for ACEs (0.8 for diabetes, 1.4 for hypertension, and 1.8 for history 
of ischemic cardiac events) were entered into the multivariable model. The final 
multivariable NTCP model summarized in table 3 is corrected for optimism.

On the basis of this model, the 9-year excess cumulative risk (CER9y) can be 
calculated using the following equations:

1. The linear predictor LPLV-V5-model = (0.017 × LV-V5) + (0.063 × AGE) + (0.711 ×  
RISKSCORE), in which LV-V5 = LV-V5 in %, AGE = age in years, and 
RISKSCORE = weighted ACE risk score (0 for no risk factors; add 0.8 in 
case of diabetes, add 1.4 in case of hypertension, and add 1.8 in case of 
ischemic cardiac events before RT).

2. The cumulative incidence for each individual patient at 9 years (CI9y) can then 
be calculated using the following equation: CI9y = 1 – [EXP(−0.000223 ×  
EXP(LPLV-V5-model))].
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3. The 9-year excess cumulative risk (CER9y) can then be calculated by using 
Equation 2 minus the CI9y assuming an LV-V5 of 0% (CI9y-0%): CER9y = CI9y – CI9y-0Gy.

The mean predicted CI9y for the entire population was 3.5%, which was in 
agreement with the CI9y actually observed: 3.9%. This modified model showed 
good agreement between expected and observed rates of ACEs (HL test  
P = .380). Discrimination of the final model in terms of the c-statistic showed 
good results at 0.83 (95% CI, 0.75 to 0.91), which was significantly better than 
that in the MHD model (P = .042).

The excess cumulative risk related to RT was 1.13% within 9 years of follow-
up, indicating that approximately 10 patients in this BC cohort experienced an 
ACE that could be attributed to RT. The excess risk for the occurrence of an ACE, 
depending on the mean dose, is shown in figure 2 and based on the LV-V5 in 
figure 3.

DISCUSSION
To our knowledge, this is the first study to validate the model published by Darby 
et al.6 in an independent cohort using individual 3D CT planning data. Using 
exactly the same risk factors and end point as Darby et al., we found an increase 
of 16.5% (95% CI, 0.6 to 35.0) in the cumulative incidence of ACEs per Gy of 
radiation to the whole heart in the first 9 years after treatment. These results are 
consistent with the hazard ratios of 16.3% increase per Gy, as observed by Darby 

Table 3. Univariable and Multivariable NTCP Models for Cumulative Incidence of ACEs Within 
First 9 Years After RT After Correction for Overfitting

Univariable Analysis LV-V5

B SE HR 95% CI for HR P

LV-V5* 0.016 0.007 1.016 1.002 to 1.030 .016

Final Multivariable NTCP model

B SE HR 95% CI for HR P

LV-V5* 0.017 0.009 1.017 0.999 to 1.035 .041
Age 0.063 0.026 1.065 1.014 to 1.116 .010
Weighted ACE risk score 0.711 0.187 2.036 1.669 to 2.403 .001

Abbreviations: ACE, acute coronary event; HR, hazard ratio; LV-V5, left-ventricle receiving 5 Gy; 
NTCP, normal tissue complication probability; RT, radiotherapy.
*Relative volume of LV-V5 based on individual three-dimensional dose-volume data obtained from 
computed tomography planning scans.
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et al. in the first 4 years of follow-up, and 15.5% increase in the next 5 to 9 years 
after RT. Furthermore, our study suggests that the NTCP model for ACEs could 
be improved by using LV-V5 instead of MHD. Model performance showed good 
results in terms of calibration and discrimination.

An NTCP model is a term generally used in radiation oncology, which refers to 
any prediction model describing the relationship between 3D dose-distribution 
parameters of normal tissues and a complication end point. In radiotherapy, 
NTCP models are generally used to estimate the risks of adverse effects, as well 
as to optimize dose distributions for individual patients by minimizing the most 
relevant dose metrics derived from NTCP models.16 To enhance the clinical utility 
of prediction models, it is highly recommended that the performance of the model 
be evaluated in an independent data set.17 Despite differences with regard to 
study design (case-control v cohort study), irradiation technique, estimated 
dose distributions (reconstructed MHD v 3D planning CT based), timeframe, 
and nationality, the results found in our study are in line with those reported by 
Darby et al..6 Therefore, the model summarized in table 2 can be considered 
as a TRIPOD (Transparent Reporting of a Multivariable Prediction Model for 
Individual Prognosis or Diagnosis) type IV prediction model, the performance 
of which has been evaluated in an independent data set.17 The results of case-
control studies, as reported by Darby et al., provide only relative risk against 
baseline risk, which requires other prediction models to assess these baseline 
risks. Because our multivariable externally validated model (table 2) was based on 
a cohort study, it allows for a direct risk estimation of ACEs for individual patients 

Figure 2. Excess risk of an acute coronary event (ACE) depending on the mean heart dose 
(MHD) in volume percentage calculated per age category and (A) absence or (B) presence 
of cardiac risk factors.
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Figure 3. Excess risk of an acute coronary event (ACE) depending on the mean V5 of 
the left ventricle (LV-V5) in volume percentage calculated per age category and risk factor: 
(A) no cardiac risk factors, (B) diabetes, (C) hypertension, and (D) ischemic cardiac event. 
For example, a patient age 70 years with an LV-V5 of 50% and no cardiac risk factors has 
an excess risk of 2.52% of developing an ACE 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 8.42%.

with BC. However, because we were not able to externally validate the LV-V5 
model, this model should be regarded as TRIPOD type Ib, which requires external 
validation first before it can be used in routine clinical practice.

Our dose-distribution analysis (Fig 1) showed that the LV received the highest 
dose of all cardiac structures, which is mainly because of the anatomic location 
of the LV in relation to the breasts and treatment technique, which may increase 
statistical power. The analysis comparing the dose-distribution parameters 
between patient cases and noncases also revealed large differences, even for 
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lower dose levels (eg, LV-V2 to -V4; data not shown). LV-V5 was eventually chosen 
because this dose-distribution parameter has been widely used in many other 
recent reports.18,19,20,21,22

As shown in a recent study, heart doses from RT for BC vary widely, even 
among seemingly similar regimens.23 Therefore, we chose to use an automatic 
delineation tool to exclude interobserver variability.8,24 Furthermore, we used 
individual dose-volume data, which account for differences in anatomy and 
treatment volume.

It has long been assumed that the clinical events of incidental cardiac irradiation 
occur after more than 10 years.25,26,27,28,29 One of the biologic mechanisms leading 
to radiation-induced ACEs is accelerated atherosclerosis.30,31,32 However, in our 
analysis, a dose-effect relationship was found for events occurring within the first 
5 years after radiation exposure. This early risk is consistent with that reported by 
Darby et al.6 and that seen in other research in patients with Hodgkin lymphoma.33 
However, other studies found only a small effect in 6 to 10 years after treatment, 
when the internal mammary nodes were not treated.34,35 When these nodes were 
treated, the occurrence of cardiac damage was found within 5 years.36 Given 
these results, and setting aside the relatively slowly progressing phenomenon 
of atherosclerosis, other biologic mechanisms are most likely responsible for 
the relatively early cardiac events occurring after RT (eg, microvascular damage, 
impairment in myocardial perfusion and/or fatty acid metabolism, and many 
more).37,38,39,40,41 Studies investigating these underlying mechanisms for early  
RT-induced cardiac damage using modern imaging techniques are currently 
under way.42

A limitation of our study is the relatively small number of ACEs. Because 3D 
conformal RT at our hospital was clinically introduced in 2005, the follow-up time 
was relatively short.

To prevent overfitting by using too many candidate variables in relation to 
the number of events, we included only two other prognostic factors, besides 
the dose-distribution parameter: clinical risk factors for ACEs and age, based 
on the fact that these are considered the most important predictors for ACEs.43 
Consequently, the effects of other potential confounders could not be taken 
into account, such as the addition of systemic agents that could also cause  
cardiac toxicity.44,45

In conclusion, the MHD-based NTCP model for ACEs has been independently 
validated using 3D dose-distribution data among patients with BC treated with 
postoperative RT. Radiation dose to the heart is an important risk factor for ACEs 
in BC survivors. Model performance was significantly improved by replacing MHD 
with LV-V5 and using the weighted ACE risk score, but this optimized model 
requires further external validation in an independent data set.
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APPENDIX

Table A1. MHD in Relation to Patient Clinical Characteristics at Baseline 

Characteristic

Median (range)

MHD

Total Left-Sided BC Right-Sided BC

Age at BC diagnosis, years
18-35 2.34 (0.98-12.68) 4.39 (1.08-12.68) 1.26 (0.98-2.37)
36-45 2.29 (0.63-13.75) 4.73 (1.85-13.75) 1.32 (0.63-3.19)
46-55 1.99 (0.51-12.37) 4.58 (1.27-12.37) 1.32 (0.51-3.63)
56-65 2.57 (0.62-15.25) 4.48 (1.17-15.25) 1.32 (0.62-6.87)
66-75 2.31 (0.67-10.81) 4.12 (0.99-10.81) 1.31 (0.67-4.46)
≥ 76 2.99 (0.75-9.46) 4.42 (1.48-9.46) 1.25 (0.75-3.95)

No, of risk factors for ACE at baseline*
0 2.35 (0.62-15.25) 4.66 (1.08-15.25) 1.35 (0.62-6.87)
≥ 1 2.38 (0.51-13.75) 4.19 (0.99-13.75) 1.28 (0.51-4.46)

History of (cardiac) comorbidity 
Ischemic heart disease†

Yes 3.22 (0.67-6.55) 3.81 (1.81-6.55) 1.24 (0.67-4.12)
No 2.35 (0.51-15.25) 4.48 (0.99-15.25) 1.31 (0.51-6.87)

Heart failure
Yes 2.45 (1.19-8.92) 2.98 (1.81-8.92) 1.92 (1.19-4.12)
No 2.37 (0.51-15.25) 4.44 (0.99-15.25) 1.31 (0.51-6.87)

Cardiac valve disease
Yes 2.65 (0.64-7.47) 4.97 (2.24-7.47) 1.56 (0.64-4.12)
No 2.35 (0.51-15.25) 4.41 (0.99-15.25) 1.31 (0.51-6.87)

Hypertension‡

Yes 2.68 (0.51-11.22) 4.45 (0.99-11.22) 1.27 (0.51-4.12)
No 2.26 (0.62-15.25) 4.42 (1.08-15.25) 1.33 (0.62-6.87)

COPD§

Yes 2.39 (0.64-9.35) 3.30 (1.27-9.35) 1.38 (0.64-3.96)
No 2.36 (0.51-15.25) 4.49 (0.99-15.25) 1.31 (0.51-6.87)

Pulmonary embolism
Yes 2.35 (0.72-5.58) 5.26 (2.35-5.58) 1.19 (0.72-1.56)
No 2.37 (0.51-15.25) 4.43 (0.99-15.25) 1.31 (0.51-6.87)

Diabetes║

Yes 3.30 (0.68-8.92) 4.55 (2.65-8.92) 1.23 (0.68-3.96)
No 2.33 (0.51-15.25) 4.44 (0.99-15.25) 1.32 (0.51-6.87)

Lifestyle risk factors at baseline
Current smoker

Yes 1.99 (0.64-13.75) 3.92 (1.17-13.75) 1.27 (0.64-3.63)
No 2.46 (0.51-15.25) 4.52 (0.99-15.25) 1.33 (0.51-6.87)
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Table A1. (continued)

Characteristic

Median (range)

MHD

Total Left-Sided BC Right-Sided BC

BMI, kg/m2

< 30 2.37 (0.62-15.25) 4.45 (1.08-15.25) 1.31 (0.62-6.87)
≥ 30 2.25 (0.51-9.62) 4.27 (0.99-9.62) 1.39 (0.51-4.46)

Tumor characteristic
Pathologic T stage

T1 2.31 (0.64-15.25) 4.40 (0.99-15.25) 1.31 (0.64-6.87)
T ≥ 2 2.55 (0.51-12.68) 4.48 (1.08-12.68) 1.31 (0.51-4.46)
Unknown 1.35 (0.93-8.64) 4.91 (1.17-8.64) 1.35 (0.93-2.04)

Pathologic N stage
N0i+ 2.38 (0.62-15.25) 4.42 (0.99-15.25) 1.31 (0.62-6.87)
N1 2.17 (0.51-11.14) 4.22 (1.33-11.14) 1.22 (0.51-4.12)
N2 4.20 (1.17-8.55) 6.17 (2.35-8.55) 1.80 (1.17-4.46)
N3 2.99 (1.31-8.06) 6.02 (4.96-8.06) 1.93 (1.31-2.99)
Nx/Unknown 1.70 (0.93-8.64) 3.23 (1.17-8.64) 1.35 (0.93-2.08)

Treatment of BC
Chemotherapy¶

Yes 2.62 (0.51-13.75) 4.68 (1.08-13.75) 1.34 (0.51-4.46)
No 2.30 (0.62-15.25) 4.30 (0.99-15.25) 1.28 (0.62-6.87)

Hormonal therapy
Yes 2.58 (0.63-13.75) 4.45 (1.17-13.75) 1.33 (0.63-6.60)
No 2.29 (0.51-15.25) 4.43 (0.99-15.25) 1.28 (0.51-6.87)

RT
Regional RT

Yes 4.11 (1.17-10.81) 6.17 (2.35-10.81) 1.79 (1.17-4.46)
No 2.29 (0.51-15.25) 4.29 (0.99-15.25) 1.27 (0.51-6.87)

Abbreviations: ACE, acute coronary event; BC, breast cancer; BMI, body mass index; COPD, chronic 
obstructive pulmonary disease; MHD, mean heart dose; RT, radiotherapy.
*Risk factors according to Darby et al.6 included: history of ischemic heart disease, history of circulatory 
disease other than ischemic heart disease, history of diabetes, history of COPD, current smoker, and 
BMI ≥ 30 kg/m2, ACE was defined according to Darby et al. as a diagnosis of myocardial infarction 
(International Classification of Diseases, 10th Revision, codes 121 to 124), coronary revascularization, 
or death resulting from ischemic heart disease (codes 120 to 125).
†Women with a history of ischemic heart disease were defined as those for whom myocardial 
infarction or angina was documented in their medical record.
‡Hypertension was considered when the systolic blood pressure was ≥ 140 mmHg and/or when 
the diastolic blood pressure was ≥ 90 mmHg.
§COPD of any Global Initiative on Obstructive Lung Disease class.
║Diabetes of any type.
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Appendix Figure A1. Study population flowchart. 
ACE, acute coronary event; BC, breast cancer; CT, computed tomography; RT, radiotherapy.

Table A1. (continued)

¶Adjuvant systemic therapy was indicated in patients with high-risk node-negative tumors and 
in patients with node-positive disease, In 55 patients, detailed information about chemotherapy 
treatment was not clearly registered, In total, 248 patients received anthracyclines, In this series, 26 
patients were treated with taxane-based chemotherapy, Trastuzumab (n = 47) was recommended for 
all patients with tumors overexpressing the human epidermal growth factor receptor 2.

Female patients with BC treated with RT after
breast-conserving surgery for stage I to III 

invasive adenocarcinoma or 
carcinoma in situ from January

2005 to December 2008
(N = 1,137)

Analyzed
     Patient cases (those who developed an ACE)       (n = 30)
     Noncases (those who did not)                     (n = 880)

Excluded
     History of malignancy, prior thoracic RT, or                   (n = 105)
          treatment with neoadjuvant chemotherapy
     CT-based RT planning data unavailable                    (n = 122)
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Table A2. Detailed Information on All Patients With BC With ACE at Baseline

Age at BC 
Diagnosis 
(years)

Time of  
ACE After  
Start of RT 
(years)

Variable

No, of Risk Factors for 
ACEs* History of (cardiac) Comorbidity

0 ≥ 1

Ischemic  
heart  
disease†

Heart 
failure

Cardiac 
valve 
disease

Myocarditis,Endocarditis, 
and/or Pericarditis Hypertension‡ COPD§

Pulmonary  
embolism Diabetes║

1 59 6.7 - X - - - - X - - -
2 70 6 - X - - - - X - - -
3 81 0.5 - X - - - - X - - -
4 60 1.3 - X X - - - X - - -
5 70 4 - X X - - - X - - -
6 75 4.6 - X - - - - - X - -
7 71 6.1 - X - - - - X X - -
8 73 3.8 - X - - - - - - - X
9 73 5.7 - X X - X - - - - X
10 72 5.4 - X - - - - X - - X
11 72 5.8 - X - - - - X - - X
12 74 1.7 - X X - - - X - - X
13 49 5.2 - X - - - - - - - X
14 63 2 - X X - - - X - - -
15 74 8.8 - X - - - - X X - -
16 66 6.1 - X - - - - X - - -
17 83 0.6 - X - X - - - - - X
18 73 0.8 - X - - - - X - - X
19 68 6 X - - - - - - - - -
20 51 6.7 - X - - - - X - - -
21 74 2.1 - X - - - - X - - -
22 70 0.4 - X - - X - X - - -
23 60 1 - X X - - - X - - -
24 79 3.7 - X X - - - X - - -
25 67 3.2 X - - - - - - - - -
26 66 6.7 - X X - - - X - - -
27 52 3.4 - X - - - - X - - -
28 33 9.8 - X - - - - - - - -
29 72 2.3 - X - - - - - - - -
30 63 4.7 X - - - - - - - - -
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Table A2. Detailed Information on All Patients With BC With ACE at Baseline

Age at BC 
Diagnosis 
(years)

Time of  
ACE After  
Start of RT 
(years)

Variable

No, of Risk Factors for 
ACEs* History of (cardiac) Comorbidity

0 ≥ 1

Ischemic  
heart  
disease†

Heart 
failure

Cardiac 
valve 
disease

Myocarditis,Endocarditis, 
and/or Pericarditis Hypertension‡ COPD§

Pulmonary  
embolism Diabetes║

1 59 6.7 - X - - - - X - - -
2 70 6 - X - - - - X - - -
3 81 0.5 - X - - - - X - - -
4 60 1.3 - X X - - - X - - -
5 70 4 - X X - - - X - - -
6 75 4.6 - X - - - - - X - -
7 71 6.1 - X - - - - X X - -
8 73 3.8 - X - - - - - - - X
9 73 5.7 - X X - X - - - - X
10 72 5.4 - X - - - - X - - X
11 72 5.8 - X - - - - X - - X
12 74 1.7 - X X - - - X - - X
13 49 5.2 - X - - - - - - - X
14 63 2 - X X - - - X - - -
15 74 8.8 - X - - - - X X - -
16 66 6.1 - X - - - - X - - -
17 83 0.6 - X - X - - - - - X
18 73 0.8 - X - - - - X - - X
19 68 6 X - - - - - - - - -
20 51 6.7 - X - - - - X - - -
21 74 2.1 - X - - - - X - - -
22 70 0.4 - X - - X - X - - -
23 60 1 - X X - - - X - - -
24 79 3.7 - X X - - - X - - -
25 67 3.2 X - - - - - - - - -
26 66 6.7 - X X - - - X - - -
27 52 3.4 - X - - - - X - - -
28 33 9.8 - X - - - - - - - -
29 72 2.3 - X - - - - - - - -
30 63 4.7 X - - - - - - - - -



42

Table A2. (continued)

Variable

Lifestyle risk factors Tumor characteristics Treatment of BC Radiation therapy

Smoker BMI<30 kg/m2 BMI≥30 kg/m2

Pathologic T 
stage

Pathologic 
N stage

BC 
Laterality

Chemo-
therapy¶ Hormonal therapy MHD LV-V5# Regional RT

1 - X - T1 N0 Left - - 6.39 76.83 -
2 - X - T1 N0 Right - - 0.87 0 -
3 - X - T1 N0 Left - - 3.45 28.77 -
4 - X - T1 N0 Right - - 1.08 0 -
5 - X - T1 N0 Left - - 3.73 21.63 -
6 - X - T1 N0 Left - - 3.22 31.37 -
7 - X - T1 N0 Left - - 4.27 23.94 -
8 - X - T1 N0 Right - - 1.95 0 -
9 - X - T1 N0 Right - - 1.21 0 -
10 - X - T1 N0 Right - - 0.89 0 -
11 - X - T1 N0 Left - - 4.4 30.75 -
12 - X - T1 N0 Left - - 4.37 50.49 -
13 X X - T1 N0 Right - - 1.15 0 -
14 X X - T1 N0 Right - - 1.36 0 -
15 X X - T1 N0 Left - - 2.86 7.29 -
16 - - X T1 N0 Right - - 0.93 0 -
17 - - X T1 N0 Left - - 8.92 64.57 -
18 - X - T≥2 N0 Left - - 5.92 29.53 -
19 - X - T1 Nx Right - - 1.09 0 -
20 - X - T≥2 N0 Left X - 11.22 100 -
21 - X - T1 N0 Left - X 6.41 37.66 -
22 - X - T1 N0 Left - X 3.72 24.11 -
23 - - X T1 N0 Right - X 0.74 0 -
24 - X - T≥2 N0 Left - X 5.62 64.23 -
25 - X - T1 N1 Left - X 1.64 0.4 -
26 - - X T≥2 N1 Right - X 0.67 0 -
27 - X - T1 N1 Left X X 6.04 35.66 -
28 X X - T≥2 N1 Left X X 4.85 49.3 -
29 X X - T≥2 N2 Left X - 6.32 96.4 X
30 - X - T≥2 N2 Left X X 7.26 77.43 X

Abbreviations: ACE, acute coronary event; BC, breast cancer; BMI, body mass index; COPD, chronic 
obstructive pulmonary disease; LV-V5, left ventricle receiving 5 Gy; MHD, mean heart dose; RT, radiotherapy.
*Risk factors at baseline according to Darby et al.6 included: history of ischemic heart disease, history of 
circulatory disease other than ischemic heart disease, history of diabetes, history of COPD, current smoker, 
and BMI ≥ 30 kg/m2, ACE was defined according to Darby et al. as a diagnosis of myocardial infarction 
(International Classification of Diseases, 10th Revision, codes 121 to 124), coronary revascularization, or 
death resulting from ischemic heart disease (codes 120 to 125).
†Women with a history of ischemic heart disease were defined as those for whom myocardial infarction or 
angina was documented in their medical record.

‡Hypertension was considered when the systolic blood pressure was ≥ 140 mmHg and/or when the diastolic 
blood pressure was ≥ 90 mmHg.
§COPD of any Global Initiative on Obstructive Lung Disease class.
║Diabetes of any type.
¶Adjuvant systemic therapy was indicated in patients with high-risk node-negative tumors and in patients with 
node-positive disease.
#Relative volume of LV-V5 based on individual three-dimensional dose-volume data obtained from computed 
tomography planning scans.
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Table A2. (continued)

Variable

Lifestyle risk factors Tumor characteristics Treatment of BC Radiation therapy

Smoker BMI<30 kg/m2 BMI≥30 kg/m2

Pathologic T 
stage

Pathologic 
N stage

BC 
Laterality

Chemo-
therapy¶ Hormonal therapy MHD LV-V5# Regional RT

1 - X - T1 N0 Left - - 6.39 76.83 -
2 - X - T1 N0 Right - - 0.87 0 -
3 - X - T1 N0 Left - - 3.45 28.77 -
4 - X - T1 N0 Right - - 1.08 0 -
5 - X - T1 N0 Left - - 3.73 21.63 -
6 - X - T1 N0 Left - - 3.22 31.37 -
7 - X - T1 N0 Left - - 4.27 23.94 -
8 - X - T1 N0 Right - - 1.95 0 -
9 - X - T1 N0 Right - - 1.21 0 -
10 - X - T1 N0 Right - - 0.89 0 -
11 - X - T1 N0 Left - - 4.4 30.75 -
12 - X - T1 N0 Left - - 4.37 50.49 -
13 X X - T1 N0 Right - - 1.15 0 -
14 X X - T1 N0 Right - - 1.36 0 -
15 X X - T1 N0 Left - - 2.86 7.29 -
16 - - X T1 N0 Right - - 0.93 0 -
17 - - X T1 N0 Left - - 8.92 64.57 -
18 - X - T≥2 N0 Left - - 5.92 29.53 -
19 - X - T1 Nx Right - - 1.09 0 -
20 - X - T≥2 N0 Left X - 11.22 100 -
21 - X - T1 N0 Left - X 6.41 37.66 -
22 - X - T1 N0 Left - X 3.72 24.11 -
23 - - X T1 N0 Right - X 0.74 0 -
24 - X - T≥2 N0 Left - X 5.62 64.23 -
25 - X - T1 N1 Left - X 1.64 0.4 -
26 - - X T≥2 N1 Right - X 0.67 0 -
27 - X - T1 N1 Left X X 6.04 35.66 -
28 X X - T≥2 N1 Left X X 4.85 49.3 -
29 X X - T≥2 N2 Left X - 6.32 96.4 X
30 - X - T≥2 N2 Left X X 7.26 77.43 X

Abbreviations: ACE, acute coronary event; BC, breast cancer; BMI, body mass index; COPD, chronic 
obstructive pulmonary disease; LV-V5, left ventricle receiving 5 Gy; MHD, mean heart dose; RT, radiotherapy.
*Risk factors at baseline according to Darby et al.6 included: history of ischemic heart disease, history of 
circulatory disease other than ischemic heart disease, history of diabetes, history of COPD, current smoker, 
and BMI ≥ 30 kg/m2, ACE was defined according to Darby et al. as a diagnosis of myocardial infarction 
(International Classification of Diseases, 10th Revision, codes 121 to 124), coronary revascularization, or 
death resulting from ischemic heart disease (codes 120 to 125).
†Women with a history of ischemic heart disease were defined as those for whom myocardial infarction or 
angina was documented in their medical record.

‡Hypertension was considered when the systolic blood pressure was ≥ 140 mmHg and/or when the diastolic 
blood pressure was ≥ 90 mmHg.
§COPD of any Global Initiative on Obstructive Lung Disease class.
║Diabetes of any type.
¶Adjuvant systemic therapy was indicated in patients with high-risk node-negative tumors and in patients with 
node-positive disease.
#Relative volume of LV-V5 based on individual three-dimensional dose-volume data obtained from computed 
tomography planning scans.
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Appendix Figure A3. Distribution of mean heart dose (MHD) for left-sided breast cancer  
(n = 451; median MHD, 4.44; standard deviation, 2.12; range, 0.99 to 15.25).

Appendix Figure A2. Distribution of mean heart dose (MHD) for the entire population  
(N = 910; median MHD, 2.37; standard deviation, 2.26; range, 0.51 to 15.25).
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Appendix Figure A4. Distribution of mean heart dose (MHD) for right-sided breast cancer  
(n = 459; median MHD, 1.31; standard deviation, 0.72; range, 0.51 to 6.87).
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Appendix Figure A5. Relationship between mean heart dose (MHD) and percentage of 
acute coronary events (ACEs) based on univariable analysis (ie, not corrected for age or 
presence of cardiovascular risk factors). The linear trend line crosses the y-axis, indicating 
ACEs not related to radiotherapy. Vertical bars indicate 95% CIs.
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Appendix Figure A6. Cumulative incidence of acute coronary events (ACEs) in the entire 
population; vertical bars indicate 95% CIs. RT, radiotherapy.
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ABSTRACT
Purpose
The main purpose of this study was to test the hypothesis that incidental cardiac 
irradiation is associated with changes in cardiac function in breast cancer (BC) 
survivors treated with radiation therapy (RT).

Methods and Materials
We conducted a cross-sectional study consisting of 109 BC survivors treated with 
RT between 2005 and 2011. The endpoint was cardiac function, assessed by 
echocardiography. Systolic function was assessed with the left ventricular ejection 
fraction (LVEF) (n = 107) and the global longitudinal strain (GLS) of the left ventricle 
(LV) (n = 52). LV diastolic dysfunction (n = 109) was defined by e’ at the lateral 
and septal region, which represents the relaxation velocity of the myocardium. 
The individual calculated RT dose parameters of the LV and coronary arteries 
were collected from 3-dimensional computed tomography-based planning data. 
Univariable and multivariable analysis using forward selection was performed 
to identify the best predictors of cardiac function. Robustness of selection was 
assessed using bootstrapping. The resulting multivariable linear regression model 
was presented for the endpoints of systolic and diastolic function.

Results
The median time between BC diagnosis and echocardiography was 7 years. No 
relation between RT dose parameters and LVEF was found. In the multivariable 
analysis for the endpoint GLS of the LV, the maximum dose to the left main 
coronary artery was most often selected across bootstrap samples. For decreased 
diastolic function, the most often selected model across bootstrap samples 
included age at time of BC diagnosis and hypertension at baseline. Cardiac dose-
volume histogram parameters were less frequently selected for this endpoint.

Conclusions
This study shows an association between individual cardiac dose distributions and 
GLS of the LV after RT for BC. No relation between RT dose parameters and LVEF 
was found. Diastolic function was most associated with age and hypertension at 
time of BC diagnosis. Further research is needed to make definitive conclusions.
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SUMMARY
The relationship between individual cardiac dose distributions and systolic and 
diastolic dysfunction is unclear. We conducted a cross-sectional study consisting 
of 109 breast cancer survivors treated with postoperative radiation therapy 
(RT). The endpoint was systolic and diastolic cardiac function, assessed by 
echocardiography. Although no relation between RT dose parameters and left 
ventricle ejection fraction was found, an association between individual RT dose 
and global longitudinal systolic strain of the left ventricle was determined.



52

INTRODUCTION
Adjuvant radiation therapy (RT) for breast cancer (BC) has been associated with 
a wide variety of cardiac diseases.1 In relation to BC radiation, risk of ischemic 
heart disease has been well established.2,3,4 Recent studies have shown significant 
relationships between RT to the whole heart and left ventricle (LV) and acute 
coronary events in BC populations.5,6 However, the relationship between thoracic 
RT and cardiac dysfunction is less clear.

The left ventricular ejection fraction (LVEF) by echocardiography is 
the cornerstone of LV systolic function assessment in clinical practice. However, 
LVEF can underestimate actual cardiac damage because of the compensatory 
reserve of the myocardium that enables adequate ventricular outcome even 
in the presence of dysfunctional myocytes.7 Global longitudinal systolic strain 
(GLS) is an echocardiographic technique that detects and quantifies subclinical 
and subtle disturbances in LV systolic function and can thus be considered as an 
early marker for radiation-induced cardiac damage.8 This is particularly relevant 
because the latency time for symptomatic radiation-induced cardiovascular 
diseases is relatively long. These early markers may be helpful to identify patients 
at risk for major cardiac events who may benefit from preventive strategies.

The aim of this study was to assess the relationship between radiation dose 
to the LV and radiation dose to the coronary arteries and LV systolic and diastolic 
function in BC survivors treated with RT based on individual planned 3-dimensional 
(3D) dose distributions and computed tomography (CT) information.

METHODS AND MATERIALS
Study population
The Department of General Practice of the University Medical Center Groningen 
(UMCG) performed a cross-sectional, population-based study to assess 
the frequency of cardiac dysfunction in female BC survivors in a primary care 
setting.9 Patients were included if they received a diagnosis of BC stage I to III 
and had no disease activity for at least 5 years after treatment. Information could 
be extracted from electronic patient records of 1 of 80 participating primary care 
physicians (PCPs) in the northern Netherlands region. Patients were excluded 
if they had metastatic disease at the time of BC diagnosis, had a history of 
other malignancies, or received prior chemotherapy or RT treatment of other 
malignancies. The main study included 350 BC survivors treated from 1988 to 
2011. All 350 patients underwent echocardiography. Because of the inclusion 
criteria of the main study with the date of treatment mostly in the pre-CT era, 
patients were only selected when CT-based RT treatment planning data were 
available. Therefore, our total study population was composed of 109 BC survivors 
treated with RT from 2005 to 2011.
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All patients were treated with breast-conserving surgery followed by adjuvant 
RT. Patients with node-positive disease and patients who were high risk and node 
negative were treated with adjuvant systemic treatment including endocrine 
therapy, according to the national guidelines.

Data collection
Citizens of the Netherlands are registered in an electronic record of a PCP. 
The PCP captures all information according to the International Classification of 
Primary Care.10 Relevant data were collected using the International Classification 
of Primary Care codes for cardiovascular risk factors (dyslipidemia, hypertension, 
and diabetes mellitus) and cardiovascular disease (heart failure, ischemic heart 
disease, acute myocardial infarction, coronary artery sclerosis, atrial fibrillation, 
[supra]ventricular tachycardia, and nonrheumatic valve disease).

Detailed information about patient characteristics, tumor characteristics, 
systemic BC therapy (including chemotherapy, endocrine therapy, or Trastuzumab), 
and follow-up data were retrieved from hospital charts. The baseline date was 
defined as the date of BC diagnosis. The censoring date was defined as the date 
of the echocardiographic assessment. The medical ethics committee of the UMCG 
approved the study, which was registered at ClinicalTrials.gov (ID:NCT01904331).9

Radiation dosimetry

All 109 patients were treated with 3D conformal RT using CT-based treatment 
planning.11 At the time of inclusion, cardiac sparing using breath-holding 
techniques was not yet implemented. Therefore, none of the patients were 
treated with a breath-hold technique. The reported doses are therefore higher 
than the typical cardiac exposure with modern planning and cardioprotective 
techniques.12 The prescribed dose was 50.4  Gy delivered in 28 fractions to 
the whole breast with a simultaneous integrated boost of 14.0 or 16.8  Gy to 
a boost volume in the same 28 fractions, depending on pathological risk factors.

To analyze the relationship between cardiac function of the LV and incidental 
cardiac irradiation, contouring was performed of the LV and coronary arteries, 
responsible for the oxygenation of the LV. The LV was contoured using a multiatlas 
automatic segmentation tool based on the delineations by Feng et al. (Mirada 
RTx [version 1.6]; Mirada Medical, Oxford, UK).13 The contouring of the coronary 
arteries, including the left main coronary artery (LMCA), left anterior descending 
coronary artery, circumflex coronary artery (CX), and right coronary artery, was 
based on a recently published cardiac contouring guideline by Duane et  al.14 
and was done manually by 1 observer (example of a 3D reconstruction is shown 
in figure 1). After cardiac substructure delineation, the individual radiation dose 
to these substructures was recalculated using the original treatment plan. As 
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a final step for this study, dose-volume histogram (DVH) parameters of the cardiac 
substructures were extracted from the treatment planning system (Pinnacle 
[version 9.1]; Philips Radiation Oncology, Fitchburg, WI).

Echocardiography parameters
As described previously, cardiac (dys)function was evaluated using 
echocardiography.9 In short, all image acquisition and analysis was performed 
by a central reading lab (Groningen Imaging Core Laboratory) with Vivid E9 
ultrasound equipment (GE, Horten, Norway), based on a predefined imaging and 
measurement protocol. All measurements were performed in accordance with 
the guidelines of the European Association of Cardiovascular Imaging/American 
Society of Echocardiography (ASE).15

Systolic function was evaluated in 2 ways, first by the LVEF, which was measured 
by the biplane method of disks summation (modified Simpson’s rule). In cases 
where the image quality was too low to reliably determine the endocardial 
border, an estimation of LVEF was given by an experienced ultrasound technician. 
The LVEF was analyzed for 107 patients. Abnormal LVEF was defined as an LVEF 
<54%, according to the European Association of Cardiovascular Imaging/ASE 

Figure 1. Example of the contouring of the coronary arteries. The left ventricle was 
contoured using a multiatlas automatic segmentation tool based on the delineations by 
Feng et al..13 The contouring of the coronary arteries, including the left main coronary 
artery (purple), left anterior descending coronary artery (orange), and circumflex coronary 
artery (green) and right coronary artery (not shown in this figure) was done manually.
Abbreviations: LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

according to the International Classification of Primary
Care.10 Relevant data were collected using the International
Classification of Primary Care codes for cardiovascular risk
factors (dyslipidemia, hypertension, and diabetes mellitus)
and cardiovascular disease (heart failure, ischemic heart
disease, acute myocardial infarction, coronary artery scle-
rosis, atrial fibrillation, [supra]ventricular tachycardia, and
nonrheumatic valve disease).

Detailed information about patient characteristics, tumor
characteristics, systemic BC therapy (including chemo-
therapy, endocrine therapy, or Trastuzumab), and follow-up
data were retrieved from hospital charts. The baseline date
was defined as the date of BC diagnosis. The censoring date
was defined as the date of the echocardiographic assess-
ment. The medical ethics committee of the UMCG
approved the study, which was registered at ClinicalTrials.
gov (ID:NCT01904331).9

Radiation dosimetry

All 109 patients were treated with 3D conformal RT using
CT-based treatment planning.11 At the time of inclusion,
cardiac sparing using breath-holding techniques was not yet
implemented. Therefore, none of the patients were treated
with a breath-hold technique. The reported doses are
therefore higher than the typical cardiac exposure with
modern planning and cardioprotective techniques.12 The
prescribed dose was 50.4 Gy delivered in 28 fractions to the
whole breast with a simultaneous integrated boost of 14.0
or 16.8 Gy to a boost volume in the same 28 fractions,
depending on pathological risk factors.

To analyze the relationship between cardiac function of
the LV and incidental cardiac irradiation, contouring was
performed of the LV and coronary arteries, responsible for
the oxygenation of the LV. The LV was contoured using a
multiatlas automatic segmentation tool based on the de-
lineations by Feng et al (Mirada RTx [version 1.6]; Mirada
Medical, Oxford, UK).13 The contouring of the coronary
arteries, including the left main coronary artery (LMCA),
left anterior descending coronary artery, circumflex coro-
nary artery (CX), and right coronary artery, was based on a
recently published cardiac contouring guideline by Duane
et al14 and was done manually by 1 observer (example of a
3D reconstruction is shown in Fig. 1). After cardiac sub-
structure delineation, the individual radiation dose to these
substructures was recalculated using the original treatment
plan. As a final step for this study, dose-volume histogram
(DVH) parameters of the cardiac substructures were
extracted from the treatment planning system (Pinnacle
[version 9.1]; Philips Radiation Oncology, Fitchburg, WI).

Echocardiography parameters

As described previously, cardiac (dys)function was evalu-
ated using echocardiography.9 In short, all image acquisi-
tion and analysis was performed by a central reading lab

(Groningen Imaging Core Laboratory) with Vivid E9 ul-
trasound equipment (GE, Horten, Norway), based on a
predefined imaging and measurement protocol. All mea-
surements were performed in accordance with the guide-
lines of the European Association of Cardiovascular
Imaging/American Society of Echocardiography (ASE).15

Systolic function was evaluated in 2 ways, first by the
LVEF, which was measured by the biplane method of disks
summation (modified Simpson’s rule). In cases where the
image quality was too low to reliably determine the endo-
cardial border, an estimation of LVEF was given by an
experienced ultrasound technician. The LVEF was analyzed
for 107 patients. Abnormal LVEF was defined as an LVEF
<54%, according to the European Association of Cardio-
vascular Imaging/ASE guidelines.15 Additionally, GLS was
determined as another measure of systolic function. For this
reason, the echocardiograms were retrospectively analyzed
for the GLS of the LV, using automated 2-dimensional
speckle-tracking with TomTec Imaging Systems GmbH
Arena 2 (Munich, Germany). For this analysis, we excluded
all echocardiographies that were evaluated using eyeballing
(n Z 38), because the image quality was too low for a
reliable assessment of this endpoint.

The remaining 71 echocardiographies were measured
using Simpson’s biplane method. Of those, 19 were
excluded because of persistent inadequate tracking of GLS
segments or incorrect tracing of the apex. Furthermore, the
echocardiographies were checked for reproducibility of

Fig. 1. Example of the contouring of the coronary ar-
teries. The LV was contoured using a multiatlas automatic
segmentation tool based on the delineations by Feng
et al.13 The contouring of the coronary arteries, including
the left main coronary artery (purple), left anterior
descending coronary artery (orange), and circumflex coro-
nary artery (green) and right coronary artery (not shown in
this figure) was done manually. Abbreviations: LA Z left
atrium; LV Z left ventricle; RA Z right atrium;
RV Z right ventricle.
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guidelines.15 Additionally, GLS was determined as another measure of systolic 
function. For this reason, the echocardiograms were retrospectively analyzed 
for the GLS of the LV, using automated 2-dimensional speckle-tracking with 
TomTec Imaging Systems GmbH Arena 2 (Munich, Germany). For this analysis, we 
excluded all echocardiographies that were evaluated using eyeballing (n = 38), 
because the image quality was too low for a reliable assessment of this endpoint.

The remaining 71 echocardiographies were measured using Simpson’s 
biplane method. Of those, 19 were excluded because of persistent inadequate 
tracking of GLS segments or incorrect tracing of the apex. Furthermore, 
the echocardiographies were checked for reproducibility of GLS by analyzing 
inter- and intraobserver variability. The interclass correlation coefficient (ICC) 
was determined and accepted if greater than 0.6.16,17 As a result, the GLS of 
the LV was retrospectively analyzed for 52 patients (flowchart in figure  E1;  
Supplementary Data).

LV diastolic dysfunction was analyzed for 109 patients and defined by e’ 
at the lateral and septal region, where e’ represents the relaxation velocity of 
the myocardium in early diastole. Diastolic dysfunction was defined as e’ lateral 
or e’ septal at 2.5% below the normal range for each age group, according to 
the European Association of Echocardiography/ASE.18 By calculating the average 
of e’ septal and e’ lateral together, a continuous variable was created.19

Statistical analysis
Patient characteristics (including cardiovascular risk factors [diabetes mellitus, 
hypertension, dyslipidemia, smoking, and body mass index], cardiac diseases 
[heart failure, arrhythmias, non-rheumatic valve disorder, and ischemic heart 
disease]), tumor characteristics and information about BC systemic treatment 
(chemotherapy, endocrine therapy and/or trastuzumab) and RT were described 
at the time of diagnosis and if applicable at the time of echocardiography 
using descriptive statistics. Clinical factors at time of diagnosis were included in 
the analysis because pre-existing cardiac conditions in combination with RT were 
found to increase the risk of subsequent cardiac events.5,6 Arrhythmias included 
supraventricular tachycardia, ventricular paroxysmal tachycardia, and/or atrial 
fibrillation. Nonrheumatic valve disorder included aortic stenosis and/or mitral 
valve insufficiency. Ischemic heart diseases included coronary atherosclerosis, 
myocardial infarction, and/or angina pectoris. Using DVH data from each 
patient’s RT plan, we first calculated the mean dose, maximum dose, and mean 
V(x) in bins of 5  Gy, where V(x) refers to the relative volume (in percentage) 
of the cardiac substructures that received a dose of x Gy. Both systolic and 
diastolic function were defined as binary variables and as continuous variables,  
whenever appropriate.
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The first step in identifying associations between patient characteristics, 
risk factors, and treatment characteristics and the endpoints of systolic and 
diastolic function was a preselection based on intervariable correlation to 
reduce the number of variables. If the Pearson correlation of 2 variables was 
larger than 0.80, the variable with the strongest univariable association with 
the endpoint was selected.20 Second, univariable and multivariable stepwise 
forward selection was used to select the most important risk factors. The entire 
variable selection procedure (preselection and forward selection) was repeated 
on 1000 bootstrapped samples of a size equal to the original study population 
and drawn with replacement. The resulting most frequently selected multivariable 
linear regression model was presented. This analysis was done for the endpoints 
LVEF, GLS of the LV, and diastolic function, respectively. Data were analyzed using 
MATLAB (version R2017a) and SPSS (IBM SPSS Statistics, version 22, IBM Corp).

RESULTS
Patient characteristics
The characteristics of the patients at baseline and at the time of echocardiography 
are summarized in table 1. Tumor and treatment characteristics are summarized 
in table 2. The median age at diagnosis was 55 years (interquartile range [IQR], 
49-60), and the median age at time of echocardiography was 62  years (IQR, 
56-67). The median follow-up time was 7 years (IQR, 5-8).

Table 1. Patient characteristics at the time of breast cancer diagnosis and at the time of 
echocardiography for all 109 breast cancer survivors

BC population (N = 109)

Variable At baseline At time of echocardiography

Age at BC diagnosis, y
Median 55 62
IQR 49-60 56-67

Follow-up interval, y
Median - 7
IQR - 5.8

Cardiovascular risk factors
Diabetes mellitus, n (%)

Yes 6 (5.5) 10 (9.2)
No 103 (94.5) 99 (90.8)

Hypertension, n (%)
Yes 18 (16.5) 35 (32.1)
No 91 (83.5) 74 (67.9)
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Table 1. (continued)

BC population (N = 109)

Variable At baseline At time of echocardiography

Dyslipidemia, n (%)
Yes 6 (5.5) 20 (18.3)
No 103 (94.5) 89 (81.7)

Smoking, n (%)
Yes 30 (27.5) 24 (22.0)
No 79 (72.5) 85 (78.0)

No. of pack-years
Median 14.48 16.75
Range 1.43-41.16 0.60-55.00

Cardiac diseases*
Complaints of heart failure, n (%)

Yes 0 (0.0) 0 (0.0)
No 109 (100.0) 109 (100.0)

Arrhythmias, n (%)†

Yes 0 (0.0) 8 (7.3)
No 109 (100.0) 101 (92.7)

Non-rheumatic valve disorder, n (%)‡

Yes 0 (0.0) 0 (0.0)
No 109 (100.0) 109 (100.0)

Ischemic heart diseases, n (%)§

Yes 1 (0.9) 3 (2.8)
No 108 (99.1) 106 (97.2)

Abbreviations: BC, breast cancer; BMI, body mass index; IQR, interquartile range.
* As reported by their primary care physician or stated in their hospital medical charts.
† Arrhythmias included supraventricular paroxysmal tachycardia, ventricular paroxysmal tachycardia, 
and/or atrial fibrillation.
‡ Nonrheumatic valve disorder included aortic stenosis and/or mitral valve insufficiency.
§ Ischemic heart diseases included coronary atherosclerosis, myocardial infarction, and unstable/
stable angina pectoris.

Results of echocardiography

Systolic function

The results of echocardiography are summarized in table 3. Using LVEF <54% as 
a cutoff value, 15 of 107 BC survivors (14%) had an abnormal LVEF at the time of 
echocardiography.

We further analyzed the data by investigating a possible relationship between 
radiation dose and posttreatment LVEF. Clinical factors (age, diabetes mellitus, 
hypertension, dyslipidemia, smoking, and number of pack-years), systemic therapy 
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Table 2. Tumor and treatment characteristics at the time of breast cancer diagnosis for all 
109 breast cancer survivors

Variable At baseline

Tumor characteristics, n (%)
Laterality BC

Left (-sided BC) 56 (51.4)
Right (-sided BC) 53 (48.6)

Size (T-stage)
T0 2 (1.8)
T1 77 (70.6)
T2 16 (14.7)
T3 2 (1.8)
Unknown 12 (11.0)

Nodes (N-stage)
N0 66 (60.6)
N1 22 (20.2)
N2 6 (5.5)
N3 3 (2.8)
Unknown 12 (11.0)

Radiation therapy, median (range) (Gy)
Mean heart dose

Total 2.24 (0.61-11.34)
Right breast 1.29 (0.61-4.14)
Left breast 4.29 (1.07-11.34)

LV dose
Total 1.49 (0.23-18.85)

Right breast 0.61 (0.23-1.62)
Left breast 6.15 (0.72-18.85)

LMCA dose
Total 1.42 (0.23-6.35)

Right breast 0.88 (0.23-3.08)
Left breast 2.29 (0.70-6.35)

LAD dose
Total 1.73 (0.23-40.94)

Right breast 0.90 (0.23-1.73)
Left breast 20.57 (1.25-40.94)

CX dose
Total 1.38 (0.13-6.72)

Right breast 0.56 (0.13-2.66)
Left breast 1.90 (0.66-6.72)

RCA dose
Total 1.61 (0.46-7.05)

Right breast 1.68 (0.74-7.05)
Left breast 1.57 (0.46-2.72)
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Table 2. (continued)

Variable At baseline

Additional systemic therapy, n (%)
Chemotherapy only

Yes 15 (13.8)
No 94 (86.2)

Endocrine therapy only
Yes 12 (11.0)
No 97 (89.0)

Combination chemotherapy and endocrine therapy
Yes 27 (24.8)
No 82 (75.2)

Trastuzumab
Yes 6 (5.5)
No 103 (94.5)

Abbreviations: BC, breast cancer; CX, circumflex coronary artery; LAD, left anterior descending
coronary artery; LMCA, left main coronary artery; LV, left ventricle; N, nodes; RCA, right
coronary artery; T, tumor.

(chemotherapy, endocrine therapy, and trastuzumab), and DVH parameters (mean 
dose, maximum dose, and mean V[x] in bins of 5  Gy) of the LV and coronary 
arteries were entered in the multivariable analysis before application of forward 
selection. Results of the variable selection in the 1000 bootstrap samples are 
shown in figures E2 and E3 (Supplementary Data). No relationships with RT dose 
parameters or use of systemic therapy were found. In the final model, LVEF was 
associated with smoking at time of diagnosis (table E1; Supplementary Data).

Because a decreased LVEF indicates relatively late and severe cardiac damage, 
we performed an additional analysis using the subclinical parameter GLS of 
the LV as an endpoint. According to 52 echocardiographies, the mean GLS of 
the LV was −16.95% (range, −23.26% to −9.44%). The multivariable analysis 
included the following risk factors before variable selection: clinical factors 
(age, diabetes mellitus, hypertension, dyslipidemia, smoking, and number of 
pack-years), systemic therapy variables (chemotherapy, endocrine therapy, and 
trastuzumab), and DVH parameters (mean dose, maximum dose, and mean V[x] 
in bins of 5 Gy) of the LV and coronary arteries. On the basis of variable selection 
in the 1000 bootstrap samples, we found that the maximum dose to the LMCA 
was selected most across bootstrap samples (figure  E4; Supplementary Data). 
All DVH parameters that were selected related to dose to the coronary arteries, 
not to the LV. The frequency plot of the selected models is shown in figure E5 
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(Supplementary Data). Model characteristics of the final model for the endpoint 
GLS of the LV, consisting of the maximum dose to the LMCA, are shown in table 4.

Diastolic function
Using e’ lateral or e’ septal at 2.5% below the normal range for each age group 
as a cutoff value, 43 of 109 (39%) BC survivors had diastolic dysfunction (table 2).

Table 3. Results of echocardiography after a median follow-up time of 7 years

Variable
At time of 
echocardiography %

Left ventricular ejection fraction (%) based on 107 patients with BC*
Mean 58.04
Range 41.00-71.00
Missing 2 1.8

Abnormal left ventricular ejection fraction†

Yes 15 13.8
No 92 84.4
Missing 2 1.8

Left ventricle global longitudinal strain (%) based on 52 patients with BC‡

Mean -16.95
Range -23.26 to -9.44
Missing because of limited quality 57 52.3

Left ventricle diastolic function (cm/s) based on 109 patients with BC§

Mean 9.00
Range 3.45-16.05
Missing 0 0.0

Abnormal left ventricle diastolic function||

Yes 43 39.4
No 66 60.6
Missing 0 0.0

Abbreviation: BC, breast cancer.
* Measured left ventricular ejection fraction with biplane method of disks summation (modified 
Simpson’s rule), if not available with eyeballing.
† Defined as a left ventricular ejection fraction <54% according to the European Association of 
Cardiovascular Imaging/American Society of Echocardiography.
‡ Measured using automated 2-dimensional speckle-tracking.
§ Average of the mean e’ septal and e’ lateral.
|| Defined as e’ lateral or e’ septal 2.5% below the normal range for each age group, according 
to the European Association of Echocardiography/American Society of Echocardiography. In this 
cohort, the mean e’ septal was 7.79 (range, 3.00-14.40), and the mean e’ lateral was 10.28 (range, 
3.90-18.60).
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Table 4. Model characteristics of the final model for the endpoint global longitudinal systolic 
strain of the left ventricle in breast cancer survivors within first 10 years after radiation therapy

Variable B SE 95% CI for B P*

Dmax LMCA 0.883 0.342 0.195-1.570 .013

Abbreviations: B, regression coefficient; CI, confidence interval; Dmax, maximum dose; LMCA, left 
main coronary artery; SE, standard error.
Results are based on 52 breast cancer survivors.
*P value between the variable and the endpoint global longitudinal strain of the left ventricle, 
calculated using linear regression analysis.

Table 5. Model characteristics of the final model for the endpoint diastolic function of the left 
ventricle in breast cancer survivors within first 10 years after radiation therapy

Variable B SE 95% CI for B P*

Age at BC diagnosis -0.155 0.021 -0.197 to -0.133 .000
Hypertension -1.309 0.536 -2.372 to -0.246 .016

Abbreviations: B, regression coefficient; BC, breast cancer; CI, confidence interval; SE, standard error.
Results are based on 109 breast cancer survivors.
*P value between the variable and the endpoint diastolic function of the left ventricle, calculated 
using linear regression analysis.

The multivariable analysis included the same risk factors before variable 
selection: clinical factors (age, diabetes mellitus, hypertension, dyslipidemia, 
smoking, and number of pack-years), systemic therapy variables (chemotherapy, 
endocrine therapy, and trastuzumab), and DVH parameters (mean dose, maximum 
dose, and mean V[x] in bins of 5 Gy) of the LV and coronary arteries. On the basis of 
variable selection in the 1000 bootstrap samples, we found that clinical variables 
were selected most across bootstrap samples (figure E6; Supplementary Data). 
Variable age at baseline was selected 1000 times from 1000 bootstrap samples, 
and hypertension at baseline was selected 629 times. DVH parameters were 
less frequently selected for this endpoint. The frequency plot of the selected 
models is shown in figure E7 (Supplementary Data). Details of the final model for 
the endpoint diastolic function, consisting of age at baseline and hypertension, 
are shown in table 5.
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DISCUSSION
This study shows an association between individual cardiac dose distributions 
and subclinical systolic dysfunction of the LV after RT for BC. The subclinical 
marker, GLS of the LV, was most associated with the maximum dose to the LMCA. 
Notably, all DVH parameters that were selected for this endpoint were based on 
dose to the coronary arteries. The final model for diastolic function included age 
and hypertension at baseline. DVH parameters were less frequently selected for 
this endpoint.

Previous studies have shown similar results with regard to systolic function 
using LVEF as a primary endpoint.21,22,23 In these studies, with a median follow-up 
time of 6 to 13 years, no significant decrease in LVEF after RT treatment for BC 
was observed. Additionally, in a recently published meta-analysis, RT was found 
to be associated with an increased risk of coronary heart disease, but not with 
a significant decline in LVEF.4 In the current study based on 3D cardiac dose 
distributions, no relation between RT dose and decline in LVEF was found either. 
Changes in LVEF reflect severe damage that may manifest relatively late because 
of compensation mechanisms.24 Given the median follow-up time of 7 years in 
the current study, the interval may be too short for the development of a decreased 
LVEF of <54%. Because of the limitations in sensitivity and reproducibility of 
the LVEF, we decided to also use the GLS of the LV, which is a more sensitive 
method to detect subclinical systolic dysfunction of the LV.25

Two studies looked at both LVEF and GLS in BC survivors.26,27 They found no 
significant decrease in LVEF after RT in patients with either left- or right-sided 
BC between 2 and 14 months of follow-up. However, a significant decrease in 
longitudinal strain immediately after RT and at 8 and 14  months after RT was 
found for left-sided BC survivors, but not for right-sided BC survivors, suggesting 
a dose-effect relationship. Another study found that patients with left-sided 
BC experienced a decline in apical and global strain values, whereas patients 
with right-sided BC showed a decline in the basal anterior segment of the LV. 
Furthermore, RT caused no changes in conventional LV systolic measurements.28 
However, the researchers did not examine any associations between cardiac dose 
parameters and GLS of the LV. In line with the current study, these results indicate 
that GLS is a more sensitive measure for cardiac changes after BC RT and that 
these changes are already present relatively early after completion of RT.

Several studies suggest that GLS provides independent prognostic information 
regarding cardiovascular morbidity and mortality in the general population.29,30,31 
Presence of worse LV strain at baseline was associated with a higher risk for 
incident heart failure and all-cause mortality over the follow-up period.31 This 
issue is particularly important in BC populations because it may take years for 
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clinically overt cardiac damage to develop. The detection of early changes could 
be predictive for late RT-induced cardiac morbidity.26

Knowledge of the exact underlying mechanism behind radiation-induced 
cardiac toxicity is lacking. In particular, it is not clear whether coronary artery 
damage or myocardial damage, or both, are responsible for radiation-induced 
heart disease.32 Our results suggest that RT to the coronary arteries is associated 
with subclinical systolic dysfunction. As shown in table 4, the most selected risk 
factor of posttreatment GLS is the maximum dose to the LMCA. This result was also 
supported by the frequency tables in the Supplemental Material; DVH parameters 
of the coronary arteries were strongly dominant relative to DVH parameters of 
the myocardium. Previous research has shown a direct link between radiation 
dose and the location of coronary stenosis, mostly in the left anterior descending 
coronary artery.33,34 These studies support the importance of the coronary arteries 
in the pathogenesis of radiation-induced cardiac toxicity.

It could be hypothesized that irradiation of coronary arteries may initiate 
inflammation, coronary spasms, or rupture of an existing atherosclerotic plaque, 
resulting in insufficient supply of oxygenated blood to the myocardium. This can 
eventually lead to secondary damage to the myocardium, in addition to direct 
radiation-induced local damage to the microvascular endothelial cells, leading 
to microvascular rarefaction and myocardial inflammation, oxidative stress, and 
fibrosis.35,36 However, the exact mechanisms of radiation-associated cardiac 
damage remain to be determined.

We found an association between clinical variables and diastolic function. Our 
results showed that age and hypertension at time of BC diagnosis were selected 
most for the endpoint diastolic function in the 1000 bootstrap samples. This 
outcome is consistent with previous studies, which have also shown no significant 
increased risk of LV diastolic dysfunction after BC treatment.9,23,37

A limitation of our study is its cross-sectional design. We did not have 
echocardiography data before RT, and therefore we are not able to report 
on possible changes after RT. However, the relationship found for systolic 
(GLS) function suggests that RT might play a role in the etiology of these 
effects. The decline in cardiac function in relation to the dose of radiation is 
subtle. This subtlety makes it difficult to identify differences between patient 
groups and control groups. By using dose-effect relationships, we are able to 
identify small changes that cannot be found just by comparing irradiated and  
nonirradiated populations.

It was also possible to consider patient age and follow-up time, although in 
our analysis age was not associated with the decline in systolic cardiac function 
but was associated with a decline in diastolic function. Follow-up time was not 
associated with systolic or diastolic function. Moreover, it is important to note 
that we performed explorative analysis in this study. Therefore, prospective data 
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still need to be collected within studies such as the BACCARAT prospective 
cohort study or the MEDIRAD EARLY HEART study.8,38 The results of the current 
study should therefore be considered as hypothesis generating, not for making 
definitive conclusions. Further research and validation in other and larger cohorts 
is needed to confirm our results.

Another limitation is that it remains to be determined if, in this specific group 
of patients, subclinical effects will eventually translate into major cardiac events. 
However, as shown in the general population, GLS provides independent and 
additional prognostic information regarding long-term risk of cardiovascular 
morbidity and mortality.29

CONCLUSIONS
This study shows an association between individual RT dose for BC and GLS 
of the LV. Our results suggest that these adverse effects are associated with 
radiation dose to the coronary arteries. Diastolic function was associated with age 
and hypertension at time of BC diagnosis; DVH parameters were less frequently 
selected for this endpoint.
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APPENDIX
Table 1. Model characteristics of the final model for the endpoint left ventricle ejection 
fraction in breast cancer survivors within first 10 years after RT. Results are based on 109 
breast cancer survivors

Variable B SE 95% CI for B P*

Smoking at baseline 2.946 1.028 0.908-4.983 .005

Abbreviations: RT, radiotherapy; B, regression coefficient; SE, standard error; CI, confidence interval.
*P value between the variable and the endpoint left ventricle ejection fraction, calculated using 
lineair regression analysis.
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As a result, the GLS of the LV was 
retrospectively analyzed for 52 

patients

5 were excluded due to 
incorrect tracing of the apex

14 were excluded due to 
persistent inadequate 

tracking of GLS segments

Remaining 71 
echocardiographies were 

retrospectively analyzed for the 
GLS of the LV

Echocardiographies that were 
evaluated using eyeballing 

were excluded (n=38)

241 patients were excluded 
because no CT-based RT 

treatment planning data was 
available

350 BC patients with 
echocardiographies were 

included in the main study10

109 echocardiographies were 
included in the current study

For the remaining 57 
echocardiographies, all GLS 

measurements of the LV which 
were more than 2 SD of the 

mean were checked

Appendix Figure 1. Flowchart showing the number of echocardiographies that were 
retrospectively analyzed for the global longitudinal systolic strain of the left ventricle.
Abbreviations:  BC, breast cancer; GLS, global longitudinal systolic strain; LV, left ventricle; 
SD, standard deviations.
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Appendix Figure 2. Results from the bootstrapped variable selection for the endpoint left 
ventricle ejection fraction. The bootstrap based selection was repeated 1000 times. This 
figure shows the most frequently selected variables.
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Appendix Figure 3. Results from the bootstrap modeling approach for the endpoint left 
ventricle ejection fraction. The bootstrap approach was repeated 1000 times. This figure 
shows the most frequently selected models.
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Appendix Figure 4. Results from the bootstrapped variable selection for the endpoint 
GLS of the LV. The bootstrap based selection was repeated 1000 times. This figure shows 
the most frequently selected variables.
Abbreviations: GLS, global longitudinal systolic strain; LV, left ventricle; D, dose; LMCA, left 
main coronary artery; LAD, left anterior descending coronary artery; RCA, right coronary 
artery; CX, circumflex coronary artery.
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Appendix Figure 5. Results from the bootstrap modeling approach for the endpoint GLS 
of the LV. The bootstrap approach was repeated 1000 times. This figure shows the most 
frequently selected models.
Abbreviations: GLS, global longitudinal systolic strain; LV, left ventricle; D, dose; LMCA, 
left main coronary artery; LAD, left anterior descending coronary artery; RCA, right  
coronary artery.
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Appendix Figure 6. Results from the bootstrapped variable selection for the endpoint 
diastolic function. The bootstrap based selection was repeated 1000 times. This figure 
shows the most frequently selected variables.
Abbreviations: LV, left ventricle; D, dose; RCA, right coronary artery; CX, circumflex 
coronary artery; LMCA, left main coronary artery.
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Appendix Figure 7. Results from the bootstrap modeling approach for the endpoint 
diastolic function. The bootstrap approach was repeated 1000 times. This figure shows 
the most frequently selected models.
Abbreviations: LV, left ventricle; RCA, right coronary artery; CX, circumflex coronary artery; 
D, dose.
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ABSTRACT
Background and purpose
The main objective of this study was to test whether pre-treatment coronary artery 
calcium (CAC) was associated with the cumulative incidence of acute coronary 
events (ACE) among breast cancer (BC) patients treated with postoperative 
radiotherapy (RT).

Material and methods 
The study population consisted of 939 consecutive female BC patients treated 
with RT. The association between CAC and ACE was tested using Cox-proportional 
hazard models. Known risk factors for ACE and the mean heart dose (MHD), 
collected from three-dimensional computed tomography planning data, were 
tested for confounding.

Results
CAC scores varied from 0 to 2,859 (mean 27.3). The 9-year cumulative incidence 
of ACE was 3.2%, this was significantly associated with the pre-treatment CAC 
score. After correction for confounders, age, history of ischemic heart disease, 
diabetes, Body Mass Index ≥30, MHD, hypercholesterolemia and hypertension, 
the hazard ratio for ACE for the low and the combined intermediate and high 
CAC score category were 1.42 (95%CI: 0.49-4.17; p = 0.519) and 4.95 (95%CI: 
1.69-14.53; p = 0.004) respectively, compared to the CAC zero category.

Conclusions
High pre-treatment CAC is associated with ACE in BC patients treated with 
postoperative RT, even after correction for confounding factors such as MHD.
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INTRODUCTION
Survival rates of breast cancer (BC) patients have gradually improved.1 This 
improvement in survival is partly due to intensified treatment, such as radiotherapy 
(RT) and the use of more effective systemic agents.2,3 Due to these higher survival 
rates, more BC patients are at risk of developing treatment-related side effects, 
such as radiation-induced cardiac toxicity. Although the introduction of more 
advanced radiation techniques has led to a substantial decrease in the radiation 
dose to the heart, in some cases the heart still receives a considerable radiation 
dose, which may contribute to the development of cardiac toxicity.4 Recent studies 
showed that the risk of acute coronary events (ACE) in the first 9 years of follow-up 
increases by ~16% per Gray (Gy) of mean heart dose (MHD).5,6 These studies 
also indicated that the absolute excess risk induced by RT strongly depends on 
baseline cardiovascular risk factors. Therefore, it becomes increasingly important 
for radiation oncologists to identify which baseline factors are important for BC 
patients. This will facilitate calculation of the absolute excess risk of radiation-
induced ACE in individual patients. This information can be used to select BC 
patients for primary or secondary preventive measures.

The amount of coronary artery calcium (CAC), as determined from Computed 
tomography (CT), is a well-established and reliable early predictor of ACE in 
the general population.7,8,9 To establish the amount of CAC, deposits of calcium 
in the coronary arteries are quantified according to the Agatston score (AS).10 
Higher CAC scores correspond to a higher risk of ACE.7,8,9,10 In general, CAC is 
measured using diagnostic electrocardiogram (ECG) triggered CT scans. However, 
CAC scores can be obtained using non-triggered CT scans as well.11,12,13,14,15 For 
RT treatment planning, BC patients generally undergo a non-triggered CT scan, 
which can be used to determine the baseline CAC value.

The main objective of this study was to test the hypothesis that pre-treatment 
CAC scores, based on non-triggered planning CT scans, are associated 
with the cumulative incidence of ACE among BC patients treated with  
postoperative RT.

MATERIAL AND METHODS
Study population
The population of this retrospective study was composed of a consecutive series 
of female BC patients who were treated between January 2005 and December 
2008 at the University Medical Center, Groningen, The Netherlands. These 
patients were treated for invasive BC stages I-III or ductal carcinoma in situ (DCIS). 
Treatment consisted of curative breast-conserving surgery followed by RT. A dose 
of 50.4 Gy was prescribed for the whole breast in 28 fractions, with a simultaneous 
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integrated boost dose of 14 or 16.8 Gy in the same 28 fractions, depending on 
pathologic risk factors.6 Patients were only included if their treatment planning 
CT scans made prior to RT were available. Patients were excluded if they had 
a medical history of cancer (except for non-melanoma skin cancer) or had 
received prior RT or prior chemotherapy treatment. Patients with a history of 
cardiac disease were not excluded due to the fact that our aim was to develop 
an association model applicable to the general BC population. In contrast to 
a prediction model, an association model only describes the relationship between 
one predictor (i.e. CAC score) and the outcome (i.e. ACE) after correction for 
confounding factors. Patient characteristics, follow up data, information on 
cardiovascular risk factors and ACE were retrospectively extracted from patient 
hospital records. Missing data were supplemented with information derived from 
the general practitioner records after obtaining written informed consent from 
the surviving patients. Information about deceased patients was provided by 
the general practitioners, as in accordance with Dutch regulations. The following 
baseline patient characteristics were included in the analysis: age, history of 
ischemic heart disease (International Classification of Diseases, 10th Revision 
[ICD-10] codes I20-I25), other heart diseases (ICD-10 codes I30-I52), diabetes 
of any type (ICD-10 E10-E14), chronic obstructive pulmonary disease (COPD) 
of any type (ICD-10 J44), smoking status, body mass index (BMI), hypertension 
(ICD-10 I10-I15), hypercholesterolemia (ICD-10 E78.0) and the MHD. Ischemic 
heart disease, other heart disease, diabetes and COPD were considered when 
the diagnosis was stated in patients’ medical charts. Smoking status was stratified 
into currently smoking or not smoking at baseline. BMI was stratified into two 
categories <30 and ≥30 kg/m2. Hypertension was considered when diagnosis was 
stated (systolic blood pressure ≥140 mmHg and/or when diastolic blood pressure 
≥90 mmHg) or when antihypertensive medication was used. Hypercholesterolemia 
was considered present if identified at clinical diagnosis or when statins were 
used (unless they were preventively used because of present cardiovascular 
risk factors such as diabetes). The MHD in Gray (Gy) was collected from three-
dimensional (3D) conformal RT treatment plans based on the individual planning 
CT scans. The primary endpoint was the occurrence of ACE defined as diagnosis 
of myocardial infarction (ICD-10 I21-I24), coronary revascularization or death 
from ischemic heart disease (ICD-10 I20-I25). The study design was approved by 
the medical ethics committee of the University Medical Center Groningen.

Data collection and procedures
The CT scans used in this study were non-triggered CT scans (SOMATOM 
Sensation Open, 40 slice, Siemens Medical Inc.) acquired for RT treatment 
planning. The scanning protocol for the planning CT scans was different from 
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that used in a dedicated CAC scan procedure, mandating correction of the CAC 
scores. For the correction of the CAC scores, a thorax phantom with calibration 
inserts was scanned (QRM Thorax & QRM-CCI, QRM, Germany) according to both 
the diagnostic CAC protocol and the RT planning CT protocol (Supplementary 
material table 1). Rings of fat were placed around the phantom to represent 
patients of medium and large size.16 Thereafter, the different amounts of calcium 
per calcium insert were determined from the multiple CT scans and quantified 
with the Aquarius software (iNtuition edition, v4.4.11.412.8585, Tera Recon, 
Inc.) according to the AS. Settings for the Aquarius software can be found in 
the supplementary material table 2. The correction formula was obtained by 
plotting the CAC scores from the calcium inserts of the QRM phantom from 
the planning CT scan against that of the diagnostic scan (Supplementary material: 
table 3 and Figs. 1-4).

To establish the CAC scores of the BC patients, the calcified lesions were 
selected and labeled per coronary artery by hand by a single trained technician. 
Subsequently, the software calculated the total CAC score. For patients with 
planning CT scans on which CAC was difficult to assess, experienced researchers 
of the Radiology department were consulted. Although patients with coronary 
stents and/or surgical clips due to cardiac surgery are at higher risk of ACE, these 
patients had to be excluded because CAC measurements were not possible due to 
artifacts. The CAC scores of the BC cohort were transformed using the correlation 
formulas described above (Supplementary material table 3). The formulas were 
only used for patients with a CAC score higher than zero.

Statistics
To provide clinically relevant and easily applicable results, we first classified 
the CAC score into widely used clinical CAC score categories: CAC zero (0), low 
CAC (>0-<100), intermediate CAC (100-400) and high CAC (≥400).7,15,17,18,19,20 
However, due to limited number of events in the high CAC score category we 
combined the intermediate and high CAC into one variable to maintain sufficient 
statistical power.

The cumulative incidence of ACE was calculated from the date of the first RT 
treatment using the Kaplan Meier method. Patients were censored when receiving 
a new radiation treatment, at time of death or at the end of the follow-up period.

The association between the CAC score and the cumulative incidence of 
ACE was first tested with a univariable Cox-regression analysis. Thereafter, all 
cardiovascular risk factors and the MHD were examined as possible confounders 
in a multivariable Cox-regression association model with the CAC score category 
as the main determinant. This was done by iteratively adding these risk factors 
to the univariable Cox-regression analysis. The risk factor that caused the largest 
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change in the regression coefficients of the determinant (with a minimum of 10%) 
was selected as a confounder. This process was repeated with the remaining 
risk factors until the change in regression coefficients of the determinant was 
less than 10%. Data were analyzed using SPSS (IBM SPSS Statistics, Version 22,  
IBM Corp).

RESULTS
Patient characteristics
The consecutive BC cohort consisted of 1,032 eligible patients. Fifty-six patients 
were excluded because they had been scanned with a different CT scanner, 8 
because of missing CT data, 23 because of deviating CT scan protocol and 6 
patients were excluded because their coronary stents caused too many artifacts 
for reliable CAC scoring. Eventually, a total of 939 patients were included 
in the analysis (table 1). The mean age was 58.4 years (range: 26-84 years). 
The median follow-up was 7.5 years. The CAC scores were highly skewed and 
ranged from 0 to 2,859, with a mean CAC score of 27.3 and a median of 0. Most 
patients (78.9%) were in the CAC zero category, 14.5% in the low CAC category, 
5.2% of the patients were in the intermediate CAC category and 1.4% were in 
the high CAC category (Supplementary material table 4).

Association between CAC and ACE
In total, 29 out of 939 patients developed ACE during follow-up: 13 out of 
741 patients in the CAC zero category, 6 out of 136 patients in the low CAC 
category, 7 out of 49 patients in the intermediate CAC category and 3 out of 
13 patients in the high CAC category. Due to the limited number of events, we 
combined the intermediate with the high CAC category, to maintain sufficient 
statistical power. The 9-year cumulative incidence of ACE was 3.2% (figure 1). 
The cumulative incidence of ACE per CAC score category is shown in figure 2. 
The univariable Cox-regression analysis showed a significant association between 
the CAC score and the cumulative incidence of ACE (table 2). This is true for 
all CAC categories; the comparison of the low CAC versus CAC zero category 
(HR: 2.75; 95%CI: 1.03-7.32, p = 0.043) and for the comparison of the combined 
intermediate and high CAC versus CAC zero category (HR: 11.57; 95%CI: 5.00-
26.81, p < 0.001).

Multivariable analysis showed that age, history of ischemic heart disease, 
diabetes, BMI ≥30, MHD, hypercholesterolemia and hypertension were 
confounders for the association between CAC and the cumulative incidence of 
ACE. After correction for these confounders in the Cox-regression association 
model, the hazard ratios for the low and the combined intermediate and high 
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Table 1. Patient characteristics at baseline.

Characteristic N %

Total 939 100
Age in years, mean (range) 58.4 (26-84)
History of (cardiac) comorbidity 

History of ischemic heart disease*
Yes 36 3.8
No 903 96.2

Heart failure
Yes 6 0.6
No 933 99.4

Cardiac valve disease(s)
Yes 29 3.1
No 910 96.9

Arrhythmia(s)
Yes 56 6.0
No 883 94.0

Cardiomyopathy
Yes 5 0.5
No 934 99.5

Myocarditis, endocarditis and/or pericarditis
Yes 0 0
No 939 100

Hypertension 
Yes 288 30.7
No 651 69.3

Hypercholesterolemia 
Yes 144 15.3
No 795 84.7

Chronic obstructive pulmonary disease§

Yes 51 5.4
No 888 94.6

Pulmonary embolism
Yes 12 1.3
No 927 98.7

Diabetes¶

Yes 66 7.0
No 873 93.0

Lifestyle risk factors at baseline
Current smoking

Yes 205 21.8
No 734 78.2
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Table 1. (continued)

Characteristic N %

BMI (kg/m2)
BMI <30 852 90.7
BMI ≥30 87 9.3

Tumor characteristic
Pathological T-stage

T1 686 73.1
T≥2 246 26.2
Unknown 7 0.7

Pathological N-stage
N0 628 66.9
N1 216 23.0
N2 50 5.3
N3 9 1.0
Nx / unknown 36 3.8

Laterality of the breast 
Right 476 50.7
Left 463 49.3

Systemic treatment
Chemotherapy only 103 11.0
Endocrine therapy only 160 17.0
Chemotherapy + endocrine therapy 239 46.5

Radiotherapy
MHD (Gy)

Total 3.8
Median 2.36
Range 0.51-15.25

Abbreviations: ACE, acute coronary events; BMI, body mass index; MHD, mean heart dose; Gy, Gray.
* History of ischemic heart disease was defined when myocardial infarction, coronary revascularisation 
or angina was documented in the patient record.
§ COPD with any type of GOLD-class.
¶ Any type of diabetes.

CAC categories versus the CAC zero category were 1.42 (95%CI: 0.49-4.17, 
p = 0.52) and 4.95 (95%CI: 1.69-14.53, p = 0.004), respectively (table 2).

DISCUSSION
This study showed that a high CAC score (CAC ≥ 100) assessed with a non-
triggered planning CT scan is associated with ACE in a BC population treated 
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CAC score 0  

Low CAC score

Intermediate + high CAC score

Number of patients at risk

Intermed + high CAC       62           59              57              56          52            49          44              27              13               4

Low CAC                          136            135            133            129           128            127            120             86        30              12

CAC zero                          741            736            728           718     703          688            668            499            279  73

Figure 1. Cumulative incidence with 95% confidence interval of acute coronary events in 
the entire breast cancer population.

Figure 2. Cumulative incidence of acute coronary events per coronary artery calcium (CAC) 
score category.
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Table 2. Cox-regression association model for the cumulative incidence of acute coronary 
events for the different coronary artery calcium (CAC) categories, compared to the CAC 
zero category. Age, history of ischemic heart disease, diabetes, BMI ≥30, mean heart dose, 
hypercholesterolemia and hypertension were identified as confounders for the association 
between CAC and the cumulative incidence of acute coronary events.

Description β Change of β HR 95% CI HR P

Not corrected

CAC zero (reference) 1
Low CAC 1.01 2.75 1.03-7.32 0.043
Intermediate + high CAC 2.45 11.57 5.00-26.81 < 0.001
Corrected for age
CAC zero (reference) 1
Low CAC 0.5 -50.50% 1.65 0.60-4.54 0.331
Intermediate + high CAC 1.51 -38.40% 4.55 1.72-12.04 0.002
Age 1.08 1.03-1.13 0.001

Corrected for age and history of ischemic heart disease

CAC zero (reference) 1
Low CAC 0.37 -26.00% 1.44 0.52-4.03 0.486
Intermediate + high CAC 1.27 -15.90% 3.57 1.32-9.69 0.012
Age 1.07 1.03-1.12 0.002
History of ischemic heart disease 3.52 1.40-8.86 0.007

Corrected for age, history of ischemic heart disease and diabetes

CAC zero (reference) 1
Low CAC 0.27 -27.00% 1.31 0.46-3.70 0.611
Intermediate + high CAC 1.39 9.40% 4.02 1.47-10.98 0.007
Age 1.07 1.20-1.12 0.005
History of ischemic heart disease 3.32 1.31-8.40 0.011
Diabetes 2.73 1.07-6.97 0.036

Corrected for age, history of ischemic heart disease, diabetes and BMI≥30

CAC zero (reference) 1
Low CAC 0.36 33.30% 1.44 0.51-4.09 0.494
Intermediate + high CAC 1.48 6.50% 4.39 1.60-12.09 0.004
Age 1.07 1.02-1.12 0.004
History of ischemic heart disease 3.3 1.32-8.28 0.011
Diabetes 2.6 1.02-6.66 0.046
BMI≥30 1.99 0.66-5.99 0.219
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Table 2. (continued)

β Change of β HR 95% CI HR P

Corrected for age, history of ischemic heart disease, diabetes, BMI≥30 and mean  
heart dose

CAC zero (reference) 1
Low CAC 0.47 30.60% 1.59 0.55-4.63 0.393
Intermediate + high CAC 1.61 8.80% 4.99 1.69-14.77 0.004
Age 1.07 1.01-1.11 0.013
History of ischemic heart disease 3.66 1.45-9.21 0.006
Diabetes 2.88 1.10-7.49 0.031
BMI≥30 2.15 0.70-6.63 0.182
Mean heart dose 1.17 1.00-1.37 0.054

Corrected for age, history of ischemic heart disease, diabetes, BMI≥30, mean heart 
dose and hypercholesterolemia

CAC zero (reference) 1
Low CAC 0.39 -17.00% 1.48 0.50-4.36 0.476
Intermediate + high CAC 1.62 0.60% 5.03 1.69-15.01 0.004
Age 1.06 1.01-1.11 0.019
History of ischemic heart disease 3.25 1.24-8.54 0.017
Diabetes 2.69 1.01-7.14 0.047
BMI≥30 2.1 0.69-6.41 0.194
Mean heart dose 1.18 1.01-1.39 0.042
Hypercholesterolemia 1.51 0.63-3.63 0.357

Corrected for age, history of ischemic heart disease, diabetes, BMI≥30, mean heart 
dose, hypercholesterolemia and hypertension

CAC zero (reference) 1
Low CAC 0.35 -10.30% 1.42 0.49-4.17 0.519
Intermediate + high CAC 1.6 -1.20% 4.95 1.69-14.53 0.004
Age 1.05 1.01-1.11 0.028
History of ischemic heart disease 3.06 1.17-8.03 0.023
Diabetes 2.49 0.93-6.67 0.07
BMI≥30 1.86 0.60-5.80 0.283
Mean heart dose 1.18 1.00-1.39 0.05
Hypercholesterolemia 1.36 0.56-3.33 0.497
Hypertension 1.57 0.66-3.74 0.308

Abbreviations: β, regression coefficient; HR, hazard ratio; CI, confidence interval; CAC, coronary 
artery calcium; BMI, body mass index.
CAC score categories: Low CAC (CAC score >0-100), intermediate + high CAC (CAC score >100).
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with postoperative RT. This holds even after correction for confounding factors, 
such as MHD.

There are several studies on CAC scoring in BC patients. A recent study, 
investigating the reproducibility of automatic coronary artery calcium scoring in 
a BC population, found a baseline CAC score of zero in 76% of the BC patients.15 
These results are comparable to the 78,9% found in our study. In another much 
smaller study 53% of the BC patients had a CAC score of zero.19 This difference 
could be attributed to the study size.

Accelerated coronary atherosclerosis is considered one of the mechanisms of 
radiation induced cardiac toxicity and can lead to serious cardiac morbidity and 
mortality.21 Three studies have measured the amount of CAC in the years following 
RT treatment for BC. In two studies, no elevated CAC scores in BC patients were 
found 5 to 15.7 years after RT treatment, whereas 1 study did find an increase in 
CAC score depending on radiation dose to the heart.22,23,24 Of the studies that 
did not find a CAC score increase, one did not include baseline CAC scores and 
the other only included a relatively small number of patients, which makes it 
difficult to draw definitive conclusions from these two studies. In young Hodgkin’s 
lymphoma survivors (all under 55 years) elevated CAC scores have been found 
in the 5 to 35 years after RT.25,26,27 A study in the general population investigated 
CAC scores at baseline and after 10 years of follow-up.28 The results showed 
that the diagnosis of cancer and its treatments were significantly associated 
with the development of CAC, even after accounting for atherosclerotic risk 
factors. The results of these studies suggest that RT could be associated with 
increased CAC scores in the long term and therefore supports the hypothesis that 
accelerated atherosclerosis is one of the mechanisms contributing to radiotherapy 
induced cardiac events.

There are some studies concerning non-triggered CAC scores and 
the association with ACE, conducted in a general population and in lung cancer 
patients.29,14 Studies concerning the general population had a median follow-up 
time ranging from 7.0 to 11.6 years. Overall, higher CAC scores were significantly 
associated with cardiovascular events. Compared to the zero CAC score group, 
the HRs were 1.53 (95%CI: 1.02-2.29) for the group of patients with a CAC score 
of >0-100 and 4.02 (95%CI: 2.62-6.19) for the group with a CAC score of >100.

A possible limitation of this study was that during planning CT scan acquisition, 
patients were instructed to breathe normally and no ECG triggering was used. 
This causes motion of the cardiac structures and calcium spots on CT images, 
leading to an under- or overestimation of calcium. However, several studies 
showed that CAC scoring can also be adequately performed with non-triggered 
CT scans.11,12,13,14 A high level of agreement was found after investigating 
the correlations of CAC scores between non-triggered and triggered thoracic CT 
scans.12 Therefore, it should be emphasized that a CAC score of zero measured 
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on a non-triggered CT scan does not necessarily imply that there are absolutely 
no calcifications, but still indicates a low risk of ACE.13,14 Yet, as shown in these 
studies a high CAC score is a reliable prognostic marker to identify high risk 
patients of ACE.13,14

In the current study, patients with coronary stents and/or clips that caused too 
many artifacts were excluded. These patients underwent cardiac interventions 
and can be considered as high risk patients of ACE, which could lead to an 
underestimation of the calcium scores in our population. As shown by recent 
studies the absolute risk of developing ACE is the highest in patients with 
cardiovascular risk factors and a higher radiation dose to the heart.5,6 Results of 
the current study show that patients with high baseline CAC scores are at higher 
risk to develop ACE. In this respect, information on baseline risks, including 
the CAC score combined with the dose distribution to the heart, is useful to 
identify patients that may benefit from more advanced radiation techniques to 
reduce the heart dose.30,31,32,33,34

In conclusion, high pre-treatment CAC score measured on non-triggered 
planning CT scans is significantly associated with the cumulative incidence of 
ACE among BC patients treated with postoperative RT even after correction for 
confounding. CAC can be used to identify patients that may benefit from primary 
and secondary preventive measures.
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APPENDIX
Table 1. CT scan protocols

kV mA Slice (mm)
Increment 
(mm)

Planning CT scan protocol

2005 - September 2007 140 100 5 5
September 2007- 2008 140 100 3 3

Diagnostic CAC score CT scan protocol

120 200 3 3

Abbreviations: kV, kilovoltage; mA, mili ampere; CAC, coronary artery calcium.

Table 2. Aquarius options for calcium detection

Options Setting

Lay-Over (Hounsfield Units) 130 -1300
Isotropically interpolated volumes Yes
Noise rejection – connected pixels 2
Connectivity Diagonally and laterally

Table 3. Calibration factors and correlation formulas. (X=patient coronary artery calcium 
(CAC) score, Y=related diagnostic CAC score)

Planning scan protocol Patient size Correlation formula

5mm slices & increment Thin y=0.964x + 5.317
Thick y=1.094x – 0.791

3mm slices & increment Thin y=1.037x + 1.912
Thick y=0.924x + 3.086
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Table 4. Coronary calcium scores divided in age categories

Age  
(years)

CAC zero (n)
(0)

Low CAC (n)
(>0 - 100)

Intermediate CAC (n)
(100 - 400)

High CAC (n)
(≥400)

Mean age 56.3 64.3 69.4 73.5
<45 102 (97.1%) 3 (2.9%) 0 (0%) 0 (0%)
45-54 226 (93.8%) 13 (5.4%) 2 (0.8%) 0 (0%)
55-64 251 (80.2%) 49 (15.6%) 10 (3.2%) 3 (1.0%)
65-74 138 (61.0%) 58 (25.7%) 26 (11.5%) 4 (1.8%)
75-84 24 (44.4%) 13 (24.1%) 11 (20.4%) 6 (11.1%)
Total 741 (78.9%) 136 (14.5%) 49 (5.2%) 13 (1.4%)

Abbreviations: CAC, Coronary Artery Calcium.

Appendix Figure 1. The coronary artery calcium scores of the calcium inserts from the QRM 
phantom scanned with the diagnostic coronary artery calcium scanning protocol and 
radiotherapy planning scanning protocol. Used for the correlation formula: 5 millimetre 
slices and increment, thin patient.
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Appendix Figure 2. The coronary artery calcium scores of the calcium inserts from the QRM 
phantom scanned with the diagnostic coronary artery calcium scanning protocol and 
radiotherapy planning scanning protocol. Used for the correlation formula: 5 millimetre 
slices and increment, thick patient.
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Appendix Figure 3. The coronary artery calcium scores of the calcium inserts from the QRM 
phantom scanned with the diagnostic coronary artery calcium scanning protocol and 
radiotherapy planning scanning protocol. Used for the correlation formula: 3 millimetre 
slices and increment, thin patient.
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Appendix Figure 4. The coronary artery calcium scores of the calcium inserts from the QRM 
phantom scanned with the diagnostic coronary artery calcium scanning protocol and 
radiotherapy planning scanning protocol. Used for the correlation formula: 3 millimetre 
slices and increment, thick patient.
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ABSTRACT
This study describes the development and evaluation of an auto-segmentation 
tool for the left anterior descending coronary artery (LAD), on non-contrast 
planning computed tomography scans of breast cancer patients. The dosimetric 
parameters of the auto-segmented LAD contours are highly correlated with those 
of manual contours (R2-values ≥0.89).
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INTRODUCTION
There is an increasing awareness of the importance of treatment-related cardiac 
toxicity in medical and radiation oncology. Several studies have highlighted 
the importance of the coronary arteries in the pathogenesis of radiation-induced 
cardiac toxicity in cancer patients, in particular the left anterior descending 
coronary artery (LAD).1,2

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 artifacts due to breathing 
and heart beating in planning computed tomography (CT) scans. These problems 
limit large scale contouring tasks necessary for research projects, such as 
the development of prediction models for radiation-induced cardiac toxicity. 
Recent studies have evaluated the accuracy of atlas based auto-segmentation 
(ABAS) for contouring the heart.3,4,5,6 Accuracy was evaluated by measuring 
the geometric overlap between the auto-segmented and manual contours. These 
studies showed that auto-segmented contouring was successful for the whole 
heart (WH), but underperformed for the LAD.4,6

In another recent study, endpoints were evaluated based on planned cardiac 
dose and geometry derived from an ABAS technique using breast cancer (BC) 
patient CT-scans.7 The results revealed poor geometric overlap for the LAD, 
however there was good agreement between radiation dose distributions of 
the auto-segmented and manual contours.

Due to the difficulty in creating an ABAS routine for small vascular structures 
on non-contrast CT-scans, we decided to develop an auto-segmentation tool 
for the LAD with the use of anatomical landmarks; WH, right ventricle (RV) and 
left ventricle (LV). The aim of this study was to develop and evaluate an auto-
segmentation tool for the LAD in non-contrast planning CT-scans based on 
anatomical landmarks. Furthermore, we compared geometric and dosimetric 
endpoints between the auto-segmented and the manually contoured LAD of 105 
BC patients.

MATERIALS AND METHODS
Patients
This study consisted of 105 female BC patients treated with postoperative 
radiotherapy (RT) following BC surgery from January 2005 to December 2011. 
Patients were included if they were diagnosed with BC stage I-III.

All 105 patients were treated with free breathing 3D conformal RT using non-
contrast CT-based treatment planning (Somatom Sensation Open, Siemens; 
average voxel size (0.88 × 0.88 × 3.7 mm (range [0.7-1.6] × [0.7-1.6] × [2.0-5.0]); 
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100-140 kV)). A dose of 50.4 Gy was prescribed to the whole breast in 28 fractions 
with a simultaneous integrated boost dose of 14.0 or 16.8 Gy in the same 28 
fractions, depending on the pathologic risk factors.

Auto-segmentation approach
For every patient, the WH, right atrium (RA), RV, left atrium (LA) and LV were 
contoured using an in-house generated atlas for free-breathing, non-contrast 
CT-scans based on the contours according to Feng et al. in the ABAS routine 
in Mirada RTx ([version 1.6]; Mirada Medical, Oxford, United Kingdom).3,8 
The treatment position of the patients was the same for the study and for 
the development of the in-house ABAS. Details of the deep inspiration breath 
hold (DIBH) ABAS method have been described previously.3 In short, DIBH 
planning CT-scans of 20 BC patients were randomly selected after breast 
irradiation. The planning CT-scans of the first ten patients were used to build 
the atlas with dedicated software. The remaining 10 planning CT-scans (validation 
group) were used to validate the ABAS by comparing the contours of the cardiac 
structures generated by the ABAS with those generated by four observers and 
the reference segmentation (generated by an expert panel). The ABAS for free 
breathing planning CT-scans was validated in the same way as for the DIBH 
planning CT-scans. For our study, the WH, RV and LV were used as anatomical 
landmarks for automatic segmentation of the LAD.

The LAD is the largest coronary artery and runs anterior to the interventricular 
septum in the anterior interventricular groove, extending from the base of the heart 
to the apex.9 The anterior interventricular groove separates the RV and LV. Due 
to this anatomical positioning, auto-segmentation of the LAD is only feasible 
with distinguishable ventricles as landmarks. For this study, the LAD contour was 
bounded by the most caudal slice with at least one ventricle contoured, and 
the most cranial slice with contours of both ventricles.

The proposed auto-segmentation consisted of the following steps  
(Matlab, 2014a):

(1) LV and RV were isotopically dilated by 2 voxels (figure 1A).
(2) In slices with sufficient overlap of the dilated ventricles (>40 voxels,  

 >35 mm2), the central voxels of this overlapping area were defined by  
 skeletonization, a process to reduce an object to a single line (figure 1B).

(3) By applying a linear regression to the skeletal points, a straight line was  
 fitted between the ventricles and extrapolated to intercept the WH  
 contour (figure 1C).

(4) The LAD center point was defined on this fitted line, 2.5 mm (the LAD  
 radius) away from the point of intercept of the fitted line and the WH.
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(5) For each relevant slice, the LAD contour was defined as an approximate  
 ‘circle’ with a diameter of approximately 5 mm (2.5 voxel radius in Matlab),  
 dilated from the LAD center point.

Steps 2 to 5 were repeated for all CT-slices with sufficient overlap between 
the dilated ventricles (figure 1A). Steps 6a-c were performed for CT-slices with 
insufficient overlap between the ventricles:

(6a)  A linear fit between ventricles that intercept the WH described at step  
 3, was obtained by interpolation of the regression coefficient and intercept  
 of the adjacent slices (defined as 25% of the slices already auto-segmented  
 by steps 2-5).

(6b)  Subsequently, steps 4 and 5 were performed on these slices.
(6c)  For the top slices without overlap, the distance from the WH to the LAD  

 center point was gradually increased to 5 mm and the LAD radius was  
 increased to 3 voxels.

The auto-segmented LAD was finally post-processed in step 7:
(7)  Regions of the auto-segmented LAD that overlap the ventricles  

 were removed.
The completed LAD contour is shown in figure 1D. The time it takes to 

automatically contour the LAD, from start to finish, is on average 57.2 s (standard 
deviation: 25.6 s).

In the Supplementary material figure 1, an example is shown of the agreement 
of the auto-segmented and manually contoured LAD for one patient, from 
the cranial surface to the caudal surface of the heart.

Figure 1. Steps undertaken by the auto-segmentation tool for the contouring of the left 
anterior descending coronary artery (LAD). Step A) the dilations of the left ventricle and 
right ventricle. Step B) skeletonization, a process to reduce an object to a single line. Step 
C) a straight line fit with linear regression to the skeleton and extrapolated to intercept 
the whole heart (WH) contour. Step D) from a centroid point, positioned at a distance of 
the LAD radius away of the WH contour, a ‘circle’ was dilated to represent the final auto-
segmented LAD. The manually contoured LAD was shown in red.
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Manual contouring of the left anterior descending coronary 
artery
The manual contouring of the LAD was based on a recent cardiac contouring 
guideline published by Duane et al.10, with alternative cranial limits, as described 
for the auto-segmented LAD. There were no constrictions for the caudal limits. 
Each LAD was contoured with a 4 mm diameter throughout its entire length, 
in accordance with the guideline from Duane et al. Contouring was performed 
by one observer, supervised by a cardiac radiologist. Manual contours were 
performed blinded, i.e. without knowledge of the auto-segmented contours. 
The time taken for the manual contours of the LAD was approximately 20-30 min 
per patient.

Analysis
To evaluate the performance of the auto-segmentation tool, the auto-segmented 
and manually contoured LADs were first compared using three geometric 
measures: (1) Dice Similarity Coefficient (DSC), (2) average centroid distance, 
and (3) the max-Hausdorff distance.5,11 The DSC indicates the degree of spatial 
overlap between two contours. The DSC scores from 0 to 1, with 1 indicating 
a perfect overlap.12 The average centroid distance is the average of the distances 
between the segmentation centroids per axial slice. The max-Hausdorff distance 
is the largest of all minimum distances between two contour points. This was 
performed per slice, for which an average was determined. A distance of 0 mm 
indicates a perfect overlap.11

A second measure to test the performance of the LAD auto-segmentation was 
to compare the differences in planned dose-volume histogram (DVH) parameters 
of the auto-segmented and manual LAD contours. The analysis included 
the mean dose, V5 (% volume of a structure receiving ≥5 Gy), V20 (% volume of 
a structure receiving ≥20 Gy), D5 (the maximum dose to at least 5% of the volume 
of a structure) and D95 (the minimum dose to at least 95% of the volume of 
a structure). These DVH-parameters were chosen based on previous research and 
cover a broad spectrum of the dose-distribution.7 Correlations between the mean 
dose, V5, V20, D5 and D95 of the auto-segmented and manual LAD contours 
were analyzed with R2 of the linear regression.

A high correlation does not necessarily mean that the agreement between 
the two methods is good, therefore the Bland-Altman plots were also created.13 
A Bland-Altman plot is a graphical method to compare two measurement 
techniques, and identifies any systematic difference between the measurements 
or possible outliers.14 In this graphical method, the differences between the DVH-
parameters of the auto-segmented and manual contours are plotted against 
the average values. The plot shows the limits of agreement estimated using 
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the 2.5th and 97.5th percentiles, and the average bias estimated as the median 
of the differences.

RESULTS
In total, 53 patients (50.5%) had left-sided BC and 52 patients (49.5%) had 
right-sided BC. The median mean heart dose for the total study population was 
2.18 Gy (range: 0.61-11.34). For left-sided BC patients the median mean heart 
dose was 4.16 Gy (range: 1.07-11.34), and for right-sided BC patients 1.29 Gy 
(range: 0.61-4.14).

The DSC between the auto-segmented and manual contours of the LAD was 
0.15. The median average centroid distance was 3.9 mm. The geometric overlap, 
as determined by the median max-Hausdorff distance, was 4.8 mm (shown in 
Supplementary material table 1). The impact of the differences in agreement 
between the auto-segmented and manual contours of the LAD was visualized 
in a box-plot with the average centroid distance of all patients and illustrative 
CT-slices with the auto-segmented and manually contoured LAD shown (figure 2).

A high-level of correlation was measured between the dosimetric parameters 
of the auto-segmented contours and the manual contours. For the mean dose, 
V5, V20, D5 and D95 of the LAD, we found a R2-value of 0.99, 0.98, 0.99, 0.99 
and 0.89, respectively (shown in figure 3 and in Supplementary material table 1).

The Bland-Altman plots in figure 4 show the average of the two measurements 
(auto-segmented and manual contours) on the x-axis and the difference between 
the two measurements on the y-axis. The maximum bias was 0.01 Gy for the mean 
dose, D5 and D95 of the LAD, indicating the similarity in DVH-parameters of 
the two methods of contouring. Furthermore, the Bland-Altman plots show 
that the number of patients outside the limits of agreement (4 patients, 3.8% 
of the study population) was equally distributed above the upper limit and 
below the lower limit of agreement, indicating that for the vast majority, the two 
measurements were comparable.

DISCUSSION
This technical note shows the development and evaluation of an auto-segmentation 
tool for the LAD based on free breathing non-contrast planning CT-scans of BC 
patients. This is the first auto-segmentation tool that uses anatomical landmarks 
for the contouring of the LAD. The dosimetric comparison showed a high-
level of agreement between the auto-segmented and the manual contours. 
This agreement suggests that our method could be an efficient tool to help 
retrospectively calculate radiation dose to the LAD for BC patients for research 
purposes. The max-Hausdorff distance and the distance between centroids 
showed that overall the auto-segmented LAD was displaced approximately 
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Figure 2. Box-plot of the average centroid distance (CD) between the auto-segmented and 
manually contoured left anterior descending coronary artery of all patients and illustrative 
CT-slices with the autogenerated (green) and manual (pink) contours of the lowest CD (I), 
and the 25th (II), 50th (III), 75th (IV), and 95th percentile (V) of the average CD. 

Figure 3. Comparison of dose-volume histogram parameters for the auto-segmented 
contours and the manual contours. This figure shows the mean dose to the left anterior 
descending coronary artery (LAD), V5 of the LAD, V20 of the LAD, D5 of the LAD and 
the D95 of the LAD. The black line represents the linear regression with confidence 
intervals (red lines).
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4.4 mm from the manually segmented LAD. Due to the small size of the structures, 
the DSC values were low.

Studies have shown that exposure of the heart to ionizing radiation during RT 
for BC increases the risk of ischemic heart disease.15,16 The specific structures of 
the heart and the mechanisms that cause this radiation-induced cardiac toxicity 
are not fully understood. There are indications that the coronary arteries may 
play an important role in the pathophysiology of this type of cardiac toxicity, in 
particular the LAD.1,2,17 Since the introduction of the CT-scan, 3D patient images 
and dose-distributions are widely available. However, the contouring of the LAD 
is time consuming and often challenging due to lack of intravenous contrast-
enhancement, as well as motion-related artifacts due to breathing and heart 
beating in planning CT-scans. To process imaging data on a large scale for research, 
an efficient and validated auto-segmentation tool has become necessary. With 
the contouring task automated, researchers can investigate possible relationships 
between DVH-parameters and cardiac endpoints for large groups of BC patients. 
For translation into clinical practice, validation in an independent cohort is  
still necessary.

Several studies have described ABAS for the heart and/or its substructures.4,5,6,7,18 
For contouring the WH, the geometric overlap scored well, all studies report a DSC 
>0.8. However, the reported DSC of the LAD was poor, between 0.09 and 0.15. 
Our study showed a DSC of 0.15, which is comparable and still disappointing. 
This could be because the DSC is heavily influenced by the volume of a structure. 
Evaluating the DSC for the small LAD volume might stress differences that are 
not clinically relevant. Therefore, for the geometrical endpoints, we want to 
emphasize the median average centroid distance of 3.9 mm and median max-
Hausdorff distance of 4.8 mm. These results are comparable to, or in some cases 
better than, recently published results on LAD auto-segmentation.4,6,7,19

One study investigated the impact of an automated contouring atlas on DVH-
parameters of the heart and its substructures for BC patients.7 The investigators 
stated that conventional geometric parameters, such as DSC, may not adequately 
illustrate whether an auto-segmented contour represents the actual radiation dose. 
In this study, we came to the same conclusion. The LAD showed a poor DSC, but 
had a high-level of agreement concerning DVH-parameters between the auto-
segmented and the manual contours. The major difference between the studies 
is that the contours of the LAD in our study were based on anatomical landmarks. 
Using anatomical landmarks that are clearly distinguishable on CT-scans, such as 
the RV and LV, the problem of the poorly visible LAD was avoided.

There are several limitations in this study to address. The LAD is fully based 
on the anatomical landmarks defined in the ABAS tool. If the ventricles or WH is 
not contoured accordingly, the LAD will be automatically misplaced. As shown in 
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figure 3, figure 4, there are a few outliers present. These outliers were evaluated, 
and all were found to be misplaced due to an incorrect contouring by the ABAS 
tool. Therefore, it is necessary to visually check the ABAS contours of the whole 
heart and ventricles before using the LAD auto-segmentation tool. However, 
we have shown that our ABAS tool is overall a valid and reliable alternative to 
manually contouring major cardiac structures (WH, atria and ventricles).3

Furthermore, it is well established that manual contours are often prone to 
intra- and inter-observer variability and could therefore impact the calculated 
radiation dose. For the LAD, substantial variation was found in the estimated 
dose, which was not reduced with guidelines.20 The coefficients of variation in 
the estimated mean dose to the LAD were 27% without, and 29% with guidelines. 
It is expected that the dose uncertainty using our automatic contouring method 
for the LAD is of the same order of magnitude as the intra- and inter-observer 
variability for manual contouring. Further research is necessary to verify this.

Another limitation is that, because the auto-segmentation tool uses the RV 
and LV to determine the anterior interventricular groove, the LAD can only start 
when both ventricles are first contoured. Therefore, 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 passing anteriorly behind the pulmonary 
artery.10 Since this proximal part of the LAD is likely to receive the lowest dose 
compared to the mid- and distal part, the auto-segmented LAD could give an 
overestimation of the mean LAD dose and the D95.21 However, it is expected that 
the D5 will hardly be influenced at all. Nevertheless, this method can be used 
in cohort studies regarding dose-effect relationships. Furthermore, a recently 
published study concluded that the minor differences in DVH-parameters on 
target structures between auto-segmented and manual contours are insignificant 
in a clinical setting.22 However, caution is advised for comparing results with 
studies that contoured the entire LAD.

In conclusion, this technical note presents a method for the development of 
an auto-segmentation tool for the contouring of the LAD of BC patients. This 
is the first auto-segmentation tool based on anatomical landmarks to avoid 
the challenge due to the lack of intravenous contrast-enhancement in planning 
CT-scans. The results concerning the dosimetric endpoints were satisfying, with 
R2-values all above 0.89. Furthermore, the Bland-Altman plots indicate that 
the two measurements are comparable and that the bias is minimal. This auto-
segmentation tool could be made available for research purposes to enable 
automatic calculation of the radiation dose to the LAD for large groups of  
BC patients.
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APPENDIX

Table 1. Descriptive characteristics of the geometric measures and dosimetric parameters 
of the LAD based on 105 breast cancer patients

Geometric measures

Dice Similarity Coefficient
Median
Range

0.15
0.00- 0.55

Average centroid distance (mm)
Median
Range

3.9
1.2- 29.9

Max Hausdorff distance (mm)
Median
Range

4.8
1.8-30.8

Dosimetric parameters

Auto-segmented contours Manual contours

Mean dose LAD (Gy)
Median
Range 

1.61
0.38-53.61

1.63
0.31-53.35

LAD-V5 (%)
Median
Range

0.00
0.00-100.00

0.00
0.00-100.00

LAD-V20 (%)
Median
Range

0.00
0.00-100.00

0.00
0.00-100.00

LAD-D5 (Gy)
Median
Range

2.22
0.53-58.23

2.91
0.46-58.58

LAD-D95 (Gy)
Median
Range

1.20
0.26-48.07

1.25
0.20-47.91

Abbreviations: LAD, left anterior descending coronary artery.
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Figure 1. Example of the agreement between the auto-segmented and manually contoured 
left anterior descending coronary artery (LAD) for one patient. The numerals on the images 
indicate the position within the range of CT-slices from the cranial surface to the caudal 
surface. The green circle represents the auto-segmented contouring of the LAD, the red 
circle represents the manually contoured LAD. The delineations of the LAD range from 
the first (I) to last (IV) in the cranial-caudal direction.
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ABSTRACT
Background 
The objective of this study was to test the hypothesis that radiation dose to 
calcified atherosclerotic plaques in the left anterior descending coronary artery 
(LAD) is more strongly associated with acute coronary events (ACEs) than radiation 
dose to the whole heart with a cohort of breast cancer (BC) patients treated with 
radiotherapy (RT).

Methods 
The study cohort consisted of 910 BC patients treated with postoperative RT 
after breast conserving surgery. The endpoint was the occurrence of an ACE 9 
years after treatment. For each individual patient, the mean heart dose (MHD), 
mean LAD dose and mean dose to calcified atherosclerotic plaques in the LAD, if 
present, were acquired based on planning CT-scans. Cox-regression analysis was 
used to analyze any effects on the cumulative incidence of ACEs.

Results 
The median follow-up time was 7.5 years (range: 0.1-10.1 years). In total, 31 patients 
(3.4%) developed an ACE during follow-up. After correction for cardiovascular 
risk factors, multivariable analysis revealed that MHD is a prognostic factor for 
ACEs for patients without atherosclerotic plaques in the LAD (hazard ratio (HR): 
1.195 (95% CI: 0.982-1.453; P=0.08). However, the MHD was less important for 
patients with an atherosclerotic plaque (HR: 1.067 (95% CI: 0.821-1.387; P=0.63). 
A much stronger association was found between the mean dose to atherosclerotic 
plaques and ACEs (HR: 1.284 (95% CI: 1.073-1.537), P=0.006).

Conclusions 
The results of this study suggest that radiation dose to calcified atherosclerotic 
plaques in the LAD is an important risk factor for the development of ACEs in  
BC patients.
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INTRODUCTION
The use of radiotherapy (RT) for the treatment of breast cancer (BC), combined 
with improved survival rates, has contributed to a growing population of BC 
survivors at risk of radiation-induced cardiac diseases.1,2 One such disease 
includes radiation-induced acute coronary events (ACE), which has been 
extensively investigated. Recent studies have demonstrated a dose-effect 
relationship between radiation dose to the heart and the risk of ACE.3,4 However, 
an understanding of the underlying mechanisms behind radiation-induced cardiac 
diseases is still lacking.

Studies have revealed anterior cardiac perfusion defects in areas that received 
a high radiation dose, between 6 months and 20 years after BC-RT.5,6,7,8 Sections 
of the anterior surface of the heart usually receive considerable radiation dose, 
up to >20 Gy in some patients, even when modern radiation techniques are 
used.9 This area usually includes the left anterior descending coronary artery 
(LAD). However, little is known about the relationship between radiation dose to 
the coronary arteries and clinical events.

Several studies have shown a direct link between radiation dose and the location 
of coronary artery stenosis, mostly found in the LAD, after a median follow-up 
time of 10 to 12 years, suggesting accelerated atherosclerosis in areas prescribed 
higher radiation dose.10,11 However, no information was available concerning 
the presence of coronary artery stenosis at BC diagnosis. Furthermore, based 
on in vitro models and limited autopsy findings, radiation-induced plaques tend 
to grow, rupture, and develop into myocardial infarctions or cerebrovascular 
accidents more often than stable “age-related” collagenous plaques.12,13 
Additionally, studies have found that irradiation accelerates the development of 
macrophage-rich, inflammatory atherosclerotic lesions, and that these lesions are 
prone to intraplaque hemorrhage.14,15 However, the effect of radiation to pre-
existing atherosclerotic plaques are largely unknown.

We hypothesized that higher radiation dose to pre-existing atherosclerotic 
plaques in the coronary arteries leads to increased risk of ACEs, possibly due 
to inflammatory reactions and subsequent plaque rupture and thrombosis. 
The objective of this study was to test the hypothesis that radiation dose to 
calcified atherosclerotic plaques is more strongly associated with ACE than 
radiation dose to the whole heart or LAD in a cohort of breast cancer (BC) patients 
treated with 3D-conformal RT.

METHODS
Study population

Our study population originated from a previously published study.4 The study 
cohort consisted of 910 female BC patients treated with RT after breast-
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conserving surgery for stage I to III invasive adenocarcinoma or carcinoma in 
situ from January 2005 to December 2008 at the University Medical Center, 
Groningen, The Netherlands.4 Only patients with radiotherapy planning CT-scans 
were included. Patients with a history of either other malignancies (except non-
melanoma skin cancer), or prior RT or chemotherapy were excluded. The primary 
endpoint was an ACE, characterized as a diagnosis of myocardial infarction 
(International Classification of Diseases, 10th Revision, codes 121-124), coronary 
revascularization, or death resulting from ischemic heart disease (codes 120-125) 
after completion of BC-RT.

Data collection
Patient characteristics, medical history and cardiac risk factors (e.g. history of 
ischemic heart disease, other cardiac disease, hypertension, hypercholesterolemia, 
diabetes, body mass index ≥ 30 kg/m2 and current smoker status), tumor 
characteristics, treatment plans and follow-up data were extracted from patient 
hospital records. Missing data was supplemented, after obtaining written informed 
consent from the surviving BC patients, with information sustained from general 
practitioner (GP) records. Information about deceased patients was provided by 
the GPs, in accordance with Dutch regulations.

For every patient, a coronary artery calcium (CAC) score was determined from 
the planning CT-scan with the use of a software tool, Aquarius (iNtuition edition, 
v4.4.11.412.8585, Tera Recon, Inc.). The method has been reported recently.16 
The location of the plaque was determined for patients with a positive CAC 
score, i.e. the proximal, middle or distal part of the LAD.

The date of enrollment was the first day of breast irradiation. Patients were 
registered for incidences of death or a new treatment with radiation and/or 
chemotherapy, either during or at the end of the follow-up period. The follow-up 
period was defined as the time between baseline and event or registration date. 
Patient information was collected until the date of either the last known GP 
information or medical follow-up. The study design was approved by the medical 
ethics committee of the University Medical Center Groningen.

Radiation Dosimetry
All patients were treated with 3D-conformal RT using CT-based treatment planning, 
as described previously.17 A dose of 50.4 Gy was prescribed for the whole breast 
in 28 fractions, with a simultaneous integrated boost dose of 14 or 16.8 Gy in 
the same 28 fractions, depending on pathologic risk factors. 

The whole heart (WH), right ventricle (RV) and left ventricle (LV) were contoured 
using an atlas, generated in-house, for free-breathing, non-contrast CT-scans. 
The atlas was created using an atlas-based auto-segmentation (ABAS) routine in 
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Mirada RTx ([version 1.6]; Mirada Medical, Oxford, United Kingdom) according to 
definitions by Feng et al..18,19 However, the ABAS algorithm was not a valid and 
reliable method to contour the small LAD automatically.19,20 Since the cohort was 
too large for manual contouring, an in-house automatic segmentation tool was 
developed for the LAD delineation based on anatomical landmarks. This tool 
automatically delineated a circle (diameter 5mm) in the anterior interventricular 
groove, based on contours of the RV and LV generated by the ABAS routine. 
For details regarding the LAD auto-segmentation method, refer to our recent 
publication.21 The auto-segmentation tool was expended, whereby the LAD 
was divided into 3 parts; proximal, middle and distal, according to guidelines 
outlined by Duane et al..22 For every patient with a positive CAC score in the LAD, 
all calcified atherosclerotic plaques with Hounsfield Units between 130 and 1300 
were manually delineated on their planning CT-scans.23 

The following step was to register, for each patient RT-plan, the mean heart 
dose (MHD), mean LAD dose (including the mean dose to the proximal, middle 
and distal parts) and the mean dose to any LAD atherosclerotic plaques. Dose-
volume histograms were calculated and the relevant dose-volume parameters 
were recorded per RT-plan. 

Statistical Methods
The Kaplan-Meier method was used to analyze the cumulative incidence of ACE. 
Fractional polynomials in R (Rstudio, Version 1.1.463, 2009-2018, Inc) were used 
to test the linearity of the relationship between the continuous dose-volume 
parameters and the endpoint in univariable Cox-regression. All parameters showed 
a linear relationship so no transformations were required. With the calculated 
dose per patient, a dose-effect relationship could be determined independently 
of RT technique or treatment volume. To examine a possible relationship between 
the MHD, mean LAD dose and the mean dose to the atherosclerotic plaque 
in the LAD and the occurrence of an ACE, a Cox-regression analysis was used. 
Furthermore, we analyzed the excess risk of an ACE due to RT in univariable and 
multivariable analysis. For the multivariable analysis, the relationship between 
dose and ACE was corrected for cardiovascular risk factors. The excess risk was 
shown in a Cox-regression curve. Calculations were performed with the use of 
SPSS software (IBM SPSS Statistics, Version 22, IBM Corp).

RESULTS
Patient characteristics

The patient characteristics at baseline are shown in table 1. The median 
age was 59 years (range: 26-84 years). The median follow-up time was 7.5 
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years (range: 0.1-10.1 years). In total, 31 patients (3.4%) developed an ACE 
during follow-up. Of the 910 BC patients, 843 patients (92.6%) were eligible 
for CAC scoring (flowchart shown in the supplementary appendix figure S1). 
In total, 163 patients had an atherosclerotic plaque in the LAD. Of those 163 
patients, almost all plaques occurred in the proximal part of the LAD (96.9%). 
Plaques in the distal part of the LAD were rare (1.8%). Patient characteristics 
separated for patients with and without an atherosclerotic plaque are shown in 
table S1 in the supplementary appendix. Age, history of ischemic heart disease, 
hypertension, hypercholesterolemia and diabetes were all significantly different 
between the two groups. In the patient group without an atherosclerotic plaque, 
17 patients (2.5%) developed an ACE. In the plaque groups, 14 patients (8.6%) 
developed an ACE during follow-up.

More detailed information about the distribution of the MHD, mean LAD 
dose and the mean dose to the atherosclerotic plaques in the LAD is provided in 
the supplementary appendix figures S2-S4.

Cumulative incidence of ACE
The 9-year cumulative incidence for the total study population was 4.0% 
(figure 1). When the study cohort was divided into two groups, patients with 
and without LAD atherosclerotic plaque, the 9-year cumulative incidence was 
9.4% and 3.3% (P= <0.001), respectively (supplementary appendix figure S5). In 
figure 2, cumulative incidence graphs show different cut-off values for dose to 
the atherosclerotic plaque. The higher the cut-off value for dose to the plaque, 
the larger the separation between the two curves. Moreover, the cumulative 
incidence increases and ACEs occur much earlier after treatment.

Dose-effect relationships 
The results of the unadjusted univariable Cox-regression analysis between dose and 
the cumulative incidence of ACE for patients with and without an atherosclerotic 
plaque in the LAD are shown in table 2. For patients without plaques, the hazard 
ratio (HR) of the MHD was 1.177 (95% CI: 0.995-1.393, P=0.06), indicating a 17.7% 
increase in relative risk for ACE per Gy MHD. However, in the group of patients 
with an atherosclerotic plaque, the HR of the MHD was only 1.046 (95% CI: 0.824-
1.328, P=0.71). The mean dose to the LAD had a small and non-significant effect 
in both groups. For patients with a plaque, the mean dose to these plaques had 
a substantial effect on the risk of developing ACE (HR: 1.197, 95% CI: 1.019-
1.406, P= 0.03). Based on these univariable models, the cumulative excess risks 
per Gy were calculated for patients with and without an atherosclerotic plaque 
(figure S6 supplementary appendix).
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Table 1. Patients characteristics at time of breast cancer diagnosis (N = 910)

Characteristic No. of patients % P¥

Age at breast cancer diagnosis, years
Median (IQR)
Range

59 (51-66)
26 - 84

< 0.001

Follow-up time, years
Median (IQR)
Range

7.5 (6.7-8.4)
0.1 – 10.1

History of cardiac comorbidity
Ischemic heart disease#

Yes
No

Other heart disease±

Yes
No

HypertensionɅ

Yes
No

Hypercholesterolemia∏

Yes
No

Diabetes⌂

Yes 
No

35
875

31
879

273
637

141
769

65
845

3.8
96.2

3.4
96.6

30.0
70.0

15.5
84.5

7.1
92.9

< 0.001

0.04

< 0.001

0.008

0.001

Lifestyle risk factors
Active smoking◊

Yes
No

BMI ≥30 kg/m2

Yes
No

200
710

84
826

22.0
78.0

9.2
90.8

0.37

0.42

Coronary Artery Calcium score⌠

CAC score LAD
Median
Range
Excluded patients

0.00
0.00 – 1924
67 7.4

< 0.001

Finally, multivariable Cox-regression analysis was performed to investigate 
the relationship between dose and the cumulative incidence of ACE for patients 
with and without an atherosclerotic plaque. The adjusted models were corrected 



122

Table 1. (continued)

Characteristic No. of patients % P¥

Atherosclerotic plaque LAD
No. of patients with plaque

Yes
No
Excluded

Plaque in proximal LAD
Yes
No

Plaque in mid LAD
Yes
No

Plaque in distal LAD 
Yes
No

163
680
67

158
5

43
120

3
160

17.9
74.7
7.4

96.9
3.1

26.4
73.6

1.8
98.2

< 0.001

0.001

<0.001

0.82

Tumor characteristics
Pathologic T stage

T1
T≥2

Unknown
Pathologic N stage

N0
N1
N2
N3
Nx/Unknown

708
239
5

671
198
46
7
30

74.4
25.1
0.5

70.5
20.8
4.8
0.7
3.2

0.65
0.68

0.38
0.24
0.62
0.79

Laterality of the breast cancer
Right
Left

459
451

50.4
49.6

0.10

Systemic treatment of breast cancer
Chemotherapy*

Yes
No

Hormonal therapy
Yes
No

Trastuzumab
Yes
No

334
576

386
524

47
863

36.7
63.3

42.4
57.6

5.2
94.8

0.03

0.15

0.66
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Table 1. (continued)

Characteristic No. of patients % P¥

Radiotherapy, Gy
Mean heart dose

Median
Range

Mean dose LAD
Median
Range

Mean dose proximal LAD
Median
Range

Mean dose mid LAD
Median
Range

Mean dose distal LAD
Median
Range

Mean dose atherosclerotic plaque LAD§

Median
Range

2.35
0.51 - 15.25

2.82
0.41 – 59.33

3.30
0.38 – 60.91

3.98
0.44 – 62.07

2.43
0.37-60.89

2.37
0.41 – 13.49

0.12

0.03

0.13

0.04

0.005

0.03

Abbreviations: IQR, interquartile range; CAC, coronary artery calcium; LAD, left anterior descending 
coronary artery; T, tumor; N, nodal; Gy, Gray.
¥ P value was calculated using univariable Cox-regression analysis between the variable and 
the occurrence of an acute coronary event.
# History of ischemic heart disease was defined as myocardial infarction or angina.
± Other heart disease was stated when heart failure, valvular heart disease or myocarditis/pericarditis 
was stated in the patients’ medical record.
Ʌ Hypertension was determined when the systolic blood pressure was ≥ 140 mmHg and/or when 
the diastolic blood pressure was ≥ 90 mmHg or when antihypertensive medication was used or when 
the diagnosis was stated in the patients’ medical records.
∏ Hypercholesterolemia was considered present if identified at clinical diagnosis or when statins 
were used (unless they were preventively used because of present cardiovascular risk factors such 
as diabetes).
⌂ Diabetes (of any type) was considered when the diagnosis was stated in patients’ medical charts.
◊ Smoking status was stratified into currently smoking or not smoking at baseline.
⌠ To establish the amount of coronary artery calcium score, deposits of calcium in the LAD were 
quantified according to the Agatston score. In total, 67 patients were excluded because they had 
been scanned with a different CT scanner or due to a deviating CT scan protocol or because their 
coronary artery stents caused too many artifacts for reliable CAC scoring.
* Chemotherapy regimens were 5-fluorouracil, epirubicin and cyclophosphamide (FEC) or adriamycin 
and cyclophosphamide (AC) or taxane-based chemotherapy. 
§ The mean dose to the atherosclerotic plaque was calculated for the 163 patients with a atherosclerotic 
plaque present at baseline. 
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Figure 1. Cumulative incidence of acute coronary events (ACEs) in the total study 
population. The light area indicates the 95% confidence interval.

for cardiovascular risk factors: age, history of ischemic heart disease, hypertension, 
hypercholesterolemia and diabetes, which were all significantly different 
between the two groups (table S1 supplementary appendix). Table 2 shows 
the characteristics of the unadjusted and adjusted models, and the cumulative 
excess risk due to RT for patients with and without an atherosclerotic plaque are 
shown in figure 3. The presented models in figure 3 are corrected for age, history 
of ischemic heart disease, hypertension, hypercholesterolemia, and diabetes. As 
age is one of the most important predictors of ACE,3,4 only age and dose are 
presented in these graphs.

For patients without a plaque in the LAD, the MHD remains an important 
predictor (HR: 1.195, 95% CI: 0.982-1.453, P=0.08), however, in the group of 
patients with an atherosclerotic plaque, the MHD has a substantial smaller effect 
(HR: 1.067, 95% CI: 0.821-1.387, P=0.63). The mean LAD dose has a small and 
non-significant effect in both groups. As almost all atherosclerotic plaques were 
located in the proximal part of the LAD, it was important to confirm that there 
was also no dose-effect relationship between the proximal part of the LAD and 
the occurrence of ACEs. Therefore, the analysis was repeated for the mean dose 
to the proximal, middle and distal part of the LAD (table S2 and figure S7 and 
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Table 2. Adjusted analysis calculated with a multivariable Cox-regression model between 
dose and the cumulative incidence of ACEs. The presented models are shown for patients 
with (N = 163) and without an atherosclerotic plaque in the LAD (N = 680). The models were 
corrected for age, history of ischemic heart disease, hypertension, hypercholesterolemia, 
and diabetes.

Patients without an atherosclerotic plaque in the LAD

Variable HR 95% CI for HR P¥

Unadjusted model
Mean heart dose

Adjusted model*

Mean heart dose

Unadjusted model
Mean dose LAD

Adjusted model*

Mean dose LAD

1.177

1.195

1.022

1.019

0.995-1.393

0.982-1.453

0.994-1.050

0.987-1.051

0.06

0.08

0.12

0.25

Patients with an atherosclerotic plaque in the LAD

HR 95% CI for HR P¥

Unadjusted model
Mean heart dose

Adjusted model*

Mean heart dose

Unadjusted model
Mean dose LAD

Adjusted model*

Mean dose LAD

Unadjusted model
Mean dose plaque

Adjusted model*

Mean dose plaque

1.046

1.067

1.024

1.026

1.197

1.284

0.824-1.328

0.821-1.387

0.993-1.056

0.993-1.061

1.019-1.406

1.073-1.537

0.71

0.63

0.14

0.13

0.03

0.006

Abbreviations: ACE, acute coronary event; LAD, left anterior descending coronary artery; CI, 
confidence interval; HR, hazard ratio.
¥P value was calculated using multivariable Cox-regression analysis between the variable and 
the occurrence of an acute coronary event.
* Effect adjusted for risk factors at baseline, e.g. age, history of ischemic heart disease, hypertension, 
hypercholesterolemia, and diabetes.
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S8 in the supplementary appendix). All subsections of the LAD had a small effect 
on the development of ACE. For patients with a plaque in the LAD, the mean 
dose to the plaque seems substantial for the excess risk of ACE (HR: 1.284, 95%  
CI: 1.073-1.537, P=0.006).

DISCUSSION
The results of this study suggest that the MHD remains an important predictor 
of ACE for patients without an atherosclerotic plaque, which represent most 
BC patients. However, for the group of patients with an atherosclerotic plaque, 
the results suggest that the mean dose to atherosclerotic plaques is more relevant 
for the development of ACE than the mean dose to the whole heart or LAD. 
Recent studies have shown a dose-effect relationship between the MHD and 
the occurrence of ACEs.3,4 An increase of approximately 16% was found in 
the cumulative incidence of ACEs per Gy MHD in the first 9 years after RT for 
the entire study population. We found an increase of 19.5% per Gy MHD for 
patients without an atherosclerotic plaque. However, among patients with an 
atherosclerotic plaque, only a 6.7% increase per Gy MHD was found, indicating 
that for this group of patients the MHD may be a less relevant predictor of ACEs.

In two studies, coronary angiography was performed for women with BC 
10 and 12 years after RT.10,11 In one study, 85% of left-sided BC patients, who 
underwent cardiac catheterization, showed coronary stenosis involving the LAD. 
This was a substantially larger percentage than the expected distribution of 46% 
of coronary artery disease located in the LAD.10 In the other study, left-sided BC 
patients treated with RT had a significant increase of stenosis in the middle and 
distal part of the LAD. The risk was higher for more severe stenosis, with respect 
to right-sided BC patients.11 However, no information was available concerning 
the presence of coronary artery stenosis at BC diagnosis. In contrast, the study of 
Darby et al. found that the estimated mean LAD dose did not improve prediction 
of the rate of ACEs during a follow-up period of more than 20 years.3 

These findings are consistent with the current study as we found a small and 
non-significant effect of the mean LAD dose for patients with and without an 
atherosclerotic plaque. These data suggest that radiation exposure to the LAD 
is not a strong predictive indicator for the development of radiation-induced 
coronary heart disease within 9 years after RT. However, predictive effects of dose 
to the LAD after 9 years remains unknown.

Changes seen in atherosclerosis and in the normal aging process are produced 
or accelerated by irradiation.24 After cancer treatment, intimal thickening, lipid 
deposition and adventitial fibrosis are found within the vascular system. Possibly, 
the effects of radiation exposure to “healthy” non-atherosclerotic LAD takes 
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Figure 3. Excess risk per Gy of an acute coronary event (ACE), depending on the mean 
heart dose, mean dose to the left anterior descending coronary artery (LAD), and the mean 
dose to its atherosclerotic plaque. The models were analyzed separately for patients with 
and without an atherosclerotic plaque. The presented models were corrected for age, 
history of ischemic heart disease, hypertension, hypercholesterolemia, and diabetes, only 
age and dose are shown.
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decades to develop, due to the relatively slow progression of atherosclerosis, 
and that the follow-up time of 9 years for this study is simply too short.

An important finding of this study was that higher radiation dose 
to the atherosclerotic plaque showed early ACEs, even within 3 years  
(figure 2). Limited data exists on pre-existent coronary artery atherosclerosis and 
the effects of treatment over time for oncology patients. One study investigated 
the longitudinal change of CAC scores with cancer diagnosis as compared to 
the general population.25 They found, after adjustment for risk factors, that 
the progression of pre‐existing CAC scores was not statistically different between 
the 2 groups. However, the relatively low numbers of participants with cancer 
limited the power of this analysis and no information about the cancer treatment 
was provided.

A limitation of our study is that we investigated calcified plaques based on 
Hounsfield units above 130. Soft plaques with a Hounsfield unit below 130 are 
not detected and therefore not included in the analysis. Literature has shown 
that soft, lipid‐rich plaques, heavily infiltrated by macrophages, are possibly more 
prone to rupture than calcified plaques.26,27 Unlike stable collagenous plaques, 
radiation-related plaques tend to grow, rupture and lead to a myocardial infarction 
more frequently. However, the effect of radiation to pre-existent soft or calcified 
plaques are largely unknown.

Another limitation of our study is the relatively small numbers of ACEs. In total, 
31 patients developed an ACE during follow-up. To prevent overfitting, we were 
limited in our multivariable analysis, and additional important predictors of ACE 
such as systemic treatment could not be included. It is important to note, therefore, 
that the results of this study should only be used for hypothesis generation 
and that further research is required for validation of this hypothesis. Large 
cohorts involving prospective data are currently being collected in subsequent 
studies such as the BACCARAT prospective cohort study and MEDIRAD EARLY  
HEART study.28,29

In conclusion, the results of this study suggest that the MHD remains an 
important predictor of ACE, for patients without an atherosclerotic plaque. For 
the group of patients with an atherosclerotic plaque, the effect of the MHD is 
substantially smaller. For those patients, the mean dose to the atherosclerotic 
plaque seems more relevant. The initial hypothesis is therefore supported, that 
radiation to a pre-existing atherosclerotic plaque in the coronary arteries leads to 
an increased risk of ACE, possibly due to post-radiation inflammatory reactions, 
accelerated plaque rupture and thrombosis. This pathophysiological mechanism 
could be responsible for the ACEs seen relatively early following RT. 
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SUPPLEMENTARY MATERIAL

Appendix Figure A1. Flow-chart showing the number of patients who were eligible for 
CAC scoring.
Abbreviations: BC, breast cancer; CAC, coronary artery calcium; CT, computed tomography.

910 BC patients were included 
in the study

Remaining 905 BC patients

Remaining 849 BC patients

In total, 843 BC patients were 
eligible for CAC scoring

5 patients were excluded due to 
artifacts: they had coronary stents 
and/or surgical clips due to cardiac 

surgery

56 patients were excluded because 
they had been scanned with a 

different CT-scanner

6 patients were excluded due to a 
deviating CT-scan protocol or 

missing CT data
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Table S1. Patient characteristics at time of breast cancer diagnosis for patients with and 
without an atherosclerotic plaque in the left anterior descending coronary artery (LAD). Of 
the 910 BC patients included in this study, 843 patients were eligible for calculating the CAC 
score, 67 patients had to be excluded due to artifacts or had been scanned with a different 
CT-scanner or due to a deviating CT-scan protocol.

Patients characteristics at time of breast cancer diagnosis

Characteristic

Patients without 
atherosclerotic 
plaque (N = 680)

Patients with 
atherosclerotic 
plaque (N = 163) P¥

Age at breast cancer diagnosis, years
Median (IQR)
Range

57 (50-64)
26-84

68 (61-73)
39-84

0.01

Follow-up time, years
Median (IQR)
Range

7.6 (6.7-8.4)
0.1-9.8

7.1 (6.4-7.9)
0.4-9.7

0.02

History of cardiac comorbidity (%)
Ischemic heart disease#

Yes
No

Other heart disease±

Yes
No

HypertensionΛ

Yes
No

Hypercholesterolemia∏

Yes
No

Diabetes⌂

Yes 
No

14 (2.1)
666 (97.9)

19 (2.8)
661 (97.2)

178 (26.2)
502 (73.8)

85 (12.5)
595 (87.5)

39 (5.7)
641 (94.3)

17 (10.4)
146 (89.6)

9 (5.5)
154 (94.5)

78 (47.9)
85 (52.1)

48 (29.4)
115 (70.6)

21 (12.9)
142 (87.1)

<0.001

0.08

<0.001

<0.001

0.001

Lifestyle risk factors
Active smoking◊

Yes
No

BMI ≥30 kg/m2

Yes
No

150 (22.1)
530 (77.9)

70 (10.3)
610 (89.7)

32 (19.6)
131 (80.4)

12 (7.4)
151 (92.6)

0.50

0.26
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Table S1. (continued)

Characteristic

Patients without 
atherosclerotic 
plaque (N = 680)

Patients with 
atherosclerotic 
plaque (N = 163) P¥

Tumor characteristics
Pathologic T stage

T1
T≥2
Unknown

Pathologic N stage
N0
N1
N2
N3
Nx/Unknown

495 (72.8)
181 (26.6)
4 (0.6)

468 (68.8)
151 (22.2)
36 (5.3)
5 (0.7)
20 (2.9)

123 (75.5)
39 (23.9)
1 (0.6)

112 (68.7)
30 (18.4)
10 (6.1)
2 (1.2)
9 (5.5)

0.49
0.48

0.98
0.29
0.67
0.53

Laterality of the breast cancer
Right
Left

356 (52.4)
324 (47.6)

74 (45.4)
89 (54.6)

0.11

Abbreviations: CAC, coronary artery calcium; IQR, interquartile range; T, tumor; N, nodal.
¥ P value was calculated using an independent sample t-test or Chi-square test, whenever appropriate. 
# History of ischemic heart disease was defined as myocardial infarction or angina.
± Other heart disease was stated when heart failure, valvular heart disease or myocarditis/pericarditis 
was stated in the patients’ medical record.
Λ Hypertension was determined when the systolic blood pressure was ≥ 140 mmHg and/or when 
the diastolic blood pressure was ≥ 90 mmHg or when antihypertensive medication was used or when 
the diagnosis was stated in the patients’ medical records.
∏ Hypercholesterolemia was considered present if identified at clinical diagnosis or when statins 
were used (unless they were preventively used because of present cardiovascular risk factors such 
as diabetes).
◊ Smoking status was stratified into currently smoking or not smoking at baseline.
⌂ Diabetes (of any type) was considered when the diagnosis was stated in patients’ medical charts.
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Appendix Figure A2. Distribution of mean heart dose for the entire population (N = 910; 
median = 2.35; interquartile range = 1.28-4.45; range = 0.51 to 15.25).

Appendix Figure A3. Distribution of mean dose to the left anterior descending coronary 
artery (LAD) for the entire population (N = 910; median = 2.82; interquartile range = 0.91-
30.05; range = 0.41 to 59.33).
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Appendix Figure A4. Distribution of mean dose to the atherosclerotic plaque in the left 
anterior descending coronary artery (LAD) (N = 163; median = 2.37; interquartile range = 
0.85-4.27; range = 0.41 to 13.49).
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Patients with LAD-plaque 
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No. of patients at risk with LAD-plaque 
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Appendix Figure A5. Cumulative incidence of acute coronary events (ACEs) for patients 
without an atherosclerotic plaque in the left anterior descending coronary artery (LAD) 
and patients with an atherosclerotic plaque in the LAD. The light area indicates the 95% 
confidence intervals. 
Abbreviations: RT, radiotherapy.
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Table S2. Adjusted analysis calculated with a multivariable Cox-regression model between 
dose to the proximal, mid, and distal part of the LAD and the cumulative incidence of ACEs. 
The presented models are shown for patients with (N = 163) and without an atherosclerotic 
plaque in the LAD (N = 680). The models were corrected for age, history of ischemic heart 
disease, hypertension, hypercholesterolemia, and diabetes.

Patients without an atherosclerotic plaque in the LAD

Variable HR 95% CI for HR P¥

Unadjusted model
Mean dose proximal LAD 

Adjusted model*

Mean dose proximal LAD

1.025

1.008

0.990-1.061

0.968-1.049

0.16

0.71

Unadjusted model
Mean dose mid LAD 

Adjusted model*

Mean dose mid LAD

1.016

1.011

0.993-1.040

0.985-1.038

0.19

0.41

Unadjusted model
Mean dose distal LAD

Adjusted model*

Mean dose distal LAD

1.023

1.025

1.998-1.049

0.996-1.055

0.07

0.09

Patients with an atherosclerotic plaque in the LAD

Variable HR 95% CI for HR P¥

Unadjusted model
Mean dose proximal LAD 

Adjusted model*

Mean dose proximal LAD

1.011

1.014

0.971-1.054

0.967-1.064

0.58

0.56

Unadjusted model
Mean dose mid LAD 

Adjusted model*

Mean dose mid LAD

1.017

1.018

0.991-1.045

0.990-1.047

0.21

0.21



The importance of radiation dose to the atherosclerotic plaque

141

1

2

3

4

5

6

7

8

&

Table S2. (continued)

Patients with an atherosclerotic plaque in the LAD

Variable HR 95% CI for HR P¥

Unadjusted model
Mean dose distal LAD 

Adjusted model*

Mean dose distal LAD

1.028

1.033

1.000-1.058

1.002-1.066

0.05

0.04

Abbreviations: ACE, acute coronary event; LAD, left anterior descending coronary artery; SE, 
standard error; HR, hazard ratio.
¥P value was calculated using multivariable Cox-regression analysis between the variable and 
the occurrence of an acute coronary event.
* Effect adjusted for risk factors at baseline, e.g. age, history of ischemic heart disease, hypertension, 
hypercholesterolemia, and diabetes.
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Appendix Figure A8. Excess risk per Gy of an acute coronary event (ACE), depending 
on age and the mean dose to the proximal, mid, and distal part of the left anterior 
descending coronary artery (LAD). The models were analyzed separately for patients with 
and without an atherosclerotic plaque. The presented models were corrected for age, 
history of ischemic heart disease, hypertension, hypercholesterolemia, and diabetes, only 
age and dose are shown.







SUMMARISED DISCUSSION,  
FUTURE PERSPECTIVES AND CONCLUSIONS





Summarised discussion, future perspectives and conclusions

147

1

2

3

4

5

6

7

8

&

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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Borstkanker is in Nederland de meest voorkomende kankersoort bij vrouwen. Van 
alle vrouwen die een diagnose kanker krijgen, gaat het bij 28% om borstkanker. 
Dat komt neer op ongeveer 15.000 vrouwen per jaar met een diagnose invasieve 
borstkanker (mammacarcinoom), en ruim 2.300 vrouwen met een diagnose niet-
invasieve borstkanker, i.e. ductaal carcinoma in situ (DCIS) (figuur 1). 

In 1990 werd het landelijke screeningsprogramma voor borstkanker 
geïntroduceerd. Hierdoor worden borsttumoren in een vroeger stadium ontdekt. 
Zo nam het aantal patiënten met stadium I borstkanker toe van 29% in 1989 naar 
47% in 2017. In dezelfde periode nam het aandeel patiënten met stadium II af van 
53% naar 38% en bleef het aantal patiënten met stadium III en stadium IV gelijk 
(respectievelijk 10% en 5%). Niet alleen het landelijke screeningsprogramma heeft 
bijgedragen aan betere overleving, maar ook de ontwikkelingen op het gebied 
van kanker behandelingen hebben een grote impact gehad. Door accuratere 
radiotherapie technieken en effectievere systemische behandelingen worden 
borstkankerpatiënten beter en doelgerichter behandeld. Onder andere hierdoor 
neemt het aantal borstkankeroverlevers steeds meer toe.

Alle vrouwen gediagnosticeerd met borstkanker worden behandeld met 
een operatie. De meeste vrouwen krijgen een borstsparende operatie, maar 
dit kan ook een borstamputatie zijn. Daarnaast wordt tijdens de operatie een 
schildwachtklierprocedure of een okselkliertoilet uitgevoerd. Een borstsparende 
operatie wordt gevolgd door aanvullende bestraling van de borst en steeds 

Figuur 1. Incidentie van vrouwen gediagnosticeerd met borstkanker in Nederland  
sinds 1990.
Afkortingen: DCIS, ductaal carcinoma in situ.
Bron: Integraal kankercentrum Nederland, www.cijfersoverkanker.nl
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vaker wordt de borstwand na een amputatie aanvullend bestraald. Er kan ook 
bestraling nodig zijn op de regionale lymfeklieren. Afhankelijk van de leeftijd 
van de patiënt en pathologische risicofactoren kan aanvullende systemische 
behandeling overwogen worden, zoals chemotherapie, anti-hormonale 
therapie of doelgerichte oftewel “targeted” therapie. De behandeling van het 
mammacarcinoom is bewezen effectief, echter de behandeling kent ook een 
keerzijde. Radiotherapie en systemische behandelingen kunnen schadelijke late 
effecten tot gevolg hebben, zoals het ontstaan van hart- en vaatziekten of het 
ontwikkelen van nieuwe vormen van kanker. Door het bestralen van de borst, 
voornamelijk de linkerborst, dringt er ook een bepaalde hoeveelheid straling door 
tot in het hart. De hartdosis verschilt per bestralingstechniek, bestralingsvolume 
(bijvoorbeeld lokale bestraling van de borst(wand) of locoregionale bestraling 
(inclusief axillaire, periclaviculaire of parasternale regio)) en de anatomie van 
de patiënt. 

Het algemene doel van dit proefschrift, zoals beschreven in  
hoofdstuk 1, was het evalueren van de relatie tussen de bestralingsdosis op 
het hart en het optreden van hartziekten bij vrouwen gediagnosticeerd met 
borstkanker. Verschillende hartziekten zijn geassocieerd met de behandeling van 
kanker. In dit proefschrift hebben we voornamelijk gekeken naar het optreden 
van acute coronaire events, zoals het optreden van een hartinfarct of acute 
hartdood als gevolg van schade aan de kransslagaderen van het hart, ook wel 
coronair arteriën genoemd. Verder onderzochten we of andere factoren zoals 
cardiale risicofactoren of chemotherapie bijdragen aan de ontwikkeling van acute 
coronaire events. Met deze nieuwe informatie hopen we vrouwen te kunnen 
identificeren die een hoog risico hebben op hartschade na de behandeling van 
borstkanker. Door op tijd borstkankerpatiënten te identificeren met een hoog 
risico op hartschade, door middel van een voorspellend model, is het mogelijk 
om primaire dan wel secundaire preventieve maatregelen te nemen, om zo het 
aantal vrouwen dat risico loopt op een acuut coronair event zo klein mogelijk 
te houden. Primaire preventieve maatregelen richten zich op het optimaliseren 
van bestralingsplannen zodat de bestralingsdosis op het hart zo laag mogelijk is. 
Secundaire preventieve maatregelen bestaan onder andere uit het behandelen 
van cardiovasculaire risicofactoren bij patiënten behandeld met radiotherapie 
met een hoog risico op acute coronaire events. 

In 2013 werd een belangrijke studie gepubliceerd (N Engl J Med 2013; 368:987-
98) waarin geanalyseerd werd hoe bijkomstige bestraling van het hart en cardiale 
risicofactoren van een patiënt met borstkanker bijdragen aan het ontwikkelen 
van acute coronaire events. De resultaten van deze studie suggereren dat er een 
lineair verband bestaat tussen de gemiddelde bestralingsdosis op het gehele 
hart en het optreden van acute coronaire events. Deze studie kende echter enkele 
tekortkomingen, waaronder het gebruik van oudere bestralingstechnieken en 
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het gebruik van een geschatte gemiddelde hartdosis. Ook is het op basis van 
de resultaten van deze studie niet mogelijk om het risico op acute coronaire events 
per individuele patiënt te berekenen. Het doel van hoofdstuk 2 in dit proefschrift 
was om deze resultaten te valideren in een groep van 910 borstkankerpatiënten 
die bestraald is met moderne bestralingstechnieken, gebaseerd op CT-scans 
waarmee de bestralingsplannen zijn gemaakt. Hierdoor is het mogelijk om 
per individu de gemiddelde bestralingsdosis op het gehele hart te berekenen. 
Onze resultaten waren vergelijkbaar met de resultaten van de eerder genoemde 
studie uit 2013, namelijk dat de relatieve kans op het ontwikkelen van acute 
coronaire events toeneemt met 16.5% per Gray (Gy, eenheid van bestraling) 
op het gehele hart binnen 9 jaar na radiotherapie. Ook hebben we getracht dit 
voorspellend model te verbeteren, door te kijken naar de bestralingsdosis op 
de linkerhartkamer in plaats van het gehele hart. Deze aanpassing zorgde voor 
een voorspellend model dat het risico op acute coronaire events nauwkeuriger 
kan schatten. Daarnaast spelen cardiovasculaire risicofactoren een belangrijke 
rol in de ontwikkeling van acute coronaire events. Met deze modellen kan het 
individuele risico op het ontwikkelen van acute coronaire events berekend 
worden per patiënt in de eerste 9 jaar na radiotherapie. Het effect van 
chemotherapie op de relatie tussen hartdosis en acute coronaire events kon 
vanwege statistische redenen niet onderzocht worden. Dit komt doordat het 
aantal borstkankerpatiënten met acute coronaire events in de follow up te laag 
was om nog een extra factor aan het voorspellend model te kunnen toevoegen. 
Preliminaire analyses laten zien dat chemotherapie wel degelijk bijdraagt aan 
het ontwikkelen van acute coronaire events na de behandeling van borstkanker. 
De verwachting is dat een toekomstige studie in een grotere groep patiënten 
met borstkanker dit verband kan aantonen.

De behandeling van borstkanker geeft niet alleen een verhoogd risico op 
acute coronaire events. Vrouwen die behandeld zijn voor borstkanker lopen 
ook een verhoogd risico op het ontwikkelen van hartfalen. Er is echter nog veel 
onduidelijk over het verband tussen hartdosis en het optreden van hartfalen. In 
hoofdstuk 3 is de relatie onderzocht tussen de bestralingsdosis op verschillende 
onderdelen van het hart en de linkerkamerfunctie bij vrouwen die behandeld zijn 
voor borstkanker. Uit de resultaten kwam naar voren dat cardiale risicofactoren 
en de bestraling op de coronair arteriën de belangrijkste bijdrage leverden 
aan het ontwikkelen van vroege verminderde linkerkamerfunctie. In de eerste 
7 jaar na de behandeling met radiotherapie was er voornamelijk vroege, niet-
symptomatische schade te zien aan de linkerkamer. Om deze late symptomatische 
schade te ontdekken is aanvullend onderzoek nodig met een langere follow up.

Hoofdstukken 2 en 3 laten zien dat cardiovasculaire risicofactoren belangrijk 
zijn voor het ontwikkelen van acute coronaire events na radiotherapie voor 
borstkanker. In hoofdstuk 4 wordt gerapporteerd over het onderzoek naar het 
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verband tussen de coronaire arteriële calciumscore en het ontwikkelen van acute 
coronaire events. Calcium in de coronair arteriën wijst op de aanwezigheid van 
aderverkalking, ook wel atherosclerotische plaques genoemd. Atherosclerotische 
plaques zijn een van de belangrijkste oorzaken van hart- en vaatziekten en 
worden veroorzaakt door een ongezonde levensstijl en andere cardiovasculaire 
risicofactoren zoals diabetes, hypertensie, roken of een hoog cholesterol. Calcium 
in atherosclerotische plaques is op een CT-scan te zien als lichte vlekken tegen 
een donkere achtergrond in de coronair arteriën. De intensiteit en hoeveelheid 
vlekken resulteren in een cijfer, de zogenaamde calciumscore. De resultaten van 
hoofdstuk 4 laten zien dat, zelfs na correctie voor risicofactoren en de gemiddelde 
hartdosis, een hoge calciumscore vastgesteld voor de start van de behandeling 
gepaard gaat met een bijna 5 keer zo hoge kans op het ontwikkelen van acute 
coronaire events in vergelijking met borstkankerpatiënten met een calciumscore 
van 0.

De resultaten van hoofdstukken 2 tot en met 4 laten zien dat de aanwezigheid 
van cardiovasculaire risicofactoren en een verhoogde calciumscore aan het 
begin van de behandeling belangrijke risicofactoren zijn voor het ontwikkelen 
van acute coronaire events na de behandeling van borstkanker. In hoofdstuk 3 
werd een verband gevonden tussen de bestralingsdosis op de coronair arteriën 
en cardiale dysfunctie. Dit zou er mogelijk op kunnen wijzen dat er een relatie 
bestaat tussen bestralingsdosis op de coronair arteriën en het ontstaan van een 
acuut coronair event. Om dit goed te kunnen onderzoeken zijn gegevens nodig 
over hoeveel bestralingsdosis de coronair arterie ontvangt. Iedere patiënt met 
borstkanker die in aanmerking komt voor radiotherapie ondergaat een CT-scan 
in bestralingshouding die wordt gebruikt om een bestralingsplan te maken. Op 
deze CT-scan wordt de bestralingsdosis berekend. Door organen en weefsels 
in te tekenen op de CT-scan kan de bestralingsdosis per orgaan of weefsel 
berekend worden. Het met de hand intekenen van coronair arteriën is erg lastig 
en tijdrovend. Daarnaast kan de wijze waarop de structuur ingetekend wordt per 
arts verschillen (i.e. interobserver variabiliteit), omdat de coronair arteriën erg 
klein zijn en bewegen door het hartritme en ademhaling. Voor grootschalige 
onderzoeken zou daarom automatisering van dit proces grote voordelen kunnen 
opleveren, namelijk sneller en minder interobserver variabiliteit. Daarom hebben 
we een automatische intekentool ontwikkeld voor de linker coronair arterie en 
beoordeeld op bruikbaarheid door de geometrische overlap te vergelijken tussen 
de automatische intekening van de linker coronair arterie en een handmatige 
intekening. Daarnaast is de automatische intekentool op bruikbaarheid beoordeeld 
door de dosisverdeling op de automatisch ingetekende linker coronair arterie 
te vergelijken met de dosisverdeling op een handmatige intekening. Dit wordt 
beschreven in hoofdstuk 5. Met behulp van deze tool kunnen wij de belangrijkste 
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coronair arterie, de linker coronair arterie, op grote schaal automatisch laten 
intekenen en de dosisverdeling berekenen.

Er is nog veel onduidelijk over de onderliggende biologische mechanismen die 
leiden tot radiotherapie-geïnduceerde toxiciteit van het hart. In eerder onderzoek 
werd aangetoond dat radiotherapie kan leiden tot versnelde atherosclerose. 
Dit mechanisme is verantwoordelijk voor de late hartschade na radiotherapie, 
meer dan 20 jaar na behandeling. De resultaten in dit proefschrift en andere 
onderzoeken laten echter ook zien dat er binnen 10 jaar na radiotherapie al 
hartschade kan optreden. Mogelijk spelen er naast versnelde atherosclerose, ook 
andere biologische mechanismen een rol. 

In hoofdstuk 6 hebben we onderzocht of bestraling op een reeds bestaande 
atherosclerotische plaque in de linker coronair arterie bijdraagt aan het 
ontwikkelen van een acuut coronair event. De achterliggende gedachten is, dat 
bestraling op een atherosclerotische plaque zorgt voor loslating van de plaque 
en daardoor het bloedvat afsluit en op deze wijze een acuut coronair event 
veroorzaakt. Deze hypothese is getest op 910 vrouwen gediagnosticeerd met 
borstkanker. Van iedere patiënt is de linker coronair arterie ingetekend op 
een CT-scan met behulp van de automatische intekentool uit hoofdstuk 5. Bij 
borstkankerpatiënten met een positieve calciumscore, werd de atherosclerotische 
plaque ook handmatig ingetekend. De resultaten van deze studie suggereren dat 
vrouwen met een atherosclerotische plaque ten tijde van de bestraling een sterk 
verhoogde kans hebben op het ontwikkelen van een acuut coronair event. Ook 
werd duidelijk dat hoe hoger de bestralingsdosis op de plaque is, hoe eerder een 
acuut coronair event optreedt. Om dit mechanisme daadwerkelijk aan te tonen is 
meer onderzoek nodig.

De studies gepresenteerd in dit proefschrift laten zien dat vrouwen behandeld 
voor borstkanker, een verhoogd risico hebben op het ontwikkelen van hartschade. 
De risico’s verschillen per patiënt en zijn afhankelijk van cardiovasculaire 
risicofactoren, leeftijd en de hoeveelheid bestralingsdosis op het hart. Met 
behulp van een voorspellend model kunnen patiënten met een hoog risico 
op hartschade geïdentificeerd worden en kunnen primaire dan wel secundaire 
preventieve maatregelen aangeboden worden.
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interesse en waardering. Het was dan ook niet meer dan logisch dat jij een van 
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Ik vind het een hele eer dat jullie vandaag hier naast mij staat.

Mijn lieve schoonfamilie, Familie Bisschop; Frans, Jacintha, Koen, Tom en 
Marjolein, ik wil jullie bedanken voor jullie belangstelling en niet aflatende steun. 
In 2012 ontvingen jullie mij met open armen. Sindsdien voelt Enschede als een 
tweede thuis. Ongeacht plaats en tijd weet ik dat jullie voor mij klaar staan. En ik 
hoop dat jullie weten dat dit geheel wederzijds is. Ik prijs mij zeer gelukkig dat 
ik onderdeel mag zijn van deze liefdevolle familie. Op naar decennia vol plezier, 
gezondheid en geluk. 

Mijn broer Roderick, schoonzus Linda en Noor, bedankt voor de fijne momenten 
iedere keer als ik weer even huiswaarts naar Roosendaal keerde. Lieve Noor, als 
jongedame van 5 jaar laat je zien wat onvoorwaardelijke liefde is. Wees trots op 
jezelf en grijp alle kansen waar jij gelukkig van wordt.

Lieve ouders, bedankt voor jullie onbeperkte steun en belangeloze hulp wanneer 
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en steun. Van Amsterdam, naar Zwolle, naar Groningen en weer terug, samen 
kunnen wij overal een warm maar vooral een liefdevol thuis maken. Ook leer 
ik nog steeds iedere dag van jou, je laat je nooit tegenhouden door schijnbare 
onmogelijkheden en komt zo verder dan menig persoon. De passie waarmee we 
ons leven organiseren en het plezier dat we samen mogen beleven zijn mij meer 
waard dan wat dan ook. Laten we samen nog heel veel nieuwe dingen op deze 
wereld ontdekken. Want wat is de wereld mooi en nog mooier samen met jou.



180

ABOUT THE AUTHOR
Veerle van den Bogaard was born on December 13th 1988 in Bergen op Zoom, 
the Netherlands. After graduating from high school in 2007, she left her parental 
house in Roosendaal to study Biomedical Sciences for a year before attending 
medical school at the VU Medical Center in Amsterdam. In 2011 Veerle began her 
clinical internships at various hospitals. After graduating in 2014 she worked as 
a resident at the department of Cardiology in Zwolle before obtaining a position 
as a PhD student at the department of Radiation Oncology at the University 
Medical Center Groningen, under supervision of Prof. dr. Hans Langendijk, Dr. 
Anne Crijns, and Dr. John Maduro. In the first part of her thesis, she investigated 
the relationships between a variety of candidate predictors and the risk of radiation-
induced cardiac toxicity. In the second part of her thesis she focused on gaining 
more knowledge on the underlying mechanisms of radiation-induced cardiac 
damage. Currently, Veerle is working as a resident in training at the department 
of Radiation Oncology at the Amsterdam University Medical Center. Outside 
work she lives together with her husband, Joris Bisschop, in Bussum.




