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FOCUS OF THESIS

Over the past decades survival from breast cancer has substantially improved due to earlier 
diagnosis, more effective systemic treatment and contemporary radiotherapy techniques. 
Currently, the 10-year survival of breast cancer is nearly 80% and the majority of patients 
has a long life-expectancy after treatment. Therefore, it is increasingly important to 
evaluate the occurrence of late adverse treatment sequelae and their impact on diseases 
other than breast cancer. The aims of this thesis were to evaluate long-term cardiovascular 
disease incidence in breast cancer survivors treated during 1970-2009, with a focus on the 
effects of more contemporary systemic treatments and changes in radiotherapy regimens 
over time. Furthermore, in a clinical study we assessed markers for early myocardial 
dysfunction among anthracycline-treated and anthracycline naïve breast cancer survivors 
who were five to twelve years after treatment, in order to identify women at highest risk 
of developing overt cardiovascular disease . 

MAIN RESULTS

In chapter 2 we assessed cardiovascular disease incidence in a large cohort of long-term 
breast cancer survivors and specifically focused on cardiovascular disease risk in patients 
treated with anthracycline-containing (neo)adjuvant chemotherapy and internal mammary 
chain irradiation. The latter is especially relevant as recent studies suggested beneficial effects 
of internal mammary chain irradiation for breast cancer prognosis.1–3 For this study, we 
excluded women treated for their primary breast cancer with trastuzumab or taxanes (with 
or without anthracycline-based chemotherapy, since numbers were too small and follow-up 
was too short to examine the effects of these treatments on cardiovascular disease risks. The 
total analytic cohort comprised 14,645 breast cancer patients aged <61 years treated during 
1970–2009 in the Netherlands Cancer Institute (Amsterdam) or Erasmus Medical Center 
(Rotterdam). Patient and tumor characteristics were obtained through the Netherlands Cancer 
Registry, hospital tumor registries and medical files. Data on prevalence of cardiovascular 
risk factors, cardiovascular disease incidence, and causes of death were retrieved during 
2014-2018 from the medical records and by contacting all patients’ general practitioners 
and, if applicable, cardiologists. We evaluated radiation-associated cardiovascular disease 
risk by comparing specific radiotherapy fields (i.e. right chest wall irradiation, left breast, 
left chest wall, internal mammary chain) to right-sided breast irradiation. We specifically 
chose women who were irradiated to the right breast as our reference group, because the 
no radiotherapy group had a higher cardiovascular disease risk compared to the right-sided 
breast irradiation group (possibly because women in whom radiotherapy was omitted are 
a selected group) and this would have attenuated our risk estimates for the other radiation 
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fields. Internal mammary chain irradiation (interquartile range of typical mean heart doses 
9–17 Gy) was associated with increases in overall cardiovascular disease rate, ischemic heart 
disease, heart failure, and valvular heart disease with hazard ratios (HRs) ranging from 1.6–
2.4. Ischemic heart disease risk remained increased until at least 20 years after treatment, 
patient numbers were too small to assess risks beyond this follow-up period. Anthracycline-
based chemotherapy was associated with a more than 4-fold increased heart failure rate, 
compared to patients without anthracycline-based chemotherapy, with the risk emerging 
within five years after breast cancer treatment and remaining increased at least 10–15 years 
after treatment. Internal mammary chain irradiation combined with anthracycline-based 
chemotherapy was associated with an even higher heart failure rate (HR = 9.23, 95% CI 6.01–
14.18), compared patients who were not treated with internal mammary chain irradiation 
nor with anthracycline-based chemotherapy.
Heart failure risk was studied in more depth in two studies: a second cohort study (chapter 
3), which included breast cancer patients treated in more recent years of diagnosis (2000-
2009) in order to assess the effects of contemporary chemotherapy and immunotherapy 
and modern radiotherapy techniques, and a case-control study of heart failure after 
breast cancer (chapter 4), nested in the cohorts described in chapter 2 and chapter 3. 
The cohort study in chapter 3 included patients treated for early stage breast cancer 
(stage I-III) or ductal carcinoma in situ before the age of 61 years during 2000-2009 in the 
Netherlands Cancer Institute, Amsterdam or the Erasmus MC-Cancer Institute, Rotterdam, 
the Netherlands. Data collection procedures were similar to those in chapter 2. In total 
10,209 women with a median age at breast cancer diagnosis of 50 years were enrolled. 
We found that anthracycline-based chemotherapy was associated with a more than 
2-fold increased heart failure rate compared to those who did not receive anthracyclines. 
Also, for aromatase inhibitors we observed increased heart failure rates compared to no 
endocrine therapy (HR: 2.18, 95% CI: 1.24-3.82). After trastuzumab, heart failure risk was 
highest within the first two years after treatment (HR0-2years: 13.06, 95% CI: 5.70-29.92) and 
decreased thereafter (HR2-4years: 4.84, 95% CI: 1.99-11.75 and HR≥4 years: 0.64, 95% CI: 0.23-
1.81). Additional information on left ventricular function was collected for women who 
developed heart failure during/after trastuzumab administration (n=27) and showed that 
one third of patients (9/27) still had a decreased left ventricular ejection fraction (LVEF<50%) 
at last known measurement (up to nine years after initial heart failure diagnosis). In 12/27 
patients a medical intervention was needed to (temporarily) support cardiac function. In 
3/27 patients LVEF recovered spontaneously when trastuzumab was withdrawn. In all 27 
patients trastuzumab was preceded by anthracycline-based chemotherapy.
The results of our nested case-control study of heart failure risk after breast cancer are 
described in chapter 4. The aim of this study was to assess the shape of the dose response-
relationships between mean whole heart radiation dose and cumulative anthracycline 
dose (i.e. doxorubicin dose-equivalent) and heart failure risk. Furthermore, heart failure 

risks after trastuzumab and endocrine therapies were evaluated. For this study, heart failure 
diagnoses were ascertained from medical charts and through questionnaires sent to the 
general practitioner of each patient in our breast cancer cohort (described in chapter 2 and 
chapter 3). In total, 342 heart failure cases were identified and for these patients we send 
an additional questionnaire to the patient’s cardiologist to confirm heart failure diagnosis. 
Heart failure was defined as either dilated cardiomyopathy or heart failure with reduced 
LVEF (<50%) or a ≥10% drop from baseline LVEF Eventually, 102 cases who developed heart 
failure as a first cardiovascular diagnosis after breast cancer treatment were included in 
the study and 240 cases were excluded based on review of stringent eligibility criteria. For 
each heart failure case, three controls were selected from the cohort, matched on age (≤5 
years) and date of breast cancer diagnosis (≤5 years). In total, 306 controls were matched 
to the cases. Detailed treatment, cardiovascular risk factor and follow-up information were 
collected from oncology notes. Radiotherapy regimens were retrospectively identified from 
individual radiation charts and then reconstructed on a ‘typical CT-scan’ for each woman in 
the study. Mean whole heart dose, mean left ventricle dose and the percent volume of the 
heart receiving ≥5, 10, 15, 20, 25, 30, 35, and 40 Gy (V5-V40) were estimated retrospectively 
using dose-volume histograms by Prof. S. Darby, Dr. C. Taylor and FFRSI F. Duane, Oxford. Rate 
ratios for heart failure were estimated using logistic regression conditional on the matching 
variables. Median age at breast cancer diagnosis of cases and controls was 51 years and 
median time to heart failure diagnosis/cut-off date was 11 years. For heart failure cases who 
received radiotherapy the estimated median mean whole heart dose was 6.8 Gy versus 3.9 Gy 
for controls. Mean whole heart dose was not associated with heart failure risk overall (excess 
rate ratio (ERR) /Gy: 1%; 95%CI -2 to 10%). However, in patients treated with anthracyclines, 
exposure of ≥20% of the heart to ≥20 Gy was associated with a rate ratio of 5.7 (95% CI: 
1.7-21.7) compared to patients in whom <10% of the heart was exposed to ≥20 Gy. Patients 
who received anthracyclines but no trastuzumab had a 6.9-times increased heart failure rate 
(95% CI: 3.5-13.6, adjusted for radiotherapy and endocrine therapy) compared to patients 
not treated with chemotherapy. After anthracyclines and trastuzumab, the heart failure rate 
ratio was 34.9 (95% CI: 11.1-110.1). Heart failure in women who received anthracyclines 
without trastuzumab occurred ˃10 years after diagnosis of breast cancer in 21/33 cases 
while, in contrast, all 14 patients who developed heart failure after trastuzumab occurred 
within the first four years after treatment. We observed a dose-dependent increase in heart 
failure rate with increasing cumulative anthracycline dose in patients who did not receive 
trastuzumab (ERR=1.5% per mg/m2, 95%CI 0.5-4.1). Modelled 10-year cumulative incidence 
was 1.4% for patients treated with a cumulative anthracycline dose of ≤240 mg/m2 and 3.1% 
for patients with a cumulative anthracycline dose of >240 mg/m2.
To determine the shape of the dose-response relationship between mean whole heart 
dose and myocardial infarction rate, we conducted a second nested case-control study 
within our cohort of long-term breast cancer survivors treated during 1970-2009 (see 
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chapter 2 and chapter 3) assessing risk of myocardial infarction as a first cardiovascular 
event after breast cancer (chapter 5) . Myocardial infarction diagnoses in the cohort 
were ascertained from medical files and through questionnaires sent to the general 
practitioner and/or cardiologist. In total 183 patients diagnosed with myocardial 
infarction after breast cancer and 183 controls individually matched on age at breast 
cancer diagnosis (±5 years) and date of breast cancer diagnosis (±5 years) were included 
in the study. Data at breast cancer diagnosis regarding medical history (including prior 
cardiovascular diseases, diabetes and hypertension), smoking history, and body mass 
index (BMI) were abstracted from medical files. Treatment information, including 
surgery, chemotherapy regimen and endocrine therapy, was also collected. Copies of 
radiation charts were obtained for patients who received radiotherapy and the same 
method as in chapter 4 was used to retrospectively estimate typical mean whole heart 
dose, mean left ventricle dose and V5-V40 for each woman in the study (Prof. S. Darby, 
Dr. C. Taylor and FFRSI F. Duane, Oxford). The median age at breast cancer was 50 and 
the median time to myocardial infarction was almost 14 years. Median mean whole 
heart dose was 8.9 Gy (IQR: 4.8-15.0) for cases and 8.5 Gy (IQR: 4.3-12.2) for controls. 
We found that the myocardial infarction rate increased linearly with an increasing 
mean whole heart dose, with an ERR per Gy of 6.4% (95% CI: 1.3%-16.0%). Patients 
who received ≥20 Gy mean whole heart dose had a 3.4-fold (95% CI: 1.5-7.6) higher 
myocardial infarction rate than patients who did not receive radiation. Chemotherapy 
and endocrine therapy were not associated with an increased myocardial infarction 
risk. The ERRs per Gy were higher for younger women, although this association was 
only borderline statistically significant (ERR<45 years: 24.2%/Gy, ERR≥50 years: 2.5%/
Gy, p interaction=0.054). Approximate 20-year cumulative risks were estimated from 
the treatment-specific rate ratio’s together with the cumulative myocardial infarction 
risk for the entire breast cancer cohort. These were 0.9%, 1.8%, 2.1%, 2.5% and 4.2% 
for no radiotherapy and mean whole heart dose categories <2 Gy, 2-9 Gy, 10-19 Gy and 
≥20 Gy, respectively. Whole heart dose-volume parameters (V5-V40) did not modify 
the dose response relation significantly.
As described in chapter 2, chapter 3, and chapter 4, anthracycline-based chemotherapy 
is associated with a dose-dependent increased risk of heart failure. However, the 
long-term incidence of early cardiotoxicity in young breast cancer survivors, without 
significant cardiovascular risk factors at breast cancer treatment, is currently unknown. 
Measures of early myocardial dysfunction are needed to identify patients at increased 
risk of symptomatic cardiac disease and to further develop guidelines for monitoring of 
high-risk patients. We therefore set up the HARBOR study (HARtschade na BORstkanker/
Identifying subgroups with High cArdiovascular Risk in Breast cancer survivORs) in 
which we assessed myocardial dysfunction among long-term breast cancer survivors 
treated with and without anthracycline-based chemotherapy using a comprehensive 

cardiac assessment. Potential study candidates were selected from hospital-based 
cohorts of breast cancer survivors for whom we had previously collected information 
on cardiovascular disease incidence through general practitioners and cardiologists 
(chapters 2 and 3). Women were eligible for the current study if they were treated 
for invasive breast cancer (stage I-III) or ductal carcinoma in situ (DCIS) at ages 40-50 
years in the Netherlands Cancer Institute, Amsterdam or the University Medical Center 
Groningen, and were either 5-7 or 10-12 years after initial treatment. Sixty-three 
percent of invited women provided informed consent and completed the first study visit. 
Participants filled out questionnaires and detailed tumor- and treatment characteristics, 
medical history, previous cardiac evaluation, cardiovascular risk factors, and medication 
use were extracted from medical records, hospital registries, and obtained through the 
participants’ general practitioner. At study visit, participants underwent standardized 
physical examination, blood and urine sampling and electrocardiography. N-terminal pro-
Brain Natriuretic Peptide (NT-proBNP) was measured in serum and transthoracic tissue 
Doppler echocardiography was performed according a standardized acquisition protocol. 
Global longitudinal strain (GLS) was measured using the Arena 2D cardiac performance 
analysis. In total, 569 women were included in the study, of whom 313 women received 
anthracycline-based chemotherapy and 256 did not. At study visit, 277 patients were 
5-7 years and 292 were 10-12 years after breast cancer treatment. Overt signs of heart 
failure (such as pulmonary congestion and/or peripheral edema) were absent at physical 
examination in all screened patients. The median age at breast cancer diagnosis was 
46.7 years and at cardiac assessment it was 55.5 years. Anthracycline-treated patients 
more often had low LVEF (10% versus 4%), impaired GLS (34% versus 27%) and elevated 
NT-proBNP (23% versus 8%) compared to patients who had not received anthracyclines. 
More than half of anthracycline-treated women (54%) had at least one indicator of 
subclinical cardiotoxicity. Both GLS and LVEF declined in a linear fashion with increasing 
cumulative anthracycline dose (GLS: +0.23 and LVEF: -0.40 per cycle of 60mg/m2; 
p<0.001). GLS was worse for patients who had received left breast irradiation. Patients 
who had received 241- 300 mg/m2 anthracycline had the highest probability to have a 
NT-proBNP>125ng/L compared to patients who received no anthracyclines (odds ratio: 
3.30, 95% confidence interval: 1.83-5.96). Although longitudinal assessment of this 
cohort is essential to determine the prognostic value of strain and cardiac biomarkers 
in the development of overt cardiotoxicity, our results suggest that strain and NT-
proBNP are promising early parameters for myocardial dysfunction, since a substantial 
proportion of young BC survivors showed signs of myocardial dysfunction based on GLS 
measurements and NT-proBNP levels, whereas the number of women with a decreased 
LVEF was much smaller. 
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GENERAL DISCUSSION

Anthracyclines and heart failure risk
A large body of evidence has been published showing increased heart failure rates 
after anthracycline-based chemotherapy in breast cancer survivors (Table 1). Median 
follow-up in the population-based studies, however, was generally <10 years and 
studies including cumulative anthracycline dose are scarce.4–7 Furthermore, many 
studies have investigated the incidence of anthracycline-related cardiotoxicity by 
echocardiographic measurement of left ventricular ejection fraction as an indicator of 
systolic (dys)function, but results are difficult to compare across studies due to lack of 
a uniform definition for cardiotoxicity (Table 1). In this thesis we present anthracycline-
related heart failure rates for breast cancer patients with a median follow-up of 9-14 
years and anthracycline dose information was incorporated in our analyses. In chapter 
2 describing the results of a cohort study among >14,000 women treated for stage I-III 
breast cancer during 1970-2009 who had a median follow-up of 14 years, we present a 
relative risk of heart failure of 4.18 for anthracyclines compared to no chemotherapy 
when taking into account all heart failure diagnoses and a risk of 3.93 when only 
patients’ first cardiovascular diagnosis were considered. In chapter 3, describing the 
results of a second cohort study, including patients treated between 2000-2009 who 
had a median follow-up of 9 years, anthracycline-related heart failure rate ratio’s 
were somewhat lower: 2.18 when considering all heart failure events and 2.78 when 
only first heart failure events were taken into account. Possible explanations for the 
slight difference between the heart failure risk estimates in the two cohort studies 
are the lower prevalence of classic cardiovascular risk factors in patients treated more 
recently and decreasing cumulative anthracycline dose over time as a consequence 
of a growing awareness of anthracycline-related heart risk, since it is known that 
cumulative dose is a strong risk factor for anthracycline-related heart failure risk.8, 9 In 
chapter 3, we confirmed that heart failure risk increased with increasing cumulative 
anthracycline dose (doxorubicin dose-equivalent), with the risk being highest for 
patients treated with ≥360 mg/m2 (HRs: 5.24, 95% CI: 2.92-3.41). In our heart failure 
case-control study (chapter 5) rates were even higher; women who received >240mg/
m2 cumulative doxorubicin dose-equivalent had a rate ratio of 8.8 compared to women 
who received no anthracyclines. It should be noted that in the case-control study only 
first heart failure events were included, compared to all events in the cohort study. 
Furthermore, all heart failure diagnoses were validated through the medical record 
and/or cardiologists and most women had impaired systolic dysfunction (indicated by 
a decreased left ventricular ejection fraction), whereas in the cohort studies all heart 
failure diagnoses were included. These also included (temporary) ejection fraction 
decreases and events potentially secondary to other cardiovascular diseases, which 

may have attenuated anthracycline-related risk estimates presented in the cohort 
studies. In the case-control study we also observed a linear dose-response relationship 
between anthracycline dose and cumulative heart failure rate (excess relative risk of 
1.5% per mg/m2); no significant departure from linearity was seen. This indicates that 
there is no anthracycline dose below which heart failure risk is not increased, as has 
also been shown in other studies among patients with (metastatic) breast cancer8–10 
and in other patient populations treated with anthracyclines.11–13

Our estimated absolute risks of heart failure after anthracycline-based chemotherapy 
(5- and 10-year cumulative incidences were 0.8% and 1.8%, respectively) are 
comparable to the cumulative incidences reported in large clinical trials (Table 1).14–16 
This is somewhat surprising as patients participating in clinical trials generally have 
a better cardiovascular health than (unselected) patients included in cohort studies. 
This finding may be partly explained by the similar (rather young) age distribution of 
our study population compared to the age distribution of breast cancer patients in 
these randomized trials. 
Previous epidemiological studies, however, found somewhat lower relative risks than 
presented in our cohort studies (Table 1). The relative risk of incident heart failure after 
anthracycline-based chemotherapy in the study by Bowles et al. was 1.40 compared 
to no chemotherapy (95% CI: 1.11-1.76)4 and in the study by Boekel et al. a 2-fold 
increased heart failure risk for patients who were treated with chemotherapy ≥1997 
was found compared to no chemotherapy.5 In a study by Thavendiranathan et al., 
anthracycline-based chemotherapy was not associated with an increased risk of major 
cardiac events compared to the ‘no chemotherapy’ group (HR: 0.97, 95% CI: 0.73-
1.27).6 It should be noted that this particular reference group had a mean age of 62 
years and thereby may have attenuated anthracycline-related risks. The differences 
between published epidemiological studies and hazard ratios shown in this thesis 
may be attributed to the relatively young age of our study population (median age at 
breast cancer diagnosis: 50 years), as we found that heart failure risk increases were 
larger in women treated at younger ages: in chapter 2 we showed a HR of 5.23 (95% 
CI: 3.41-8.01) for women treated before the age of 51 years and in chapter 3 heart 
failure risk was 13.61 within the first 5 years after anthracyclines among patients 
treated <51 years. However, we did not observe that age significantly modified the 
association between anthracyclines and heart failure, which is consistent with the 
results of Thavendiranathan et al.6
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Table 1. Anthracyclines and heart failure risk in previously published studies

Reference Year Study type Patient

numbers

Age at breast cancer 

diagnosis

Follow-up Main findings

Romond14 2012 RCT 2119 Mean: 49 Median: 7.3 years  - A cardiac event was defined as a definite/probable cardiac death or HF manifested by dyspnea with normal 
activity or at rest and associated with an absolute decrease in LVEF >10% from baseline to a value <55% or 
a decrease in LVEF >5% from baseline below the lower limit of normal.

 - Seven-year cumulative incidence was 1.3% (95% CI: 0.5-2.1) among anthracycline-treated patients who 
received no adjuvant trastuzumab.

Mackey15 2013 RCT 1491 Median: 49 Median: 10.3 years  - HF was recorded according NCI toxicity criteria (grade 3: mild heart failure, responsive to therapy, grade 4: 
severe heart failure, refractory).

 - Frequency of HF (grade 3-4) was similar in the TAC and FAC group: 3% versus 2% (p=0.18)

Advani16 2016 RCT 1944 Median: 49 Median: 9.2 years  - Cardiac events were defined as symptomatic HF (confirmed by echocardiography/MUGA or ECG + chest 
X-ray), definite cardiac death or probable cardiac death.

 - Six-year cumulative incidence of a cardiac event was 0.6% among anthracycline-treated patients who 
received no trastuzumab.

Bonneterre17 2004 Cross sectional 
analysis of 
patients initially 
included in RCT

150 Median: 59 Median: 8.5 years  - HF was recorded according NCI toxicity criteria and a cardiac event was defined as LVEF<50% and/or a 
decrease in LVEF ≥20% from baseline at cardiac assessment.

 - Two patients (2.3%) in the FEC100 arm developed HF grade 3 versus none in the FEC50 arm (p=0.034).
 - Five patients (5.9%) in the FEC100 arm had a LVEF<50% versus none in the FEC50 arm (p=0.05).
 - Eleven patients (12.9%) in the FEC100 arm had a ≥20% LVEF decrease from baseline versus one patient 

(1.5%) in the FEC50 group (p=0.006).

Fumoleau18 2005 Retrospective 
analysis RCT data

3,577 Mean: 50 (E+) and 
59 (E-)

Median: 7 years  - Left ventricular dysfunction (LVD) was defined as the occurrence of cardiac symptoms, a LVEF below the 
normal value of the center, and/or a LVEF decrease ≥20% of baseline value.

 - Cumulative incidence of LVD after epirubicin-based chemotherapy (E+) was 1.36% (95% CI: 0.85-1.87) and 
0.21% in non epirubicin exposed patients (p=0.004).

Ganz19 2008 Cross sectional 
analysis of 
patients initially 
included in RCTs

180 Median: 48 Median: 6.7 years 
and 10.7 years

 - The frequency of “subclinical HF” was measured as the proportion of patients with LVEF<50%.
 - For patients in the 5-8 year window 5% of patients in the anthracycline arm had LVEF><50% versus 7% in 

the CMF arm (p=.068)
 - For patients in the 10-13 year window 3% of patients in the anthracycline arm had LVEF<50% versus 0% in 

the CMF arm (p=0.03)

Murtagh20 2016 Cross sectional 
analysis of 
doxorubicin-
treated patients 
initially included 
in RCTs

154 Mean: 60.7 Not provided (>10 
years)

 - The frequency of LVD was measured as the proportion of patients with LVEF<50%.
 - Three patients (1.9%) had LVEF<50%.
 - Relative LVEF decreases were more common (up to 16% of patients treated with ≥240mg/m2 had a more 

15% drop in LVEF)

Banke21 2018 Post-hoc analysis 
of RCT data

980 Mean: 48 Median: 17 years  - HF was defined by ICD-8 and ICD-10 codes obtained from the Danish National Patient Registry.
 - Incidence rate of HF was 3.7% in the epirubicin group versus 1.4% in the CMF group.
 - Epirubicin HR for HF: 3.0 (95% CI: 1.39-6.49)

Bowles4 2012 Retrospective 
cohort study

12,500 Mean: 60 Median: 4.4 years  - HF was defined using an algorithm that uses ICD-9 codes from health registry systems.
 - The risk of incident HF associated with anthracyclines was 1.40 (95% CI: 1.11-1.76).
 - Five-year cumulative incidence of HF among anthracycline-treated patients was 4.3% (95% CI: 3.5-5.0).
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Table 1. Continued

Reference Year Study type Patient

numbers

Age at breast cancer 

diagnosis

Follow-up Main findings

Boekel5 2016 Population-based 
retrospective 
cohort study

70,209 Mean/median not 
provided
38.7% ≥60

Median: 9 years  - Population-based registries with ICD-10 codes for CVD were used to acquire information on HF incidence.
 - Chemotherapy ≥1997 (i.e. anthracycline-containing regimens) sHR for HF: 1.35 (95% CI: 1.00-1.83)
 - Patients <50 who received chemotherapy ≥1997 and were followed 10-15 years had a more than 2-fold 

increased risk of any CVD (sHR: 2.33, 95% CI: 1.10-4.90)

Thavendiranathan6 2016 Population-based 
retrospective 
cohort study

18,540 Median: 54 Median: 3 years  - Population and hospital registries were used to identify cardiac events. A major cardiac event (MCE) was a 
composite of hospitalization or emergency room visits where the diagnosis was HF, pulmonary edema, or 
cardiomyopathy; outpatient diagnosis of HF; and cardiovascular death.

 - The rate of MCE was 6.5 events (95% CI: 5.6-7.4) per 1,000 patient-years among anthracycline-treated 
patients.

 - Three-year cumulative incidence of MCE among anthracycline-treated patients was 2.0%.

Yoon Choi7 2018 Retrospective 
cohort study

83,544 Median: 49 Median: 3.6 years  - Incidence of HF (I50) was obtained through the Korean Health Insurance Review and Assessment Service 
database.

 - Four-year cumulative incidence of HF among anthracycline-treated patients was 2.9% (95% CI: 2.7-3.0) and 
10-year cumulative incidence was 6.8% (95% CI: 6.3-7.2)

In chapter 2 we showed that heart failure rates for anthracycline-based chemotherapy were 
increased up to 15 years after treatment. Especially among women treated at a young age, 
cardiac compensatory mechanisms may prevent cardiac dysfunction for years. Exhaustion 
of these mechanisms and the incidence of additional risk factors for heart failure with 
increasing age (such as hypertension, diabetes and coronary artery disease) may lead to 
overt cardiac dysfunction and signs and symptoms of heart failure many years after initial 
treatment. Cardinale et al. questioned whether the long-term anthracycline-related risk is 
the result of a late diagnosis rather than a true late onset of disease. In a large clinical study 
including a heterogeneous population of cancer patients (n=2,625), they assessed LVEF at 
baseline, during anthracycline therapy and up to four years after treatment. The overall 
incidence of anthracycline-related cardiotoxicity was 9% and it was seen that most left 
ventricular decreases occurred within the first year after treatment.22 It should be noted 
that follow-up of patients in this study was still rather short and it is questionable whether 
close monitoring of the LVEF within the first year after potential cardiotoxic anthracycline 
treatment will identify all patients at risk of developing heart failure. The absence of cardiac 
surveillance of women included in our studies could have resulted in a late heart failure 
diagnosis, although we believe it is unlikely that late occurring anthracycline related risk 
would thereby be decreased to unity.

Radiotherapy and heart failure risk
Several studies have investigated the association between radiotherapy and heart failure 
in various cancer populations (i.e. breast cancer, childhood cancer and Hodgkin lymphoma 
patients) and found conflicting results.5, 12, 23–26 In chapter 2 the relationship between heart 
failure and specific radiotherapy fields was studied. Irradiation of the internal mammary 
chain was associated with heart failure risk compared to right breast irradiation (HR: 1.82, 
95% CI: 1.27-2.63, adjusted for anthracycline-based chemotherapy) and rate increases 
were observed after both left- and right-sided internal mammary chain irradiation. 
Estimates did not change when patients treated with anthracycline-based chemotherapy 
were excluded from the analyses and when only first heart failure events were taken into 
account. However, in our heart failure case control study (chapter 5) in which radiation 
doses to the heart were retrospectively estimated, we did not find an association 
between mean radiation dose to the heart and heart failure rate in patients not treated 
with anthracyclines, whereas in studies among Hodgkin lymphoma and childhood cancer 
survivors a dose-response between mean whole heart dose and heart failure has been 
reported.12, 26 Although our case-control study was nested in the cohort, there are several 
differences between the heart failure cases included in the case-control study and heart 
failure events included in the analyses of the cohort study presented in chapter 2 (overlap 
59%). Most importantly, in the case-control study more detailed information was collected 
on heart failure diagnosis and most patients were diagnosed with (symptomatic) heart 
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failure with reduced ejection fraction (i.e. systolic dysfunction), while in our cohort study 
all heart failure diagnoses, which may include heart failure with preserved ejection fraction 
(i.e. diastolic dysfunction), were taken into account. Exclusion of these cases in the case-
control study may be an explanation for the absence of a relationship between radiation 
dose to the heart and heart failure risk among women treated without anthracyclines in 
the case-control study. Interestingly, in the case-control study by Saiki et al. an association 
between radiotherapy and heart failure with preserved ejection fraction was found, but 
no association between radiotherapy and heart failure with reduced ejection fraction.27 
Furthermore, women treated with taxanes and/or trastuzumab were excluded from the 
analyses shown in chapter 2, while in the heart failure case-control study these patient 
are included.
Few studies have addressed the possible interaction between radiotherapy and 
anthracyclines in the development of heart failure.11, 28, 29 Additionally, the roles of radiation 
dose, irradiated heart volume and anthracyclines in the development of heart failure have 
not been studied in breast cancer patients. This is increasingly relevant as a large number 
of breast cancer survivors has been treated and many breast cancer patients will be treated 
with both, potentially cardiotoxic, treatment modalities. Furthermore, it is not known 
whether a high cardiac radiation dose to a small volume of the heart is more, less or equally 
harmful than a high cardiac radiation dose to a large volume of the heart. We assessed 
the separate and joint effects of mean whole heart dose and anthracyclines in the heart 
failure case-control study (chapter 5) and found a rate ratio of 12.4 (95% CI: 4.0-39.2) for 
women treated with a mean whole heart dose ≥10 Gy and anthracyclines, compared to 
women who received a mean whole heart dose <10 Gy and no anthracyclines. This rate 
ratio is comparable with the estimated joint effect of internal mammary chain irradiation 
and anthracyclines, presented in chapter 2 (HR: 9.23, 95% CI: 6.01-14.18), which seemed 
more than additive (p for interaction on an additive scale: 0.06). This finding is in contrast 
with the results of Van Nimwegen et al among Hodgkin lymphoma survivors. In that study 
the rate ratio’s for heart failure in patients treated with ≥26 Gy mean whole heart dose 
relative to 0 to 25 Gy did not significantly differ according to anthracycline therapy.12 The 
ability, however, of the latter study to investigate the interaction between anthracyclines 
and mean whole heart dose was limited, since only 90 patients (24%) were treated with 
anthracycline-based chemotherapy with limited dose ranges (280-300mg/m2 with limited 
dose ranges (280-300mg/m2) and of whom most patients also received mediastinal 
radiotherapy. Also, in a study among childhood cancer survivors, the association between 
anthracyclines and rate of cardiac disease was not modified by mean heart dose.26 
Furthermore, heart failure rate was increased in women of whom 10-19% of the heart 
volume was exposed to at least 25 Gy and who were also treated with anthracyclines (RR: 
4.1, 95% CI: 1.0-15.9). In a recently published paper by Mansouri et al. among childhood 
cancer survivors, patients treated with anthracyclines who received at least 30 Gy to <10% 

of the heart volume had a 22-fold increased risk relative to controls who received no 
anthracyclines and no radiotherapy.30 In the study by Bates et al., high doses to relatively 
small heart volumes (0.1%-29.9%) were also associated with an increased heart failure rate 
(RR: 2.4, 95% CI: 1.4-4.2) compared with unexposed patients.26 These findings are in line 
with our results that a small irradiated volume of the heart with a relatively high dose is 
associated with increased heart failure risk in breast cancer survivors, who are also treated 
with anthracycline-based chemotherapy.

Trastuzumab and heart failure risk
Trastuzumab is a very effective agent in the treatment of patients with HER2 positive 
breast cancer, but is associated with an increased risk of heart failure, which is known 
from both clinical trials16, 31–33 and population-based studies4, 34, 35. The trastuzumab-
related risk of heart failure is often reversible and left ventricular ejection fraction (LVEF) 
in most patients improves when trastuzumab is (temporarily) stopped.36 However, long-
term cardiotoxicity data after trastuzumab treatment in non-clinical trial populations 
are lacking. In chapter 3 we present trastuzumab-related heart failure risk in a cohort of 
breast cancer patients with a median follow-up of 9 years. Trastuzumab was associated 
with an increased heart failure risk of incident heart failure within the first four years 
after treatment (HR0-2years: 13.06, 95% CI: 5.70-29.92, HR2-4years: 4.84, 95% CI: 1.99-11.75) 
and the risk decreased to unity thereafter (HR≥4 years: 0.64, 95% CI: 0.23-1.81). Also, in 
our heart failure case-control study (chapter 5) patients treated with anthracyclines 
and trastuzumab had a 5.5-fold increased heart failure rate compared to patients who 
received anthracyclines, but no trastuzumab (95% CI: 1.9-16.0), and most heart failure 
diagnoses were made within the first two years after treatment. The intensity of cardiac 
monitoring of these patients largely determines the timing of a heart failure diagnosis 
following trastuzumab treatment. Therefore, the estimated risks could be partly based 
on asymptomatic ejection fraction declines, which may recover over time. However, in 
our cohort study (chapter 3) we made efforts to collect additional echocardiography data 
and observed that in one third of patients diagnosed with heart failure after trastuzumab 
the ejection fraction did not recover (≥50%) up to nine years after the initial diagnosis. 
Furthermore, in 44% of patients a medical intervention was needed to support cardiac 
function. It should be noted that in both studies all trastuzumab-treated patients who 
developed heart failure were also treated with anthracyclines, which raises the question 
whether this particular group would benefit from cardiac surveillance after completion of 
trastuzumab treatment. To date the optimal method for detection of trastuzumab-related 
cardiotoxicity and the duration of cardiac monitoring have not been established. Current 
recommendations for frequency and duration of echocardiographic LVEF monitoring 
during trastuzumab are based on the HERA trial protocol.37 However, no consensus on 
cardiac assessment after completion of trastuzumab has been reached.38, 39 Our findings 
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indicate that cardiac surveillance deserves consideration in the first years after sequential 
therapy with anthracyclines and trastuzumab. Furthermore, studies investigating (early) 
interventions to improve cardiac outcome (i.e. progression to overt heart failure) of 
high-risk patients are needed.
Since the number of patients only treated with trastuzumab (plus taxanes) in our studies was 
very small, we could not draw any conclusions about the cardiotoxic effect of trastuzumab 
in the absence of anthracyclines. Studies investigating the efficacy of anthracycline-free 
regimens in the treatment of HER2-positive breast cancer, however, have shown promising 
results with similar response and survival rates and less cardiac side effects compared 
to trastuzumab treatment preceded by anthracycline-based chemotherapy.40–44 In the 
phase III study by van Ramshorst et al. a anthracycline-based regimen (i.e. 3x FEC90) 
was compared with an anthracycline-free regimen (carboplatin+paclitaxel), both in the 
presence of dual HER2 blockade with trastuzumab and pertuzumab as neo-adjuvant 
treatment. Pathological complete response rates were almost identical in both arms and 
symptomatic left ventricular systolic dysfunction at a median follow-up of 1.6 years was 
rare in both groups.41 Also, the phase II study by Jones et al. shows a reassuring 97% three-
year disease-free survival among women with low-risk node-negative disease treated with 
a non-anthracycline regimen.40 Long-term follow-up of these trials is awaited to confirm 
long-term efficacy and safety of anthracycline-free regimens for the treatment of HER2-
postive breast cancer.
Another way to limit cardiotoxicity of anthracycline plus trastuzumab regimens could be 
shorter treatment duration.45, 46 Several randomized trials have investigated a shorter than 
12 month trastuzumab treatment duration,47, 48 but data are not mature yet and non-
inferiority of 6 month trastuzumab treatment in terms of long-term overall survival remains 
to be established.49 

Radiotherapy and ischemic heart disease
Radiotherapy has long been known to increase the risk of ischemic heart disease.5, 11, 23, 

50, 51 Recent studies have focused on estimating the effects of cardiac radiation doses and 
dose-volume parameters on the development and onset of ischemic heart disease50, 52, 

53. In chapter 2 we describe the risk of ischemic heart disease associated with specific 
radiation fields. Ischemic heart disease rates were highest for internal mammary chain 
irradiation (HR: 2.36, 95% CI: 1.74-3.22) and left chest wall irradiation (HR: 2.57, 95% 
CI: 1.61-4.11). In patients treated before the age of 51 years left breast irradiation was 
also associated with ischemic heart disease risk (HR: 1.70, 95% CI: 1.03-2.80). Within 
the first ten years after radiotherapy, no significantly increased rates were seen in any of 
the treatment periods (1970-1986, 1987-1999 and 2000-2009), whereas ≥10 years after 
radiotherapy rates were increased ad remained increased even ≥20 years after breast 
cancer diagnosis (HRs: 1.35-2.51). In our case-control study investigating risk of myocardial 

infarction after radiotherapy, individual cardiac doses were estimated and we examined the 
dose-response relationship between mean whole heart dose and myocardial infarction. 
We found that myocardial infarction rate increases linearly by 6.4% per Gy increase in 
mean whole heart dose, which is consistent with the previously published radiation dose-
response relationship in a landmark study by Darby et al.50 and in a study among Hodgkin 
lymphoma survivors.52 In the Darby study 2168 women (of whom 963 women had a major 
coronary event) who underwent radiotherapy for breast cancer between 1958 and 2001 
in Sweden and Denmark were included. The rate of major coronary events increased by 
7.4% per Gy mean dose to the heart and the risk increase began within a few years after 
exposure. In a later study among breast cancer survivors by van den Bogaard et al. an 
increase of 16.5% in the cumulative incidence of acute coronary events per Gy cardiac 
radiation dose within the first 9 years after treatment was presented.53 It should, however, 
be noted that in this study a rather small cohort of 910 breast cancer patients was analyzed, 
of whom only 30 patients developed a major acute coronary event during follow-up. In 
our case-control study we did not observe increased myocardial infarction rates within 
the first ten years after breast cancer diagnosis (ERR<10years: -0.1%, 95% CI: -2.9%-9.5%) and 
this could be due to the inclusion of relatively young women in our study; almost 90% 
of our patients were aged <60 years at breast cancer diagnosis, whereas in the study by 
Darby et al. almost half of included women were ≥60 years at breast cancer diagnosis 
and in the Van den Bogaard study median age of included women was also higher (59 
years, range: 26-84 years) compared to the median age of our study population. Since 
age is strongly associated with the prevalence of cardiovascular risk factors, the onset of 
ischemic events in both previous studies may have been influenced by the presence of 
subclinical cardiovascular disease in the elderly population. Strong conclusions about the 
presence of latency in the development of radiation-induced ischemic heart disease using 
contemporary radiotherapy techniques, however, cannot be drawn from our studies, since 
follow-up time was still rather short in the most recent treatment period (2000-2009) and 
the number of cases treated ≥2000 (n=18) was too small to assess ischemic heart disease 
rates in different follow-up groups.
In the case-control study we also investigated whether dose-volume parameters (V5-V40) 
were a better predictor for the risk of ischemic heart disease than mean whole heart 
dose and it was found they were not. However, variation in the dose-volume measures 
in patients included in this study was limited given that most women received a high 
dose to a small part of the heart. Furthermore, mean whole heart dose and dose-volume 
measures were strongly correlated and we were therefore unable to answer the important 
research question whether for a given mean whole heart dose, dose inhomogeneity 
across the heart is a significant predictor of myocardial infarction.54 Van den Bogaard et al. 
described previously that the left ventricle V5 seemed a better predictor for acute coronary 
events than mean whole heart dose53 and Hahn et al. showed in a study among Hodgkin 
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lymphoma survivors that increasing dose inhomogeneity was a significant predictor of 
cardiac toxicity and ischemic cardiac events.55 We believe that CT-based radiotherapy 
planning and treatment with intensity modulated radiotherapy (leading do different cardiac 
dose-distributions than conformal 3D radiotherapy) will further enable investigation of the 
role of dose-volume parameters in relation to the development of cardiovascular disease 
among (breast) cancer survivors.

Endocrine therapy and cardiovascular disease
The role of endocrine therapy in the development of various cardiovascular diseases was 
also investigated in our cohort studies and case-control studies. In the first cohort study we 
included endocrine therapy as a dichotomous variable (yes/no) in our models and we did 
not find an increased risk for ischemic heart disease HR: 0.85, 95% CI: 0.55-1.29), valvular 
heart disease (HR: 1.22, 95% CI: 0.83-1.79), or heart failure (HR: 0.93, 95% CI: 0.65-1.31). In 
the myocardial infarction case-control study we also showed no evidence for an association 
between endocrine therapy and myocardial infarction risk (RR: 0.71, 95% CI: 0.29-1.75). 
Previous studies suggested a cardioprotective effect of tamoxifen through reducing serum 
lipid levels56, 57, but clinical trials failed to show this benefit in terms of cardiac disease 
incidence or cardiac mortality.58 Cardiovascular disease risk associated with aromatase 
inhibitors has been a topic of debate59–61 and therefore we investigated the relation 
between heart failure and specific agents in more depth in the heart failure case-control 
study, including patients treated during 1980-2009, and in the cohort study presented in 
chapter 3. Interestingly, we found a borderline significantly increased heart failure rate 
for women treated with aromatase inhibitors alone compared to women who received 
no endocrine therapy in the case-control study (RR: 1.0-16.3). This finding, however, was 
based on only 13 patients. Analyses in the cohort gave similar results: patients treated with 
aromatase inhibitors alone had a 2-fold increased heart failure rate, compared to patients 
not receiving endocrine therapy (HR: 2.18, 95% CI: 1.24-3.82). The HRs for tamoxifen alone 
and sequential treatment with tamoxifen and aromatase inhibitors were not increased 
(HR: 1.35, 95% CI: 0.82-2.19 and HR: 1.10, 95% CI: 0.65-1.84, respectively). These findings 
suggest that the cumulative exposure to aromatase inhibitors is most important, since 
in the Netherlands upfront aromatase inhibitors were generally prescribed for 5 years 
compared to 2.5 years when combined with tamoxifen. This was also noted by Amir et 
al. in a large meta-analysis of the literature (and not individual patient data); they found 
that longer durations of aromatase inhibitor use were associated with increased odds of 
cardiovascular disease compared to short duration of aromatase inhibitor use.62 In clinical 
trials a trend towards an increased incidence of ischemic heart disease in the aromatase 
inhibitor arms was seen59 and also observational studies have found an association between 
aromatase inhibitors and myocardial infarction risk.61, 63 However, when in our cohort study 
only first heart failure events were taken into account (i.e. women with ischemic heart 

disease preceding heart failure were excluded), the association between heart failure and 
aromatase inhibitors did not change. A possible explanation for this finding is the potential 
higher prevalence of hypertension and hypercholesterolemia in the aromatase inhibitor 
group, since aromatase inhibitors are associated with an increased risk of these classic 
cardiovascular risk factors.60, 62, 64 Hypertension and hypercholesterolemia are risk factors 
for heart failure with preserved ejection fraction65, 66 and could therefore have contributed 
to the increased heart failure risks associated with aromatase inhibitors in our studies. 
Further investigation in an independent study population is needed to confirm our results 
and future studies should also evaluate the effect of the duration of aromatase inhibitor 
use on heart failure risk.

Markers for subclinical cardiotoxicity
To develop evidence-based guidelines regarding long-term cardiac surveillance in breast 
cancer survivors, it is paramount to i. better identify patients at high risk of developing 
cardiotoxicity, ii. study the natural course of cardiac (dys)function over time and iii. evaluate 
methods for early detection, since studies among non-cancer patients with asymptomatic 
left ventricular dysfunction have shown that prognosis of heart failure can be improved 
by preventing or delaying the onset of heart failure through early interventions.67 To 
date, many studies assessing the long-term incidence of cardiovascular disease relied 
on registry data, rather than cardiac assessments, or have investigated the incidence of 
anthracycline-related cardiotoxicity by echocardiographic measurement of LVEF as an 
indicator of systolic (dys)function (Table 1). However, LVEF decline can occur as a late 
manifestation of cardiac injury and earlier and more sensitive markers to identify early 
cardiotoxicity (preceding a LVEF decline) are needed. To address these important gaps 
in knowledge in the cardio-oncology research field, we have set up the HARBOR study 
to investigate the long-term prevalence of and risk factors for subclinical cardiotoxicity 
by conventional echocardiography, strain imaging and cardiac biomarker analyses. In the 
HARBOR study we distinguished two treatment groups, namely patients treated with and 
without anthracycline-based chemotherapy. In this thesis we present the results of the first 
comprehensive cardiac assessment among 569 breast cancer survivors with a median age 
at breast cancer diagnosis of 47 years. It was found that a substantial proportion of survivors 
presented with signs of early cardiotoxicity; in the anthracycline-group, decreased LVEF 
(<54%), impaired global longitudinal strain (>-17%) and increased NT-proBNP (>125ng/L) 
were observed in 10%, 34% and 23% of patients, respectively. The relationship between 
cumulative anthracycline dose and LVEF, GLS and NT-proBNP appeared to be linear 
and no confounders for any of the linear relationships were identified. Additionally, left 
sided-breast irradiation was associated with worse GLS, which indicates that GLS may 
not only be suitable to detect anthracycline-related toxicity, but also radiotherapy-related 
cardiac injury. It is unlikely that this finding reflects the use of older radiation techniques 
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that expose the heart to higher radiation doses (i.e. included patients were treated 
during 2002-2007 when deep inspiration breath hold was not yet routinely used in 
clinical practice), as stratification by follow-up period yielded similar results. Although 
efforts have been made to reduce cardiac radiation exposure, the heart may still be 
exposed to ~4 Gy when left-sided radiotherapy is given.68 Only a few small studies 
have investigated the potential of strain imaging as a screening tool for radiotherapy-
related cardiotoxicity: Tuohinen et al. found impaired GLS after left breast irradiation 
compared to right breast irradiation69 and in another study a decline in regional strain 
from baseline was observed in patients treated with left-sided radiotherapy.70 Patients 
in these studies were assessed, however, <6 weeks after radiotherapy and did not 
receive chemotherapy. Data on the long-term combined effects of anthracyclines and 
radiotherapy on GLS are limited and this finding requires further investigation. 
We believe that the results of the HARBOR study address an important gap in knowledge 
pertaining to long-term cardiotoxicity risk in young breast cancer survivors, who have 
a low prevalence of classic cardiovascular risk factors at breast cancer diagnosis. Many 
studies have assessed cardiotoxicity in anthracycline-treated breast cancer patients 
using cardiac biomarkers and/or strain, but included relatively small patients numbers 
(<n=100) and/or screened patients only shortly after treatment71–78. Few large studies 
with longer follow-up among different populations of cancer survivors have been 
published and their main findings are shown in table 2. Narayan et al. presented 
detailed results of an echocardiographic study, but did not include a biomarker 
analysis.80 Boerman et al. recruited patients with a median follow-up of 10 years after 
breast cancer treatment and showed results of both echocardiography and biomarker 
analysis.81 However, information on chemotherapy regimens and radiotherapy fields 
was lacking. Furthermore, their control group (healthy women selected from the same 
primary care physician as the included breast cancer survivor and who voluntarily 
consented participation) makes it difficult to interpret their results, since controls with 
cardiac symptoms may have been more inclined to participate, or controls who already 
diagnosed with a cardiovascular disease may have been less inclined to participate. 
Given the fact that previous studies have shown that GLS is a promising predictor 
for subsequent cardiotoxicity in both the general population and in breast cancer 
patients73, 82–84, we expect that some of the women with impaired GLS will develop 
clinical cardiotoxicity, although prospective monitoring of this cohort is essential to 
determine the precise value of strain and NT-proBNP as early markers in de development 
of overt cardiac disease and their possible application as part of intervention studies.

Strengths and limitations
Important strengths of the epidemiological studies presented in this thesis are that we 
used 1) detailed information on different breast cancer treatment modalities from the 
medical record and 2) physician-reported cardiovascular disease as outcome variable, 
which reduces misclassification of exposure and event status compared to studies using 
register-based or patient-reported outcomes. We have undertaken a time-consuming 
endeavor of sending letters to all general practitioners, and if applicable cardiologists, of 
patients in our large cohorts of breast cancer survivors (n~13,500 and n~9,500) to collect 
data on cardiovascular disease incidence and presence/absence of cardiovascular risk 
factors. For patients treated before 2000, complete follow-up information to January 1, 
2009 or later was available for 82% of the cohort. For patients treated during 2000-2009, 
complete follow-up information to January 1, 2014 was available for 74% of the cohort. 
Unfortunately, we are noticing somewhat declining response rates by general practitioners, 
possibly due to the administrative burden of filling out questionnaires. However, we believe 
that selection bias by general practitioners is negligible, since knowledge about a patients’ 
current health status did not appear to play a role in the decision of the general practitioner 
to fill out the questionnaire; for a large proportion of patients for whom cardiovascular 
follow-up information was not complete (61%), the general practitioner was unknown or 
he/she did not respond to any of the questionnaires that were sent for multiple breast 
cancer patients in the same practice.
For our nested case-control studies we collected additional information on different 
treatment modalities, potential confounders and outcomes. Medical records of selected 
patients were carefully abstracted and strict in- and exclusion criteria were used to be able 
to study the relationship between anthracycline dose, radiation dose, trastuzumab and 
endocrine therapy in more depth. Furthermore, radiation doses to the heart and dose-
volume parameters were estimated by Prof. S. Darby, Dr. C. Taylor and FFRSI F. Duane, 
Oxford, for each individual patient in the study using information from their radiotherapy 
charts. This method has been used previously50 and facilitates comparison across studies. 
However, the method is also subject to uncertainty, since no actual anatomical information 
was available for patients in the case-control studies. We explored the inter-patient dose 
variability by reconstructing midline left-sided tangential fields on 10 CT-scans (instead of 
using the ‘typical CT-scan’) and found that the difference between the highest and lowest 
mean whole heart dose was ~7 Gy (supplemental methods II, chapter 4). We believe, 
however, that the magnitude of the difference between delivered cardiac doses and 
estimated cardiac doses did not differ between cases and controls and therefore did not 
lead to biased risk estimates.



Summary and general discussion  |  225224  |  Chapter 7

7

Table 2. Studies assessing cardiotoxicity by LVEF, GLS and/or biomarkers in (breast) cancer survivors 2-11 
years after treatment

Reference Year Study type Number of 

patients

Age Treatment Follow-up Markers for 

cardiotoxicity

Main findings

Ganz19 2008 Cross sectional 
analysis of patients 
included in RCTs

180 Median: 48 
(IQR: not 
provided)

CMF x 6 vs 
CAF x 6

Median: 6.7 
years and 10.7 
years

LVEF  - For patients in the 5-8 year window 5% of patients in the 
anthracycline arm had LVEF><50% versus 7% in the CMF arm 
(p=.068)

 - For patients in the 10-13 year window 3% of patients in the 
anthracycline arm had LVEF<50% versus 0% in the CMF arm (p=0.03)

Cardinale22 2015 Longitudinal 
prospective cohort 
study

2625 patients 
treated with 
anthracyclines

Mean: 50 (± 
13)

Any anthracycline-
containing 
chemotherapy 
(trastuzumab 
treated patients 
were excluded)

Median: 5.2 
years (2.6-8.0)

LVEF  - Cardiotoxicity (LVEF <50% or >10% points from baseline) occurred in 
9% of patients (9.7% in patients with breast cancer).

 - Median time between the last anthracycline dose and cardiotoxicity 
was 3.5 months. In 98% of patients cardiotoxicity occurred within 
the first year of follow-up.

 - Anthracycline dose and diabetes were significant predictors for the 
development of cardiotoxicity.

Ali79 2016 Retrospective cohort 
study

450 patients 
with hematologic 
malignancies

Mean: 59 (± 
18) 

Anthracycline-
containing 
chemotherapy

Median: 4.2 
years

LVEF, GLS  - 28 Patients (6%) developed a cardiac event (heart failure or cardiac 
death).

 - Of 420 patients with normal LVEF before anthracycline therapy 
(>53% for women, >51% for men), 24 patients (6%) developed a 
cardiac event and in 4/30 patients (13%) of patients with impaired 
LVEF (p=0.09).

 - GLS before anthracycline therapy was associated with the later 
development of cardiotoxicity (HR: 1.47, 95% CI: 1.35-1.59). GLS 
was also associated with cardiac events in patients with normal LVEF 
(HR: 1.45, p<0.001)

Narayan80 2017 Longitudinal 
prospective cohort 
study

277 BC survivors Median: 48 
(IQR: 41-57)

Doxorubicin +/- 
trastuzumab

Median: 2 years 
(IQR: 1-3) 

LVEF, strain, 
systolic volumes

 - Doxorubicin and trastuzumab resulted in early declines in LVEF that 
were modest, but persistent at 3 years.

 - LVEF decline and recovery were consistently associated with systolic 
volumes, longitudinal and circumferential strain, arterial load and 
ventricular-arterial coupling.

 - Early changes in these measures at 4 to 6 months were associated 
with LVEF changes and heart failure symptoms 1 to 2 years after 
therapy.

Boerman81 2017 Cross-sectional study 350 BC survivors 
and 350 matched 
controls

Median: 63 
(IQR: 57-68)

Chemotherapy 
(81% 
anthracycline) +/- 
radiotherapy

Median: 10 
years (7-14)

LVEF, LV diastolic 
dysfunction, NT-
proBNP

 - LVEF<54% was present in 15.3% of BC survivors (treated with 
chemotherapy and/or radiotherapy) and in 7% of the controls (OR: 
2.4, 95% CI: 1.4-4.0).

 - There was no increased prevalence of diastolic dysfunction among 
BC survivors compared to controls.

 - Prevalence rates were of NT-proBNP ≥125pg/L were higher among 
BC survivors than among controls (OR: 1.5, 95% CI: 1.1-2.1).
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In chapter 6 we describe the prevalence of myocardial dysfunction in a large cohort of 
young breast cancer survivors for whom we had near complete information on classic 
cardiovascular risk factors and breast cancer treatment. The response rate in this study was 
high: sixty-three percent of invited women provided informed consent and completed a first 
study visit. For non-participants reasons for declining participation were recorded. Reasons 
for declining participation were most often due to time constraints or fear/the burden 
of being confronted with the disease again. Since, the HARBOR study was embedded in 
our large breast cancer cohort with full data on cardiovascular disease incidence (derived 
from both general practitioners and cardiologists), we were able to explore whether 
participants differed from those who declined participation. We found that patients 
who declined participation were diagnosed longer ago and were treated less often with 
anthracycline-based chemotherapy, but there was no indication for selection bias based on 
cardiovascular disease incidence rates of participants and non-participants. Furthermore, 
we investigated causes of death of patients who -otherwise- met our inclusion criteria, 
but had died before study initiation; only very few patients died of cardiovascular disease 
and we therefore believe that survival bias is negligible. Another important strength of the 
Harbor study is that we conducted several sensitivity analyses excluding 1) women who 
developed a second breast cancer/recurrence, 2) women who developed a cardiovascular 
disease before study initiation 3) women who were prescribed an ACE inhibitor (an agent 
known to have a positive effect on systolic function), and all sensitivity analyses yielded 
similar results, reflecting robust estimates for the relationship between anthracycline dose 
and (early) cardiotoxicity markers. This cohort is a unique resource with state of the art 
cardiac measures and constitutes an important contribution to the cardio-oncology field as 
all previous studies were much smaller, included older breast cancer patients and reported 
on fewer markers for cardiotoxicity (Table 2). An important limitation of the HARBOR study 
is that the current analysis is cross-sectional and that no baseline cardiac assessment was 
available. The clinical significance of our findings is therefore not known yet, but when 
comparing our results with previously published reports, we expect some of the women 
with impaired GLS to develop clinical cardiotoxicity.
Although the sample sizes of our studies were large, power was still limited to answer some 
of our research questions concerning interaction between treatment and follow-up time 
and treatment and age. Furthermore, we could not investigate the (synergistic) interaction 
between anthracyclines and trastuzumab, nor confirm the cardiac safety of trastuzumab 
and anthracycline-free chemotherapy combinations as the trastuzumab only group was 
still limited in the most recent treatment period.

Clinical implications
The results presented in this thesis are important for both breast cancer survivors and for 
newly diagnosed breast cancer patients. For breast cancer survivors we have shown that 
patients treated with high cumulative anthracycline doses (i.e. >240 mg/m2), high mean 
whole heart doses (i.e. >10 Gy), or a combination of anthracycline-based chemotherapy 
and radiotherapy delivering a substantial mean dose to the heart, are especially at risk 
of developing cardiovascular disease. Furthermore, anthracycline-based chemotherapy 
followed by trastuzumab increases the risk of heart failure substantially, although the 
risk tends to decrease over time. Classic cardiovascular risk factors did not modify the 
relationship between potential cardiotoxic breast cancer treatments and cardiovascular 
disease risk, but they do add to the absolute cardiovascular disease risk of breast cancer 
survivors. Therefore, we encourage life style advice in both primary and secondary health 
care and earlier medical intervention in case of the presence of classic cardiovascular 
risk factors. Furthermore, it is important for physicians to be aware of the potential 
cardiovascular side effects of breast cancer treatment and recognize signs and symptoms 
which may indicate an underlying cardiovascular disease. This way survivors can be 
educated when to report relevant symptoms and referral to a cardiologist for further 
assessment is recommended when patients report shortness of breath or fatigue without 
an otherwise identifiable cause. Several task forces have made great efforts to set up 
guidelines for prevention and monitoring of cardiotoxicity among (breast) cancer survivors 
(Table 3). However, these guidelines are not broadly used in clinical practice, since quality 
of evidence supporting those guidelines is still insufficient. We believe that results of 
presented in this thesis do not yet allow us to recommend a specific strategy for monitoring 
breast cancer survivors, since follow-up data are crucial.
For newly diagnosed breast cancer patients our results emphasize the importance 
of restricting cumulative anthracycline dose whenever possible, as well as further 
implementation of heart-sparing radiotherapy techniques, such as deep inspirational 
breath hold, partial breast irradiation and proton therapy. Increased heart failure rates after 
anthracyclines and trastuzumab emphasize the importance of considering anthracycline-
free regimens, particularly in breast cancer patients with HER-2 positive disease who need 
trastuzumab-containing treatment.

Future perspectives
An important step in the translation of our results into daily clinical practice would be 
the development of a risk prediction tool. Such risk prediction models could enable 
balancing harms and benefits of specific treatments when making individual breast 
cancer treatment decisions. They may also help identifying breast cancer survivors at 
highest risk for cardiovascular disease, who may be eligible for cardiac surveillance 
and possibly (medical) interventions. 
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Few risk prediction tools have been published.85, 86 So far they have not been validated 
in a prospective setting and their value in clinical practice therefore remains to be 
established. Currently, a project has started in our department to develop an online tool 
that will predict absolute treatment-specific risks of various cardiovascular diseases 
over time. Independent external validation of this model will be performed in two 
cohorts of breast cancer patients that were not in the training model. It would be of 
great value to also incorporate data on genetic predisposition in such a model to predict 
cardiotoxicity risk based on clinical, treatment and genetic variables. However, studies 
reporting the role of single nucleotide polymorphisms in the risk of cardiovascular 
disease after anthracycline-based chemotherapy or radiotherapy are scarce and found 
different genetic variants associated with anthracycline-related cardiotoxicity87, 88 To 
further elucidate the role of genetic predisposition in the development of treatment-
related cardiotoxicity, we have collected blood samples from patients in our case-
control studies who were still alive at study invitation and those samples will be used 
to study single nucleotide polymorphisms involved in anthracycline metabolism or 
radiation sensitivity of the heart.
Several task forces have made great efforts to set up guidelines for prevention and 
monitoring of cardiotoxicity among (breast) cancer survivors (Table 3). However, 
these guidelines are not broadly used in clinical practice, since quality of evidence 
supporting those guidelines is still insufficient. Prospective follow-up of the HARBOR 
study population is expected to contribute to knowledge about the course of cardiac 
(dys)function over time, identification of patients at high risk of developing overt 
cardiac disease, and adaptation of new methods for early detection of cardiotoxicity 
in cancer survivors. Such methods for early detection could help stratify between 
different risk groups and allow more personalized cardiac monitoring during follow-up. 
The investigation of methods for early detection of cardiotoxicity should be accompanied 
by the evaluation of methods for early intervention to improve outcomes resulting 
from cardiac monitoring. Several efforts have been made to study the effects of medical 
interventions in the prevention of breast cancer treatment-related cardiotoxicity,22, 89, 

90 but none of these interventions have been adapted in clinical practice, since effects 
were only small or not clinically relevant. For example, in the PRADA study the change 
in LVEF was measured in epirubicin-treated breast cancer patients who received 
either a placebo, metoprolol or candesartan. Patients treated with placebo had a 
2.6% decrease in LVEF (measured by cardiac MRI) shortly after completion of systemic 
therapy and LVEF decline was less pronounced in patients treated with candesartan 
(-0.8%, p=0.03). No effect of candesartan on GLS or BNP was seen, whereas metoprolol 
influenced neither LVEF, GLS, nor BNP.89 This study, however, did not specifically target 
breast cancer patients at high risk of developing cardiotoxicity (i.e. patients treated 
with high dose anthracyclines and radiotherapy delivering a substantial dose to the 

heart or patients with pre-existing classic cardiovascular risk factors). Future studies 
may want to focus on high-risk groups and thereby increase their potential to show 
clinical benefit of (medical) interventions. 
As shown in chapters 3 and 4, treatment with trastuzumab and anthracyclines is 
associated with highest heart failure risks. Therefore, the development of equally 
effective anthracycline-free regimens to reduce cardiotoxicity for patients who 
need HER2-directed treatment is important and long-term follow-up of clinical trials 
investigating efficacy of such treatment strategies are awaited. Furthermore, more 
studies are needed to assess the long-term benefits of extended cardiac surveillance in 
women treated with anthracyclines and trastuzumab and investigate cardioprotective 
strategies and methods for intervention.
Another important research question that remains to be answered is whether a low 
radiation dose to a large part of the heart is more harmful for the heart, less harmful 
or equally harmful than a high radiation dose to a small part of the heart. In our 
studies mean heart dose and dose-volume parameters were highly correlated and 
it was therefore difficult to investigate whether for a given mean whole heart dose, 
dose inhomogeneity across the heart was a significant predictor for heart failure or 
myocardial infarction. Future studies should include breast cancer patients treated 
with different radiotherapy techniques (i.e. 3D conformal radiotherapy and intensity 
modulated radiotherapy), which will lead to greater variation in heart dose and heart 
dose-volume distributions and enable distinguishing the effect of ‘a lot to a little’ from 
‘a little to a lot’. Such knowledge is increasingly relevant, especially in the era of CT-
based treatment planning, to optimize radiotherapy plans. Furthermore continuous 
efforts should be made to maximally reduce radiation dose the heart using deep 
inspiration breath hold, prone positioning and proton therapy for selected patients.68, 96 
Lastly, we would like to advocate close collaborations between oncologists and 
cardiologists in order to maximize the benefits of breast cancer treatment while 
minimizing cardiotoxicity risk. As can be seen from table 3, there are substantial 
differences between guidelines from oncology-based organizations and guidelines 
from cardiology-based organizations. Efforts should be made to develop guidelines 
endorsed by both oncologists and cardiologists and the establishment of specialized 
cardio-oncology units, which can speed up research and clinical applications in 
treatment-related cardiotoxicity.97 Ultimately, implementation of risk prediction 
models, screening methods and interventions through such specialized care units is 
expected to contribute to better cardiovascular care and improvement of long-term 
oncologic and cardiac outcomes of (breast) cancer survivors.
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Table 3. Published guidelines with post-treatment cardiac surveillance recommendation of (breast) cancer 
survivors

Reference Year Organization Target population High risk patients Surveillance recommendations

Curigliano91 2012 ESMO Adult cancer 
survivors

 - Those with underlying cardiovascular 
disease

 - Those who received 
>300 mg/m2 doxorubicin (dose-
equivalent)

 - Echocardiography is the standard procedure for basal assessment of cardiac structure, performance and 
hemodynamics. 

 - Patients receiving anthracyclines and-or trastuzumab (in adjuvant setting) should perform serial monitoring 
of cardiac function at baseline 3, 6 and 9 months during therapy, and then 12 and 18 months after treatment 
initiation. 

 - Assessment of cardiac function is recommended 4 and 10 years after anthracycline therapy in patients who 
were treated with cumulative doxorubicin >240 mg/m2 or epirubicin >360mg/m2.

 - Troponin I or BNP concentrations seem to identify patients at risk of cardiotoxicity, especially in case of 
anthracycline-therapy. Performing baseline assessment of biomarker concentrations and periodic 
measurements during therapy may identify patients who need further cardiac assessment.

Plana92 2014 ASE Adult cancer 
survivors

 - Those who received 
>240 mg/m2 doxorubicin (dose-
equivalent)

 - Echocardiography is the method of choice for evaluation of undergoing cancer therapy. GLS is the optimal 
parameter for the early detection of subclinical LV dysfunction. Troponin levels have added prognostic value 
to GLS. A baseline evaluation including measurements of LVEF, GLS and troponin is recommended. 

 - Follow-up is recommended at the completion of therapy and 6 months later for doxorubicin doses (equivalent) 
<240 mg/m2. Once this dose is exceeded, measurements of LVEF, GLS and troponin are recommended before 
each additional 50 mg/m2.

 - Patients receiving trastuzumab should undergo follow-up echocardiography every three months during 
therapy.

 - If GLS has been stable during chemotherapy and is normal at 6 months of follow-up or troponins have 
remained negative throughout therapy, additional imaging surveillance is not warranted.

Runowicz64 2016 ASCO Breast cancer 
survivors

Not clearly defined  - It is recommended that primary care clinicians should monitor lipid levels and provide cardiovascular 
monitoring, as indicated; and should educate breast cancer survivors on healthy lifestyle modifications, 
potential cardiac risk factors, and when to report relevant symptoms (shortness of breath or fatigue).

 - Routine testing or screening for cardiovascular disease in asymptomatic patients beyond careful history and 
physical examination is not warranted.

Armenian93 2016 ASCO Adult cancer 
survivors

Treatment that includes: 
 - ≥250 mg/m2 doxorubicin 
 - RT ≥30 Gy where the heart is in the 

radiation field
 - lower dose doxorubicin combined with 

either lower dose RT, trastuzumab, or a 
cardiovascular risk factor*

 - Routine surveillance imaging may be offered during treatment in asymptomatic high risk patients. In 
these individuals, echocardiography is the surveillance imaging modality of choice that should be offered. 
Additionally serum cardiac biomarkers (troponins, natriuretic peptides) are recommended.

 - No recommendations can be made regarding the frequency and duration of surveillance in patients at 
increased risk who are asymptomatic and have no evidence of cardiac dysfunction on the 6- to 12-month 
post-treatment echocardiogram. Therefore, frequency of surveillance should be determined by health care 
providers based on clinical judgement and patient circumstances.

Maurea94 2016 Italian Society 
of Cardiology

Adult cancer 
survivors

Not clearly defined  - LVEF should be monitored after 1, 2 and 5 years in patients treated with anthracyclines (doxorubicin dose 
<200 mg/m2) and trastuzumab . Stricter monitoring is necessary if the doxorubicin dose exceeds 200mg/m2.

Zamorano95 2017 ESC Adult cancer 
survivors

Not clearly defined, but increased 
cardiac risks seen after:
 - 300 mg/m2 doxorubicin
 - chest radiotherapy

 - Survivors who have completed higher dose anthracycline-containing chemotherapy (≥300 mg/m2 doxorubicin 
dose-equivalent) may be considered for follow-up echocardiography at 1 and 5 years.

 - - It seems appropriate to conduct regular long-term surveillance in elderly patients and patients with risk 
factors for cardiotoxicity who have been treated with anthracyclines.

 - It appears appropriate to regularly screen for cardiac disease in patients who received chest irradiation, 
starting 10-15 years after initial treatment and continuing lifelong. 



Summary and general discussion  |  233232  |  Chapter 7

7

REFERENCES

1. Hennequin C, Bossard N, Maingon P, et al: Ten-Year Survival Results of a Randomized Trial of Irradiation of 
Internal Mammary Nodes After Mastectomy. Int J Radiat Oncol Biol Phys 86:860–866, 2013

2. Thorsen LB, Offersen BV, Danø H, et al: DBCG-IMN : A Population-Based Cohort Study on the Effect of Internal 
Mammary Node Irradiation in Early Node-Positive Breast Cancer. J Clin Oncol 34:314–320, 2016

3. Haffty BG, Cancer R, Brunswick N: Radiation of the Internal Mammary Nodes: Is There a Benefit? J Clin Oncol 
34:297–299, 2016

4. Bowles EJA, Wellman R, Feigelson HS, et al: Risk of heart failure in breast cancer patients after anthracycline 
and trastuzumab treatment: a retrospective cohort study. J Natl Cancer Inst 104:1293–305, 2012

5. Boekel NB, Schaapveld M, Gietema JA, et al: Cardiovascular Disease Risk in a Large, Population-Based Cohort 
of Breast Cancer Survivors. Int J Radiat Oncol Biol Phys 94:1061–1072, 2015

6. Thavendiranathan P, Abdel-Qadir H, Fischer HD, et al: Breast Cancer Therapy-Related Cardiac Dysfunction in 
Adult Women Treated in Routine Clinical Practice : A Population-Based Cohort Study. J Clin Oncol 34:2239–
2246, 2016

7. Choi JY, Cho EY, Choi YJ, et al: Incidence and risk factors for congestive heart failure in patients with early 
breast cancer who received anthracycline and / or trastuzumab : a big data analysis of the Korean Health 
Insurance Review and Assessment service database. Breast Cancer Res Treat 171:181–188, 2018

8. Von Hoff DD, Layard MW, Basa P, et al: Risk factors for doxorubicin-induced congestive heart failure. Ann 
Intern Med 91:710–7, 1979

9. Swain SM, Whaley FS, Ewer MS: Congestive heart failure in patients treated with doxorubicin: a retrospective 
analysis of three trials. Cancer 97:2869–79, 2003

10. Du XL, Xia R, Liu C, et al: Cardiac Toxicity Associated With Chemotherapy in Older Women With Breast Cancer. 
Cancer 115:5296–5308, 2009

11. Nimwegen FA Van, Schaapveld M, Janus CPM, et al: Cardiovascular Disease After Hodgkin Lymphoma 
Treatment 40-Year Disease Risk. JAMA Intern Med 175:1007–1017, 2015

12. Nimwegen FA Van, Ntentas G, Darby SC, et al: Risk of heart failure in survivors of Hodgkin lymphoma : effects 
of cardiac exposure to radiation and anthracyclines. Blood 129:2257–2266, 2017

13. Armenian SH, Hudson MM, Mulder RL, et al: Recommendations for cardiomyopathy surveillance for 
survivors of childhood cancer: a report from the International Late Effects of Childhood Cancer Guideline 
Harmonization Group. Lancet Oncol 16:e123–36, 2015

14. Romond EH, Jeong J-H, Rastogi P, et al: Seven-year follow-up assessment of cardiac function in NSABP B-31, 
a randomized trial comparing doxorubicin and cyclophosphamide followed by paclitaxel (ACP) with ACP plus 
trastuzumab as adjuvant therapy for patients with node-positive, human epidermal growth factor receptor 
2-positive breast cancer. J Clin Oncol 30:3792–9, 2012

15. Mackey JR, Martin M, Pienkowski T, et al: Adjuvant docetaxel, doxorubicin, and cyclophosphamide in node-
positive breast cancer: 10-year follow-up of the phase 3 randomised BCIRG 001 trial. Lancet Oncol 14:72–80, 
2013

16. Advani PP, Ballman K, Dockter TJ, et al: Long-Term Cardiac Safety Analysis of NCCTG N9831 (Alliance) 
Adjuvant Trastuzumab Trial. J Clin Oncol 35:581–587, 2016

17. Bonneterre J, Roché H, Kerbrat P, et al: Long-term cardiac follow-up in relapse-free patients after six courses 
of fluorouracil, epirubicin, and cyclophosphamide, with either 50 or 100 mg of epirubicin, as adjuvant 
therapy for node-positive breast cancer: French adjuvant study group. J Clin Oncol 22:3070–9, 2004

18. Fumoleau P, Roché H, Kerbrat P, et al: Long-term cardiac toxicity after adjuvant epirubicin-based 
chemotherapy in early breast cancer: French Adjuvant Study Group results. Ann Oncol 17:85–92, 2006

19. Ganz PA, Hussey MA, Moinpour CM, et al: Late cardiac effects of adjuvant chemotherapy in breast cancer 
survivors treated on Southwest Oncology Group protocol s8897. J Clin Oncol 26:1223–30, 2008

20. Murtagh G, Lyons T, O’Connell E, et al: Late cardiac effects of chemotherapy in breast cancer survivors 
treated with adjuvant doxorubicin : 10-year follow-up. Breast Cancer Res Treat 156:501–506, 2016

21. Banke A, Fosbøl EL, Møller JE, et al: Long-term effect of epirubicin on incidence of heart failure in women 
with breast cancer : insight from a randomized clinical trial. Eur J Heart Fail 20:1447–1453, 2018

22. Cardinale D, Colombo A, Bacchiani G, et al: Early Detection of Anthracycline Cardiotoxicity and Improvement 
With Heart Failure Therapy. Circulation 131:1981–1988, 2015

23. Hooning MJ, Botma A, Aleman BMP, et al: Long-term risk of cardiovascular disease in 10-year survivors of 
breast cancer. J Natl Cancer Inst 99:365–75, 2007

24. Patt DA, Goodwin JS, Kuo Y-F, et al: Cardiac morbidity of adjuvant radiotherapy for breast cancer. J Clin Oncol 
23:7475–82, 2005

25. Nolan M, Russell D, Negishi K, et al: Meta-Analysis of Association Between Mediastinal Radiotherapy and 
Long-Term Heart Failure. Am J Cardiol 118:1685–1691, 2016

26. Bates JE, Howell RM, Liu Q, et al: Therapy-Related Cardiac Risk in Childhood Cancer Survivors : An Analysis 
of the Childhood Cancer Survivor Study. J Clin Oncol 37:1090–1101, 2019

27. Saiki H, Scott CG, Bailey KR, et al: Risk of Heart Failure With Preserved Ejection Fraction in Older Women 
After Contemporary Radiotherapy for Breast Cancer. Circulation 135:1388–1396, 2017

28. McGale P, Darby SC, Hall P, et al: Incidence of heart disease in 35,000 women treated with radiotherapy for 
breast cancer in Denmark and Sweden. Radiother Oncol 100:167–75, 2011

29. Myrehaug S, Pintilie M, Tsang R, et al: Cardiac morbidity following modern treatment for Hodgkin lymphoma: 
supra-additive cardiotoxicity of doxorubicin and radiation therapy. Leuk Lymphoma 49:1486–93, 2008

30. Mansouri I, Allodji RS, Hill C, et al: The role of irradiated heart and left ventricular volumes in heart failure 
occurrence after childhood cancer. Eur J Heart Fail 21:509–518, 2019

31. Azambuja E De, Procter MJ, Veldhuisen DJ Van, et al: Trastuzumab-Associated Cardiac Events at 8 Years of 
Median Follow-Up in the Herceptin Adjuvant Trial (BIG 1-01). J Clin Oncol 32:2159–2165, 2014

32. Cameron D, Piccart-Gebhart MJ, Gelber RD, et al: 11 years ’ follow-up of trastuzumab after adjuvant 
chemotherapy in HER2-positive early breast cancer : final analysis of the HERceptin Adjuvant ( HERA ) trial. 
Lancet 389:1195–1205, 2017

33. Ganz PA, Romond EH, Cecchini RS, et al: Long-Term Follow-Up of Cardiac Function and Quality of Life for 
Patients in NSABP Protocol B-31 / NRG Oncology : A Randomized Trial Comparing the Safety and Efficacy 
of Doxorubicin and Cyclophosphamide ( AC ) Followed by Paclitaxel With AC Followed by Paclitaxel and 
Trastuzumab in Patients With Node-Positive Breast Cancer With Tumors Overexpressing Human Epidermal 
Growth Factor Receptor 2. J Clin Oncol 35:3942–3948, 2017

34. Goldhar HA, Yan AT, Ko DT, et al: The Temporal Risk of Heart Failure Associated With Adjuvant Trastuzumab 
in Breast Cancer Patients: A Population Study. J Natl Cancer Inst 108:1–8, 2016

35. Farolfi A, Melegari E, Aquilina M, et al: Trastuzumab-induced cardiotoxicity in early breast cancer patients: 
a retrospective study of possible risk and protective factors. Heart 99:634–9, 2013

36. Ewer MS, Vooletich MT, Durand J-B, et al: Reversibility of trastuzumab-related cardiotoxicity: new insights 
based on clinical course and response to medical treatment. J Clin Oncol 23:7820–6, 2005

37. Jones A, Barlow M, Barrett-Lee P, et al: Management of cardiac health in trastuzumab-treated patients 
with breast cancer : updated United Kingdom National Cancer Research Institute recommendations for 
monitoring. Br J Cancer 100:684–692, 2009

38. Dang CT, Yu AF, Jones LW, et al: Cardiac Surveillance Guidelines for Trastuzumab- Containing Therapy in 
Early-Stage Breast Cancer : Getting to the Heart of the Matter. J Clin Oncol 34:1030–1033, 2016

39. Tocchetti CG, Ragone G, Coppola C, et al: Detection, monitoring, and management of trastuzumab-induced 



Summary and general discussion  |  235234  |  Chapter 7

7

left ventricular dysfunction: an actual challenge. Eur J Heart Fail 14:130–137, 2012
40. Jones SE, Collea R, Paul D, et al: Adjuvant docetaxel and cyclophosphamide plus trastuzumab in patients 

with HER2-amplified early stage breast cancer: a single-group, open-label, phase 2 study. Lancet Oncol 
14:1121–8, 2013

41. Van Ramshorst MS, Van Der Voort A, Van Werkhoven ED, et al: Neoadjuvant chemotherapy with or 
without anthracyclines in the presence of dual HER2 blockade for HER2-positive breast cancer ( TRAIN-2 ): 
a multicentre, open-label, randomised, phase 3 trial. Lancet Oncol 19:1630–1640, 2018

42. Miolo G, Muraro E, Martorelli D, et al: Anthracycline-free neoadjuvant therapy induces pathological 
complete responses by exploiting immune proficiency in HER2 + breast cancer patients1–12, 2014

43. Schneeweiss A, Chia S, Hickish T, et al: Pertuzumab plus trastuzumab in combination with standard 
neoadjuvant anthracycline-containing and anthracycline-free chemotherapy regimens in patients with 
HER2-positive early breast cancer : a randomized phase II cardiac safety study ( TRYPHAENA ). Ann Oncol 
24:2278–2284, 2013

44. Schneeweiss A, Chia S, Hickish T, et al: Long-term efficacy analysis of the randomised , phase II TRYPHAENA 
cardiac safety study : Evaluating pertuzumab and trastuzumab plus standard neoadjuvant anthracycline-
containing and anthracycline-free chemotherapy regimens in patients with. Eur J Cancer 89:27–35, 2018

45. Schneider BP, O’Neill A, Shen F, et al: Pilot trial of paclitaxel-trastuzumab adjuvant therapy for early stage 
breast cancer: a trial of the ECOG-ACRIN cancer research group (E2198). Br J Cancer 113:1651–7, 2015

46. Simmons C, Dent S, Brezden-masley C: Duration of Trastuzumab . In matters of the heart , one size may not 
fit all ? Eur J Cancer 51:1657–1659, 2015

47. Mavroudis D, Saloustros E, Malamos N, et al: Six versus 12 months of adjuvant trastuzumab in combination 
with dose-dense chemotherapy for women with HER2-positive breast cancer : a multicenter randomized 
study by the Hellenic Oncology Research Group ( HORG ). Ann Oncol 26:1333–1340, 2015

48. Earl HM, Hiller L, Vallier A, et al: 6 versus 12 months of adjuvant trastuzumab for HER2-positive early breast 
cancer ( PERSEPHONE ): 4-year disease-free survival results of a randomised phase 3 non-inferiority trial. 
Lancet 393:2599–2612, 2019

49. Joensuu H: Escalating and de-escalating treatment in HER2-positive early breast cancer. Cancer Treat Rev 
52:1–11, 2017

50. Darby SC, Ewertz M, McGale P, et al: Risk of ischemic heart disease in women after radiotherapy for breast 
cancer. N Engl J Med 368:987–98, 2013

51. Darby SC, Cutter DJ, Boerma M, et al: Radiation-related heart disease: current knowledge and future 
prospects. Int J Radiat Oncol Biol Phys 76:656–65, 2010

52. Van Nimwegen FA, Schaapveld M, Cutter DJ, et al: Radiation Dose-Response Relationship for Risk of Coronary 
Heart Disease in Survivors of Hodgkin Lymphoma. J Clin Oncol 34:235–243, 2015

53. Van den Bogaard VA, Ta BDP, Van Der Schaaf A, et al: Validation and Modification of a Prediction Model for 
Acute Cardiac Events in Patients With Breast Cancer Treated With Radiotherapy Based on Three-Dimensional 
Dose Distributions to Cardiac Substructures. J Clin Oncol 35:1171–1178, 2017

54. Schneider U, Ernst M, Hartmann M: The dose-response relationship for cardiovascular disease is not 
necessarily linear. Radiat Oncol 12:10–13, 2017

55. Hahn E, Jiang H, Ng A, et al: Late Cardiac Toxicity After Mediastinal Radiation Therapy for Hodgkin Lymphoma : 
Contributions of Coronary Artery and Whole Heart Dose-Volume Variables to Risk Prediction. Int J Radiat 
Oncol Biol Phys 98:1116–1123, 2017

56. Dewar J, Horobin J, Preece P, et al: Long term effects of tamoxifen on blood lipid values in breast cancer. Br 
Med J 305:226–226, 1992

57. Colleoni M, Giobbie-Hunter A: Benefits and adverse effects of endocrine therapy. Ann Oncol 21:107–111, 
2010

58. Early Breast Cancer Trialists’ Collaborative Group (EBCTCG): Effects of chemotherapy and hormonal therapy 
for early breast cancer on recurrence and 15-year survival: an overview of the randomised trials. Lancet 
365:1687–717, 2005

59. Khosrov-Khavar F, Filion K, Al-Qurashi S, et al: Cardiotoxicity of aromatase inhibitors and tamoxifen in 
postmenopausal women with breast cancer : a systematic review and meta-analysis of randomized 
controlled trials. Ann Oncol 28:487–496, 2017

60. Foglietta J, Inno A, Iuliis F De, et al: Cardiotoxicity of Aromatase Inhibitors in Breast Cancer Patients. Clin 
Breast Cancer 17:11–17, 2017

61. Haque R, Shi J, Schottinger JE, et al: Cardiovascular Disease After Aromatase Inhibitor Use. JAMA Oncol 
12:1590–1597, 2016

62. Amir E, Seruga B, Niraula S, et al: Toxicity of Adjuvant Endocrine Therapy in Postmenopausal Breast Cancer 
Patients : A Systematic Review and Meta-analysis. J Natl Cancer Inst 103:1299–1309, 2011

63. Abdel-qadir H, Amir E, Fischer HD, et al: ScienceDirect The risk of myocardial infarction with aromatase 
inhibitors relative to tamoxifen in post-menopausal women with early stage breast cancer. Eur J Cancer 
68:11–21, 2016

64. Runowicz CD, Leach CR, Henry NL, et al: American Cancer Society / American Society of Clinical Oncology 
Breast Cancer Survivorship Care Guideline. J Clin Oncol 34:611–635, 2015

65. Paulus WJ, Tschöpe C: A novel paradigm for heart failure with preserved ejection fraction: comorbidities 
drive myocardial dysfunction and remodeling through coronary microvascular endothelial inflammation. J 
Am Coll Cardiol 62:263–71, 2013

66. Sorop O, Heinonen I, Kranenburg M Van, et al: Multiple common comorbidities produce left ventricular 
diastolic dysfunction associated with coronary microvascular dysfunction, oxidative stress, and myocardial 
stiffening. Cardiovasc Res 114:954–964, 2018

67. Ponikowski P, Voors AA, Anker SD, et al: 2016 ESC Guidelines for the diagnosis and treatment of acute and 
chronic heart failure heart failure of the European Society of Cardiology (ESC). Eur Heart J 37:2129–2200, 
2016

68. Pierce LJ, Feng M, Griffith KA, et al: Recent Time Trends and Predictors of Heart Dose From Breast Radiation 
Therapy in a Large Quality Consortium of Radiation Oncology Practices. Int J Radiat Oncol Biol Phys 99:1154–
1161, 2017

69. Tuohinen S, Skyttä T, Poutanen T, et al: Radiotherapy-induced global and regional differences in early- 
stage left-sided versus right-sided breast cancer patients : speckle tracking echocardiography study. Int J 
Cardiovasc Imaging 33:463–472, 2017

70. Lo Q, Hee L, Batumalai V, et al: Strain Imaging Detects Dose-Dependent Segmental Cardiac Dysfunction in 
the Acute Phase After Breast Irradiation. Radiat Oncol Biol 99:182–190, 2017

71. Guerra F, Marchesini M, Contadini D, et al: Speckle-tracking global longitudinal strain as an early predictor 
of cardiotoxicity in breast carcinoma. Support Care Cancer 24:3139–3145, 2016

72. Fallah-Rad N, Walker JR, Wassef A, et al: The utility of cardiac biomarkers, tissue velocity and strain imaging, 
and cardiac magnetic resonance imaging in predicting early left ventricular dysfunction in patients with 
human epidermal growth factor receptor II-positive breast cancer treated with a. J Am Coll Cardiol 57:2263–
70, 2011

73. Negishi K, Negishi T, Hare JL, et al: Independent and incremental value of deformation indices for prediction 
of trastuzumab-induced cardiotoxicity. J Am Soc Echocardiogr 26:493–8, 2013

74. Kang Y, Xu X, Cheng L, et al: Two-dimensional speckle tracking echocardiography combined with high-
sensitive cardiac troponin T in early detection and prediction of cardiotoxicity during epirubicine-based 
chemotherapy. Eur J Heart Fail 16:300–308, 2014



Summary and general discussion  |  237236  |  Chapter 7

7

75. Ky B, Putt M, Sawaya H, et al: Early increases in multiple biomarkers predict subsequent cardiotoxicity in 
patients with breast cancer treated with doxorubicin, taxanes, and trastuzumab. J Am Coll Cardiol 63:809–
16, 2014

76. Sawaya H, Sebag IA, Plana JC, et al: Early detection and prediction of cardiotoxicity in chemotherapy-treated 
patients. Am J Cardiol 107:1375–80, 2011

77. Stoodley PW, Richards DA, Boyd A, et al: Left ventricular systolic function in HER2/neu negative breast cancer 
patients treated with anthracycline chemotherapy: a comparative analysis of left ventricular ejection fraction 
and myocardial strain imaging over 12 months. Eur J Cancer 49:3396–403, 2013

78. Sandri MT, Salvatici M, Cardinale D, et al: N-terminal pro-B-type natriuretic peptide after high-dose 
chemotherapy: a marker predictive of cardiac dysfunction? Clin Chem 51:1405–10, 2005

79. Ali MT, Yucel E, Bouras S, et al: Myocardial Strain Is Associated with Adverse Clinical Cardiac Events in Patients 
Treated with Anthracyclines. J Am Soc Echocardiogr 29:522–527, 2016

80. Narayan HK, Finkelman B, French B, et al: Detailed Echocardiographic Phenotyping in Breast Cancer Patients. 
Circulation 135:1397–1412, 2017

81. Boerman LM, Maass SWMC, van der Meer P, et al: Long-term outcome of cardiac function in a population-
based cohort of breast cancer survivors : A cross-sectional study. Eur J Cancer 81:56–65, 2017

82. Thavendiranathan P, Poulin F, Lim K-D, et al: Use of myocardial strain imaging by echocardiography for the 
early detection of cardiotoxicity in patients during and after cancer chemotherapy: a systematic review. J 
Am Coll Cardiol 63:2751–68, 2014

83. Biering-Sørensen T, Biering-Sørensen SR, Olsen FJ, et al: Global Longitudinal Strain by Echocardiography 
Predicts Long-Term Risk of Cardiovascular Morbidity and Mortality in a Low-Risk General Population The 
Copenhagen City Heart Study. Circ Cardiovasc imaging 10:1–11, 2017

84. Stanton T, Leano R, Marwick TH: Prediction of all-cause mortality from global longitudinal speckle strain: 
comparison with ejection fraction and wall motion scoring. Circ Cardiovasc Imaging 2:356–64, 2009

85. Herrmann J, Lerman A, Sandhu N, et al: Evaluation and Management of Patients With Heart Disease and 
Cancer: Cardio-Oncology. Mayo Clin Proc 89:1287–1306, 2014

86. Milks MW, Velez MR, Mehta N, et al: Usefulness of Integrating Heart Failure Risk Factors Into Impairment 
of Global Longitudinal Strain to Predict Anthracycline-Related Cardiac Dysfunction. Am J Cardiol , 2018

87. Visscher H, Ross CJD, Rassekh SR, et al: Pharmacogenomic prediction of anthracycline-induced cardiotoxicity 
in children. J Clin Oncol 30:1422–8, 2012

88. Schneider BP, Shen F, Gardner L, et al: Genome-Wide Association Study for Anthracycline-Induced Congestive 
Heart Failure. Clin cancer Res 23:43–51, 2017

89. Gulati G, Heck SL, Ree AH, et al: Prevention of cardiac dysfunction during adjuvant breast cancer therapy ( 
PRADA ): a 2 3 2 factorial , clinical trial of candesartan and metoprolol. Eur Heart J 37:1671–1680, 2018

90. Kalam K, Marwick TH: Role of cardioprotective therapy for prevention of cardiotoxicity with chemotherapy: 
a systematic review and meta-analysis. Eur J Cancer 49:2900–9, 2013

91. Curigliano G, Cardinale D, Suter T, et al: Cardiovascular toxicity induced by chemotherapy, targeted agents 
and radiotherapy: ESMO Clinical Practice Guidelines. Ann Oncol 23 Suppl 7:vii155–66, 2012

92. Plana JC, Galderisi M, Barac A, et al: Expert consensus for multimodality imaging evaluation of adult patients 
during and after cancer therapy: a report from the American Society of Echocardiography and the European 
Association of Cardiovascular Imaging. J Am Soc Echocardiogr 27:911–39, 2014

93. Armenian SH, Lacchetti C, Barac A, et al: Prevention and Monitoring of Cardiac Dysfunction in Survivors of 
Adult Cancers : American Society of Clinical Oncology Clinical Practice Guideline. J Clin Oncol 35:893–911, 
2016

94. Maurea N, Spallarossa P, Cadeddu C, et al: A recommended practical approach to the management of 
target therapy and angiogenesis inhibitors cardiotoxicity : an opinion paper of the working group on drug 
cardiotoxicity and cardioprotection , Italian Society of Cardiology. J Cardiovasc Med 7:S93–S104, 2016

95. Zamorano LJ, Lancelotti P, Muñoz DR, et al: 2016 ESC Position Paper on cancer treatments and cardiovascular 
toxicity developed under the auspices of the ESC Committee for Practice Guidelines. Eur Heart J 37:2768–
2801, 2016

96. Landelijk Indicatie Protocol Protonen Therapie Borstkanker (LPRM en LPPT):1–23, 2018
97. Teske AJ, Rhenen A Van: Cardio-oncology : an overview on outpatient management and future developments. 

Netherlands Heart J 26:521–532, 2018 


