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Chapter 1

General introduction

1.1 Background

Over people in the Netherlands are alive with invasive cancer or have a his-
tory of cancer.1 Better outcomes due to earlier diagnosis and improved treatment of
cancer have resulted in a growing number of cancer survivors. Manywill have a long
residual life span after their cancer treatment. However, residual life span and health
in this residual life span may be affected by adverse effects of cancer treatment.2

Patients with testicular cancer or early invasive breast cancer are of particular
interest when studying cancer survivorship for three reasons. Firstly, both tumour
types affect patients at relatively young age. Secondly, most patients can be cured, al-
beit with treatments that may have significant short-term and long-term side effects.
Thirdly, many patients are expected to have a long residual life span after curation
– and consequently time to develop and be affected by long-term adverse treatment
effects. As breast cancer is by far more prevalent in women and testicular cancer af-
fects exclusively men, both patient populations can be considered as complementary
study models of cancer survivorship.

1.1.1 Long-term outcome and treatment-related toxicity in early breast
cancer

In the Netherlands, every year women are diagnosed with invasive breast can-
cer.3 For stage I, II, and III invasive breast cancer, the proportion of women alive
ten years after diagnosis is approximately , , and , respectively.3 World-
wide, the estimated 5-year prevalence of early invasive breast cancer is over milion
cases.4 Treatment of breast cancer is most often multimodal, combining surgery, ra-
diation therapy, and systemic therapy after consideration of both patient (e.g. age,
preferences, and comorbidity) and disease factors (e.g. tumour burden and biology).
Often, radiation therapy is indicated, either as whole breast radiotherapy (with or
without boost irradiation) after breast-conserving surgery, post-mastectomy radi-
ation therapy, or comprehensive locoregional radiation therapy encompassing the
regional lymph nodes. Adjuvant or neo-adjuvant systemic treatment can consist of a
combination of chemotherapy, HER2-directed therapy, and endocrine therapy. An-
thracyclines and taxanes, with the possible addition of platinum in HER2-positive
and triple-negative disease, are standard for the majority of patients that are treated
with chemotherapy. Endocrine therapy is used in oestrogen receptor-positive breast



1
cancer. For patients with HER2-positive early breast cancer, HER2-directed therapy
is added to the (neo-)adjuvant regimen.

Radiation therapy, anthracyclines, and trastuzumab can cause cardiac toxicity.
The anthracycline-based chemotherapy regimens are associated with cardiomy-
opathy, left ventricular dysfunction, and heart failure in a minority of patients.5–8
An empirical cumulative dose limit around to mgm of the anthracycline
doxorubicin is used to minimize the risk of cardiomyopathy, yet treatment-related
cardiotoxicity can occur at much lower dosages.5,7 In addition, radiotherapy is associ-
atedwith the occurrence of ischaemic heart disease and the risk depends on radiation
dose.9 Darby reported a linear relationship between the mean heart radiation
dose used in breast cancer treatment and the risk of a major coronary event in a large
case–control study: the relative risk increased with per gray without a clear
’safe’ dose threshold.10 Trastuzumab has well-known, partially reversible cardiotox-
icity, ranging from asymptomatic reduced left ventricular ejection fraction to severe
heart failure and cardiac events.11,12

Current clinical guidelines acknowledge that patients after anthracycline-based
chemotherapy and radiotherapy may be at increased cardiovascular risk. Clinical
guidelines have incorporated the start/stop rules from trastuzumab trials to aidmon-
itoring for cardiotoxicity during trastuzumab treatment.4,13 However, no mature and
well-defined, evidence-based strategies are available for screening and intervention
for cardiovascular risk in breast cancer patients who are treated with radiation ther-
apy and/or anthracycline-based chemotherapy and for patients in long-term follow-
up.14 The European Society for Medical Oncology has recently provided consensus
recommendations for the management of cardiac disease in cancer patients through-
out oncological treatment.15 However, in case of asymptomatic patients, the sugges-
ted periodic cardiac screenings (including monitoring of LVEF and cardiac biomark-
ers) during treatment at follow-up are generally based on relatively low levels of
evidence with low grades of recommendation.

Clearly, there is an unmet need to knowwhich breast cancer patients are especially
at increased cardiovascular risk after breast cancer treatment, and at what timepoint
in treatment and follow-up cardiovascular screening should be considered. This en-
compasses not only cardiac toxicity per se, but the full cardiovascular risk profile
including vascular health. High-risk groups need to be identified first to enable tar-
geted development, testing and adoption of prevention and intervention strategies
for cardiovascular toxicity. In addition,more detailed knowledge about the long-term
adverse effects of breast cancer treatment will help the clinician and the patient when
navigating breast cancer treatment options.

In women with high-risk locoregional breast cancer, sufficient treatment benefit
might justify treatments that may be more toxic. High-dose chemotherapy has been
evaluated in the past in trials in high-risk breast cancer, despite the possibility of
more toxicity compared to conventional-dose chemotherapy. At this time, high-dose
chemotherapy with autologous rescue stem cell transplantation is not standard of
care. However, the high-dose chemotherapy trials performed at the end of the last



1

General introduction

century provide an unprecedented opportunity to study long-term treatment benefit
and treatment-related toxicity in high-risk breast cancer patients.

1.1.2 Long-term outcome and treatment-related toxicity in testicular
cancer

Testicular cancer is the most common malignancy in men between twenty and forty
years of age, with above new cases each year in the Netherlands in recent years.3
Therapy consists of orchidectomy and, in case of disseminated disease, platinum-
based chemotherapy. Over of patients with disseminated tesicular cancer can
be cured with platinum-based chemotherapy.16 High cure rates come at the trade-
off of increased risk of second cancers and cardiovascular disease, mainly attributed
to chemotherapy.17,18 Testicular cancer treatment is associated with excess cardiovas-
cular morbidity and mortality.19

One of the factors that may contribute to cardiovascular risk in testicular can-
cer patients is primary hypogonadism after treatment. Hypogonadism is fully ex-
pected after bilateral orchidectomy. However, most patients are treated with unilat-
eral orchidectomy, and hypogonadism after treatment may be due to a toxic effect of
chemotherapy and/or a putative pre-existing testicular dysgenesis of the remaining
’healthy’ testis. An estimated to of long-term testicular cancer survivors have
low testosterone or use testosterone replacement therapy.20–22 Patients treated with
platinum-based chemotherapy have both elevated luteinising hormone and reduced
testosterone,23,24 and total testosterone is negatively associated with prevalence of
the metabolic syndrome,23,25,26 which is an established proxy for cardiovascular risk.

The risk of cardiovascular disease after treatment of testicular cancer varies sub-
stantially per patient. Therefore it would be interesting to explore the effects of ge-
netic variation. Genetic variationmay in part determine the susceptibility of a patient
to the toxic effects of cancer treatment and provide clues to the underlying patho-
physiology.

Given the high cure rates, assessment and reduction of treatment-related toxicity
and long-termhealth consequences are among the foremost issues in testicular cancer
care. In a broader sense, the lessons learned in the testicular cancer model may have
implications for cancer survivorship care in general.

1.2 Aim of the thesis

The overall aim of this thesis is assess determinants and predictors of long-term out-
come and long-term cardiovascular toxicity in patients with breast cancer and testic-
ular cancer.

The following research goals were conceived:

• to determine treatment-related and patient-related factors that are associated
with cardiac function and cardiac damage in curatively treated early breast can-
cer patients, with a focus on the effect of anthracycline treatment;
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• to determine treatment-related and patient-related factors that are associated

with vascular health and vascular ageing in curatively treated early breast can-
cer patients;

• to determine long-term efficacy and toxicity of high-dose adjuvant chemother-
apy in stage III breast cancer patients;

• to explore early and long-term hypogonadism in curatively treated testicular
cancer patients;

• to explore genetic susceptibility to cardiovascular disease in curatively treated
patients with disseminated testicular cancer.

1.3 Outline of the thesis

Chemotherapy and other drugs in cancer treatment have been associated with ad-
verse cardiac effects. Chapter 2 is a review of the pathophysiology and treatment
of drug-induced cardiac dysfunction in cancer treatment. In addition, new develop-
ments and studied interventions in the field of cardio-oncology are summarized.

In chapter 3, we report on (sub)clinical cardiotoxicity in breast cancer survivors.
We conducted a cross-sectional cohort study of breast cancer survivors in the
University Medical Center Groningen and the Netherlands Cancer Institute - Antoni
van Leeuwenhoek. We included women with early invasive breast cancer or ductal
carcinoma at to years of age, who were to or to years after
initial treatment, which included anthracycline-chemotherapy in over half of patients.
Cardiac assessment at study visit included echocardiographic left ventricular ejection
fraction, global longitudinal strain of the left ventricle, and NT-proBNP.

In addition,we studied vascular health in the same cross-sectional cohort of breast
cancer survivors. Chapter 4 reports an analysis of blood biomarkers of cardiovascu-
lar health, advanced glycation end-products, and vascular structure and function by
ultrasound examination of intima-media thickness and pulse-wave velocity.

In chapter 5, we provide a long-term update of a clinical trial on adjuvant high-
dose chemotherapy in early breast cancer. Earlier studies on adjuvant high-dose
chemotherapy failed to show benefit in unselected stage III breast cancer patients,
but long-term follow-up is lacking. We investigated the 20-year efficacy and safety
outcomes of the largest randomised phase 3 study on high-dose chemotherapy in
stage III breast cancer that had spread to axillary lymph nodes. Between 1993 and
1999, a total of patients were randomised to high-dose chemotherapy (including
an autologous peripheral haemapoietic stem cell transplantation) or to conventional-
dose chemotherapy. We collected follow-up data from medical records, general prac-
titioners, the Netherlands Cancer Registry, the nationwide network and registry of
histopathology and cytopathology in the Netherlands (PALGA) and Statistics Neth-
erlands. Main endpoints were overall survival and safety (in particular second ma-
lignancies and cardiovascular events).

The next two chapters in this thesis concern testicular cancer patients. After cur-
ative treatment, hypogonadism is described in – of testicular cancer survivors.
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In chapter 6, we investigated insulin-like factor 3 (INSL3), a novel marker of Leydig
cell function, in relation to luteinising hormone, testosterone, and β-hCG in testicular
cancer patients.

Testicular cancer patients are at increased risk for cardiovascular events. Part of
this cardiovascular susceptibilitymay be influenced by the patient’s genetic make-up.
In chapter 7, we report an explorative genome-wide association study on the occur-
rence of cardiovascular disease in testicular cancer patients treated with platinum-
based chemotherapy.

After a summary in chapter 8, the final chapter, chapter 9, puts the findings of
prior chapters into context. Implications for current clinical practice are addressed
and future research questions are explored.
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Chapter 2

Cardio-oncology: progress in diagnosis
and treatment of cardiac dysfunction

Tromp, J.1, Steggink, L. C.2, van Veldhuisen, D. J.1, Gietema, J. A.2, van der Meer, P.1

   101, 481–90. doi:10.1002/cpt.614 (Apr. 2017)
1Department of Cardiology, University Medical Centre Groningen, University of Groningen, Groningen, The Nether-
lands; 2Department of Medical Oncology, University Medical Centre Groningen, University of Groningen, Groningen, 
The Netherlands.

Treatment for cancer has improved in the last decades, resulting in a significantly 
reduced morbidity and mortality.1–3 Unfortunately, many systemic treatment op-
tions are associated with an increased risk of adverse cardiac effects.4 These adverse 
cardiac effects have given rise to the field of cardio-oncology. This review summar-
ises recent findings related to the pathophysiology and treatment of drug-induced 
cardiac dysfunction in cancer treatment and looks ahead at new developments in 
the field.

2.1 Incidence of cardiotoxic effects of systemic cancer therapy

Agents typically implicated in cardiotoxicity of cancer therapy a anthracyclines, 
trastuzumab (Herceptin), and several tyrosine kinase inhibitors.5 The cardiotoxic ef-
fect depends on the type, dosage of the drug, and cancer drug combinations. This 
is mediated by both patient-related factors such as age and comorbidities, as well as 
treatment-related factors including (concomitant) radiotherapy fields and dosages, 
and potentially beneficial effects of cardioprotective agents (figure 2.1).6,7 Overall, 
fulminant heart failure (HF) seems to occur in up to  of patients with a cumu-
lative doxorubicin dose of  mg m .8 In addition, asymptomatic decreases in left 
ventricular ejection fraction (LVEF) are common and occur in up to  of the treated 
patients.9 Known risk factors for cardiotoxicity are presence of previous cardiovascu-
lar disease, older age (   years) or young ( years) age, female sex, concur-
rent chest radiation, and presence of known cardiovascular risk factors.8,9 Notably, 
a recent meta-analysis found a pooled odds ratio of  for overweight and obese 
patients to develop cardiotoxicity due to anthracyclines with or without sequential 
trastuzumab.10 The most important risk factor for developing cardiac dysfunction

https://doi.org/10.1002/cpt.614
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Therapy-related factors
Systemic therapy
Cardiotoxic chemotherapy
Cardiotoxic targeted therapy

Radiotherapy

Age
Sex
Comorbidity

Cardiovascular toxicity

Cardiomyopathy
Heart failure

Cardiac structure

Vascular

Figure 2.1. The risk of cardiovascular toxicity of cancer treatment is influenced by both therapy-
related and patient-related factors.

during or after anthracycline treatment is the cumulative dosage.5,11 However, sus-
ceptibility to cardiotoxicity following different cancer treatments seems highly vari-
able. Indeed, in clinical practice some patients develop cardiotoxicity at relatively low
dosages of systemic therapy and could be considered highly susceptible, while other
patients can withstand far higher dosages and could be considered highly resilient;
however, how andwhy is unknown (figure 2.2).12 Both clinical as well as genetic risk
factors might influence the susceptibility of individual patients to develop cardiotox-
icity. The pathophysiological process underlying the cardiotoxic effects of anticancer
agents seems to be accelerated in these highly susceptible patients. In contrast, there
seems to be a protectivemechanism at play in the highly resilient patients. Identifying
why some patients can withstand these high dosages of systemic therapywithout de-
veloping adverse cardiac effects versus patients who develop adverse cardiac effects
at low dosage might prove key in elucidating the underlying disease mechanisms
as well as providing potential intervention targets, which are further explored in this
review.More studies are needed to examine the possible adverse cardiac effects of an-
ticancer drugs, possibly employingmore sensitive echocardiographic measurements
of cardiac function such as global longitudinal strain (GLS), which is considered a
more accurate measurement of myocardial contractility than traditional echocardio-
graphic parameters, as it is load-independent, thus not confounded by the presence
of hypertension.

Anthracyclines are a class of drugs including doxorubicin, epirubicin, and daun-
orubicin, which are widely used in the oncologic and haematologic field. Swain

evaluated three prospective studies and reported that up to of in total
patients treated with anthracyclines had evidence of congestive HF.8 A clear dose–
damage relationship is observed for treatment with anthracyclines, where patients
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highly susceptible

highly resilient

Figure 2.2. Schematic representation of dose–cardiac damage relationship in anthracycline-
related cardiotoxicity. Patients in the red circle are low-dose high responders, while patients
in the green circle are high-dose low responders.

can generally tolerate cumulative doxorubicin doses up to mgm with low rates
of HF.9 In contrast, a 2004 study reported that out of lymphoma patients with
cardiotoxicity following doxorubicin, patients had received cumulative doses be-
low mgm , suggesting that even at low dosages cardiotoxicity can develop in
patients who are susceptible to cardiotoxicity.13 The cardiotoxic effects of anthracyc-
lines can occur in the acute phase, during treatment, in the early-onset chronic phase,
and in the late-chronic phase.14 In a clinical setting, early cardiac effects of anthra-
cyclines were often found to be reversible. These include dysrhythmia, pericarditis,
and changes in the electrocardiogram. In contrast, late cardiac effects often involve
chronic HF or a subclinical reduction in LVEF.8 Interestingly, a recent study by Car-
dinale showed that most ( ) cardiotoxic effects of anthracyclines took place
within the first year post-treatment.15 This challenged the distinction between early
and late cardiotoxic effects and suggested that late-onset cardiotoxic effects are the
consequence of under detection in the early stages post-treatment.15 These findings
also point out that early detection is important and remains an unmet need. Different
imagingmodalities such as GLS, cardiacmagnetic resonance imaging (MRI) with T1
mapping, and biomarkers could play an important role in aiding early detectionwith
high sensitivity.16

Trastuzumab is a monoclonal antibody targeting the human epidermal growth
factor receptor 2 (HER2).17 Adjuvant treatment with trastuzumab has significantly
improved survival in HER2 positive breast cancer.17,18 Unfortunately, trastuzumab
is associated with cardiotoxicity and decreases in LVEF.19 Cardiotoxic effects of treat-
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ment with trastuzumab alone seem to occur primarily in the short term and are in
the majority of cases reversible. Incidence of cardiotoxicity ranges from to
with up to of patients developing fulminant HF (NYHA class III/IV).17,19 The
reported incidence rates of cardiotoxic effects following trastuzumab have a wide
range, as they depend on both the time period in which the study was performed,
the definition of cardiotoxicity, as well as the inclusion criteria of the different trials.
In the first trastuzumab trial (in the metastatic setting), concurrent treatment with
an anthracycline-containing regimen such as doxorubicin and trastuzumab resulted
in cardiac dysfunction in of patients, with developing fulminant HF.20 In
contrast, in the HERA trial, comparing one or two years of adjuvant trastuzumab
to observation in breast cancer patients (of whom had received anthracycline-
based chemotherapy at median weeks beforehand), the incidence of severe HF
aftermedian years of follow-upwas in both trastuzumab arms compared to
in the observation arm. Risk factors for trastuzumab-associated cardiotoxicity were
a lower range of normal LVEF at study entry and a body mass index (BMI) above

kgm .21 A recent meta-analysis reported comparable rates of cardiotoxicity fol-
lowing treatment with trastuzumab at .22

Tyrosine kinase inhibitors that target vascular endothelial growth factor (VEGF)
such as sunitinib and sorafenib are prescribed to patients with primary renal cell,
hepatocellular, as well as therapy-resistant thyroid carcinoma and gastrointestinal
stromal tumours (GIST). A recent review by Moslehi focused on the cardiovascular
toxicity profile of these agents.23

2.2 Pathophysiology

The cardiotoxic effect of cancer drugs is characterised as irreversible (type I) or re-
versible (type II).9 The early cardiac effects of anthracyclines are considered to be
reversible and mostly affect the functionality of the myofibril contractile apparatus
of the cardiomyocyte.9 However, the late effects, which include a decrease in LVEF as
well as HF, are often irreversible and are caused by loss of cardiomyocytes. As early
as 1978, evidence for necrosis and cell loss in cardiac biopsies of patients treated with
anthracyclines was observed.24 Additionally, troponin I levels are increased follow-
ing anthracycline treatment and predict early cardiac damage.25 In the case of dox-
orubicin, the primary driver of cardiotoxicity is direct uptake of doxorubicin by the
cardiomyocyte. The reduction of doxorubicin by nicotinamide adenine dinucleotide
(NADH) dehydrogenase results in production of superoxide radicals and reactive
oxygen species (ROS), resulting in oxidative stress, a process which is largely me-
diated by the mitochondria within the cardiomyocyte.26 Also, NAD(P)H oxidase,
found in leukocytes and the vascular wall, has been implicated to play a role in cardi-
otoxicity following doxorubicin treatment. An experimental study found NAD(P)H-
deficient mice to be relatively resistant to cardiotoxicity compared to wildtype mice.
Similar to NADH, NAD(P)H plays a role in ROS production and oxidative stress
and works in congruence with NADH dehydrogenase.27 Furthermore, doxorubicin
forms complexes with iron, which results in further generation of ROS. This process
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was attenuated by overexpression ofABCB8, amitochondrial protein involved in iron
transport. Additionally, hearts from patients with doxorubicin-induced cardiomy-
opathy had significantly higher mitochondrial iron levels compared to controls (con-
sisting of normal hearts and patients with other forms of cardiomyopathy).28 This
interplay between ROS and mitochondria in the cardiomyocyte is important in the
pathophysiology of cardiotoxicity. In normal physiological circumstances, ROS are
generated as a byproduct of aerobic metabolism within mitochondria. However, in
pathophysiological circumstances following treatment with anticancer agents, ROS
production is further increased. The relatively large number of mitochondria in car-
diomyocytes might in part explain the sensitivity of the heart to toxic effects of dox-
orubicin.9 In addition, mouse models suggest that anthracyclines may disable topoi-
somerase IIβ function, directly mediating cardiotoxicity.29

Pathophysiological mechanisms in doxorubicin toxicity were mostly studied as
short-term effects in mouse-based or mouse-cell-based models. However, a recent
study using human induced pluripotent stem cells (hIPSC) elegantly showed how
cardiomyocytes derived from cancer patients treated with anthracyclines who de-
veloped HF were more sensitive to doxorubicin and produced more ROS
posttreatment compared to patients who did not develop HF posttreatment
Following treatment with doxorubicin, cardiomyocytes showed more sar-
comeric disarray compared to cardiomyocytes. Additionally, calcium handling
was impaired in cardiomyocytes, following stimulation with doxorubicin,
leading to more arrhythmic beating compared to cardiomyocytes. Interestingly,

cardiomyocytes produced significantly larger amounts of ROS following dox-
orubicin stimulation than cardiomyocytes and had significantly less cell viability.
Of note, no differences were observed between cardiomyocytes and cardiomyo-
cytes from healthy controls who were not previously treated with doxorubicin.30
However, mitochondrial density in hIPSCs is lower than in normal cardiomyocytes,
suggesting that the important mitochondrial component should be further investig-
ated. Differences observed in this study could potentially be explained by pivotal
gene–environment interactions, where certain patients have a genetic disposition to
developing cardiotoxic effects at relatively limited cumulative dosage of chemother-
apy. More comprehensive genome-wide association studies (GWAS) and system
biology-based studies are needed to confirm the pathophysiological interactions as
well as clinical utility of results found in these cell-based models. In addition, lim-
ited data are available on the long-term pathophysiologic changes in posttreatment
patients, requiring further study.

The cardiotoxic effects of treatment with trastuzumab are considered to be re-
versible (type II).9 Fewer strides have been made in exploring the underlying patho-
physiological mechanisms of cardiotoxicity following trastuzumab compared to an-
thracycline cardiotoxicity. However, the primary driver of trastuzumab cardiotox-
icity is thought to be related to blocking of HER2 on cardiomyocytes.31 Blocking
of HER2 is associated with the accumulation of ROS and resulting cardiac dysfunc-
tion.32 It is readily known that the HER2–neuregulin axis plays a central role in both
the development of the heart and HF.33 In patients with HF, circulating HER2 was
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higher than in healthy controls.33 Additionally, inflammation may play a role in the
cardiotoxic effects of trastuzumab. Toll-like receptor 4, an inflammation marker, was
associated with trastuzumab cardiotoxicity.34 Circulating troponin I was found to be
associated with trastuzumab cardiotoxicity as well; however, the available data are
mixed and inconclusive.19,35

Radiotherapy plays an important role in the treatment of early breast cancer and
improves disease-free and overall survival. However, the benefits of radiotherapy
can be reduced by its side effects, including adverse cardiovascular events. Radiother-
apy can cause damage to endothelial cells, which triggers inflammation and results
in accelerated atherosclerosis. A large case–control study showed a linear relation-
ship between mean heart dose and risk of a coronary event for breast cancer patients
treated between 1958 and 2001. The risk of a major coronary event increased by
per Gray mean dose to the heart, for both women with and without pre-existing car-
diac risk factors.36 No dose threshold was observed. Interestingly, the radiotherapy-
induced risk of ischemic heart disease was already present within five years after
therapy and continued for at least 20 years. Most cancer patients receive multimodal
treatment in which radiotherapy poses an additional risk of cardiovascular damage,
although it is unclear whether radiotherapy and systemic treatment have a syner-
gistic effect in this respect.

The mechanism underlying the cardiotoxicity of multitargeted tyrosine kinase
inhibitors such as sunitinib or sorafenib are in part due to targeting of the VEGF re-
ceptor, resulting in hypertension and left ventricular dysfunction.14 The cause of hy-
pertension has been suggested to lay in endothelial dysfunction following decreased
nitric oxide signaling, an increase in endothelin-1 production, and a reduction in ca-
pillary density of the endothelium. Additionally, inhibition of the PDGF receptor by
sunitinib and sorafenib plays a significant role in cardioprotection and cell survival
in cases of pathological stress.37 Combined with the increase in afterload through
increases in systolic blood pressure, a reduced stress response of the myocardium
through inhibition of the PDGF receptor may lead to cardiac dysfunction. Further-
more, a role has been suggested for alterations in adenosine monophosphate (AMP)-
activated protein kinase, which is responsible for energy homeostasis.38 However, us-
ing hIPSC-derived cardiomyocytes, the role of AMP-activated protein kinases could
not be confirmed.39

2.3 Prediction and early detection

Early detection is key to adequately treat patients developing cardiac dysfunction fol-
lowing cancer treatment. Ideally, patients at risk should be identified before the start
of cancer treatment. Following, patients considered to be at higher risk can be mon-
itoredmore intensively for possible adverse cardiac effects during systemic treatment
as well as during follow-up. Furthermore, patients considered to be at exceptionally
high risk could benefit from prophylactic treatment with cardioprotective drugs.

In the oncologic field, there is increasing attention to the optimal balance between
risks and benefits of cancer treatment and the risk of cardiotoxicity can influence
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treatment decisions. For example, in the adjuvant setting of early HER2 positive
breast cancer, the BCIRG-006 trial investigated the value of trastuzumab in both an
anthracycline-containing schedule (doxorubicin plus cyclophosphamide followed by
docetaxel and trastuzumab, AC-TH) and an anthracycline-free schedule of doxetaxel,
carboplatin, and trastuzumab (TCH). At 10-year follow-up there was no significant
difference in terms of disease-free or overall survival between AC-TH and TCH; how-
ever, grade III/IV cardiotoxicity (HF) was fivefold lower in the anthracycline-free
TCH arm: ( ) patients in the AC-TH arm versus ( ) patients
in the TCH arm.40 In shared decision-making on adjuvant treatment options, the pa-
tient’s risk of adverse treatment-related events should be balanced against expected
benefit in reducing cancer recurrence risk and overall survival. Current prediction
tools used in the early breast cancer setting provide limited short-term (up to ten
years) information on expected outcome, and future decision aids should incorporate
the individual patients’ risk of cardiovascular toxicity to optimise patient outcome.

For early estimation of cardiotoxicity risk, genetic background, clinical risk factors,
as well as biomarkers play an important role. In the field of pharmacogenomics, a
number of single nucleotide polymorphisms have been associated with anthracyc-
line and trastuzumab cardiotoxicity, both in the acute setting as well as in the long
term (table 2.1). Most of these polymorphisms have been identified in childhood
cancer survivors, and it remains unclear whether these findings can be translated to
other forms of cancer and what their predictive power is in adults. More research
is needed to identify genetic components that make patients more susceptible to ad-
verse cardiac effects of cancer treatment, both to better understand the underlying
pathophysiology as well as to better identify high-risk patients to monitor them, to
adapt their treatments to decrease chance of toxicity, and to intervene in patients
at risk (figures 2.2 and 2.3). Here, more comprehensive GWAS studies are needed
in primarily adult subjects prior to treatment. Similarly, novel diagnostic modalities
such as exome sequencing or transcriptome analyses could play a significant role in
better identifying patients at risk.

In addition to having a genetic predisposition to developing cardiotoxicity fol-
lowing anticancer treatment, a genetic predisposition to developing cardiomyopathy
might be a risk factor for developing cardiotoxicity.41 Indeed, cases have been de-
scribed where previously an undiagnosed familial cardiomyopathy was found in pa-
tients who developed cardiotoxicity following anticancer treatment. The exact link
between genetic risk factors for cardiomyopathy and the development of cardiotox-
icity remains to be elucidated. Simultaneously, asymptomatic left ventricle dysfunc-
tion due to familial cardiomyopathy might confound results of studies and should
be excluded. This again emphasises the need for adequate prescreening of patients
undergoing anticancer treatment, paying special attention to possible familial risk
factors.

In a clinical context, age, female sex, anthracycline dosage, and presence of car-
diac risk factors has been shown to predispose to the development of cardiotoxicity.
Unfortunately, the power of clinical risk factors and risk scores to predict patients at
risk of cardiac events is limited, with AUCs of about . Several risk scores are avail-
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Table 2.1. Single nucleotide polymorphisms related to anthracycline and trastuzumab cardi-
otoxicity a

Gene Reference SNP cluster ID Patients
(reference)

Setting

Acute Follow-
up

ABCB1 rs2229109 NHL44 •
rs2235047 CCS45 • •

ABCB4 rs1149222, rs4148808 CCS45 • •
ABCC1 rs246221, rs3743527 CCS46 •

rs4148350 CCS45 • •
rs45511401 NHL27 •

ABCC2 rs8187710 HCT47 •
ADH7 rs729147 CCS45 • •
CAT rs10836235 CCS48 •
CBR3 rs1056892 CCS49 •
CYBA rs4673 NHL44 •
CYP3A5 rs776746 NHL44 •
CYP4F11 rs2108623 CCS45 • •
FCGR3A rs10127939 NHL44 •
FMO2 rs2020870 CCS45 • •
FMO3 rs1736557 CCS45 • •
GSTP1 rs1695 NHL44 •
HAS3 rs2232228b CCS50 • •
HFE rs1799945 HCT47 •
HNMT rs17583889, rs17645700 CCS45 • •
NCF4 rs1883112 NHL27,44 •
RAC2 rs13058338 NHL27,44,47 • •
SLC10A2 rs7319981, rs9514091 CCS45 • •
SLC22A2 rs316019 CCS45 • •
SLC28A1 rs2290271, rs2305364 CCS45 • •
SLC28A3 rs4877847, rs7853758c, rs885004c CCS45 • •
SPG7 rs2019604 CCS45 • •
SULT2B1 rs10426377 CCS45 • •
UGT1A6 rs17863783, rs4261716, rs6759892 CCS45,51 • •

ERBB2 rs1136201, rs1058808 BC52–56 • •
a Several genes have single nucleotide polymorphisms (SNP) associated with anthracycline and trastu-
zumab cardiotoxicity (ranging from echocardiographic cardiac dysfunction to heart failure) during or
after treatment. BC denotes breast cancer; CCS, childhood cancer survivors; HCT, haematopoietic cell
transplantation; HF, heart failure; NHL, non-Hodgkin lymphoma.

b For high anthracycline exposure group ( mgm ) only.
c High linkage disequilibrium between rs7853758 and rs885004.
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able to predict risk of adverse cardiac events.42,43 A risk score by Ezaz aimed to
predict the occurrence of cardiomyopathy andHFwithin three years following trastu-
zumab in women with breast cancer. The risk score incorporated age, chemotherapy
type, coronary artery disease, atrial fibrillation/flutter, diabetes mellitus, hyperten-
sion, and renal failure. While patients with a risk score of out of had a twofold
higher risk of exhibiting cardiomyopathy or HF in the first three years after trastuzu-
mab, the risk score was derived from an administrative dataset, and needs validation
in a clinical setting.42 A different risk score for predicting HF in childhood survivors
of cancer was based on sex, age at cancer diagnosis, as well as anthracycline and chest
radiotherapy dosages. Unfortunately, the C-statistic of the overall risk score was ,
limiting clinical applicability. Moreover, it is not clear whether this risk score can be
transposed to other forms of cancer,43 although a final common pathway in devel-
oping unintended cardiac damage as a result of multimodality cancer treatment is
suspected.

Following and during treatment with anticancer agents, early detection of cardiac
dysfunction is key to provide adequate treatment, which might potentially amelior-
ate or reverse cardiac dysfunction.15 For early detection, both imaging and biomark-
ers have proven useful.5,57 Echocardiography is the modality of first choice for early
diagnostic imaging.58 Especially in high-risk patients, defined as patients having pre-
existing cardiovascular risk factors or left ventricular dysfunction, baseline imaging
has been recommended.5 Depending on the specific drug used, GLS might be pre-
ferred over LVEF to assess cardiac function, since many chemotherapeutic agents in-
crease afterload. Additionally, GLS has been shown to predict decreases in LVEF at
an earlier stage.59 Therefore, a solid case can be made for the use of GLS in early de-
tection of cardiotoxic effects. Cardiac magnetic resonance imaging (CMR) has also
proven its worth in detecting and predicting cardiotoxicity. Neilan showed that
left ventricular mass assessed by CMR predicts cardiotoxicity within the first year.60
However, this was not compared to echocardiographic measurements. Although left
ventricularmassmeasured by echocardiography and byCMRhighly correlate, direct
comparisons between the two modalities are needed in cardiotoxicity research. In a
comparative study between CMR, 2D echocardiography and 3D echocardiography,
both 2D and 3D echo echocardiography were unable to detect LVEF values below
the threshold value of 50% estimated by CMR.61 Following, CMR is recommended
for patients in whom LVEF is close to a certain threshold and more sophisticated
techniques are needed to provide adequate detection.58 Additionally, the particular
value of CMR is found in evaluation of cardiac tissue and fibrosis using T1 and T4
mapping, which can have prognostic implications.5

Furthermore, several biomarkers have been found to detect both type I and type II
cardiac damage.9 So far, early increases in NT-proBNP, troponin I, and BNP have
been shown to predate a drop in LVEF after initiation of potential cardiotoxic cancer
treatment.25 Also, novel biomarkers, such as plasma myeloperoxidase (MPO) have
been shown to predict a decrease in cardiac function.62 Detecting patients who de-
velop cardiac dysfunction early in the course of chemotherapy is key.24 Novel risk
prediction methods are needed, because adequate a priori risk prediction can en-
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Figure 2.3. Schematic representation of the occurrence of cardiac damage and possible inter-
ventions during early/acute (t0–t1) and late (t2–t3) cardiotoxic effects. The aim is to find and
target patients at risk (solid line) and separate these from patients at low risk.

hance early detection by targeting patients at risk. Risk prediction may be enhanced
with findings fromnovel research in the -omics area, including genomics, proteomics,
and transcriptomics. Lastly, early detection can be enhanced by employing multiple
modalities in a high-risk population. A schematic representation between the occur-
rence of cardiotoxicity over time as well as possible screening possibilities as well
as diagnostic and treatment interventions that require further study are depicted in
figure 2.3.

2.4 Treatment

With recognising patients at risk prior to start of cancer treatment as well as early de-
tection of cardiotoxicity during and after treatment with chemotherapy, cancer treat-
ment adaptation as well as early intervention of cardiac dysfunction become possible
(table 2.2). In a risk-guided strategy, preventive treatment can be started in patients
with high a priori risk, while in patients with moderate to high risk, treatment can
be started during the early stages of signs of cardiac dysfunction, detected by GLS
or increases in cardiac damage markers such as troponin T and BNP. Several treat-
ment modalities employed in guideline-directed HF management have been proven
effective in both prophylactic prevention as well as direct management of a decrease
in cardiac function following anticancer treatment.15,63 There is no direct evidence
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that these encouraging results on the intermediate endpoint of cardiac dysfunction
translate into a lower incidence of cardiovascular disease or better survival after can-
cer treatment. Studied treatment modalities in the prevention and management of
cardiotoxicity include β blockers, angiotensin converting enzyme (ACE) inhibitors,
and angiotensin inhibitors as well as mineralocorticoid receptor antagonists (MRA).

The benefit of β blockers has proven mixed in preventing cardiac damage. To
study the results of β blockers on LVEF following treatment, metoprolol-succinate
was administered concomitantly with chemotherapy to breast cancer patients receiv-
ing anthracyclines and trastuzumab in patients.64 After adjuvant chemotherapy,
no effect was observed on LVEF compared to placebo. In contrast, an early study in-
vestigating nebivolol ( ) found a protective effect with no decrease of LVEF
or increase in NT-proBNP, in contrast to a significant increase in NT-proBNP and de-
crease of LVEF in the placebo group ( ).65 These results were confirmed in a lar-
ger, more comprehensive trial, of which the results were presented at the European
Society of Cardiology conference 2016. The investigators randomly assigned wo-
men with HER2 negative breast cancer to nebivolol and 30 women to placebo, and
all were subsequently treated with doxorubicin. After six months neither patients
in the nebivolol or placebo group had a decrease in LVEF, fractional shortening, or
left ventricular diameters. However, in the placebo group tissue Doppler showed
alteration in left ventricular diastolic functioning. Additionally, echocardiography-
based speckle-tracking showed a significant alteration of the LV systolic function and
GLS in the placebo group compared to the treatment group.66 These initial findings,
although limited in scope, also emphasise the importance of GLS and other more
comprehensive imaging modalities in cardiotoxicity treatment. Another small study
looked at the effects of carvedilol when administered to a mixed group of cancer pa-
tients before start of anthracycline treatment and found a significantly higher LVEF
after treatment compared to placebo.67 Overall, the experience with β blockers has
been promising, but dependent on the type of β blocker used. Additionally, timing of
β blocker initiation seems to be important,where concomitant treatmentwith β block-
age from the onset of chemotherapy holds the most potential. Identifying a popula-
tion at risk might help to better detect the potential impact from early β blockage
during chemotherapy in preventing adverse cardiac effects.

Administration of ACE inhibitors was studied in a mixed group of patients
with a troponin I increase after high-dose chemotherapy (out of evaluated pa-
tients), randomising patients between enalapril or placebo starting one month after
chemotherapy for the duration of one year. No patients treated with enalapril had
a decrease in LVEF below the normal limit of , compared to of pa-
tients receiving placebo.63 Interestingly, when administrating enalapril in combin-
ation with carvedilol at onset of a decrease of LVEF after anticancer treatment, in

of patients LVEF did not recover.68 These negative results can be explained by
the fact that a drop in LVEF takes place after a rise in troponin I. Starting protective
medication based on LVEF might prove to be too little, too late. In a smaller study in
which ACE inhibition together with carvedilol was started together with chemother-
apy instead of after a LVEF decrease, the results were more promising.69 In contrast,
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Table 2.2. Treatment modalities in cardiotoxicitya

Study drug
(reference)

Cancer Chemotherapy Timing of study
drug

Endpoint Outcome

Nebivolol versus
placebo65

BC Anthracyclines At onset of
treatment

LVEF; NT-proBNP No change in LVEF;
NTpro-BNP in treatment
group. Significant increase in
NT-proBNP and decrease in
LVEF in placebo group

Metoprolol
succinate versus
placebo64

BC Doxurubicin and
trastuzumab

At onset of
treatment

LVEF No effect

Cardevilol versus
placebo67

Any Anthracyclines Before onset of
treatment

LVEF Significantly higher LVEF after
treatment compared to placebo

Enalapril versus
placebo63

Mixed, high-dose
chemotherapy

According to
cancer type

At onset of
treatment

decrease in
LVEF

No patients reached primary
endpoint in enalapril group
versus in placebo group

Valsartan versus
placebo70

NHL CHOP At onset of
treatment

Acute
cardiotoxicity

Prevents QTc dispersion; no
effects on natriuretic peptides

Candersatan
versus placebo64

BC Anthracyclines At onset of
treatment

LVEF Significantly higher LVEF after
treatment compared to placebo

Candersatan
versus placebo52

BC Trastuzumab At onset of
treatment

LVEF; NT-proBNP No effect
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Study drug
(reference)

Cancer Chemotherapy Timing of study
drug

Endpoint Outcome

Enalapril and
carvedilol68

Any Anthracyclines After detection of
LVEF decrease

LVEF: responders,
partial responders,
non-responders

responders; partial
responders;
non-responders

Enalapril and
carvedilol versus
placebo69

Haematological According to
cancer type and
protocol

At onset of
treatment

LVEF No decrease in intervention
group, significant decrease in
placebo group

Spironolactone
versus placebo71

BC Anthracyclines At onset of
treatment

LVEF No significant decrease in
spironolactone group,
significant decrease in placebo
group

a ARBdenotes angiotensin receptor blocker; BC, breast cancer; CHOP, cyclophosphamide, hydroxydaunorubicin, oncovin and prednisone; LVEF, left ventricular
ejection fraction; MRA, mineralcorticoid receptor antagonists; NHL, non-Hodgkin lymphoma.
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a recent study started treatment according to the HF guideline following a detection
of a LVEF decrease. While many patients had a partial recovery, of patients did
not recover, emphasising the need for early detection and intervention in the case of
drug-induced damage.15

Treatment with angiotensin receptor blockers has given mixed results.52,64,70 A
small study showed no effect of valsartan on LVEF in non-Hodgkin lymphoma pa-
tients receiving cyclophosphamide, hydroxydaunorubicin, oncovin, and prednisone
(CHOP).70 While the recent PRADA study64 found a significant, albeit small effect of
candesartan on LVEF following treatment with anthracyclines, the results of a larger
more comprehensive trial investigating candesartan administration to HER2 positive
breast cancer patients receiving trastuzumab showed no protective effect on decrease
in LVEF.52,64 It has been suggested that the positive effects found of candesartan treat-
ment in the PRADA studymay be the consequence of a decrease in afterload and not
a direct effect of the study drug on the heart.16 Notwithstanding, in the larger but
negative study, candesartan was started not right from the start of anthracyclines but
only at initiation of trastuzumab. This may have obscured a protective effect of an-
giotensin receptor blockers. Of note, a small study showed a possible protective effect
of concomitant MRA administration: patients were given spironolactone concom-
itant with chemotherapy administration and compared to patients on placebo. Pa-
tients on spironolactone showed retained both systolic and diastolic function, while
patients on placebo showed significant decreases in both systolic and diastolic func-
tion. Nevertheless, the number of patients included was small and findings should
be repeated in a larger cohort.71

With regard to the treatment of HF, novel modalities have become available such
as LCZ696 (valsartan/sacubitril) and ivabradine.72 Ivabradine is a funny current in-
hibitor that reduces heart rate. In the SHIFT trial, ivabradine showed a reduction in
both HF-related mortality as well as HF-related hospital readmissions.73 In a mouse
model, ivabradine reduced oxidative stress.74 Ivabradine could prove a useful agent
in both preventing and treating cardiotoxic effects from anticancer treatments. How-
ever, no studies have been performed to date in patients with cardiotoxicity. Another
new kid on the block is LCZ696, which significantly reduced mortality and rehospit-
alizations in HF patients in a recent landmark trial.75 However, possible benefits for
patients with cardiotoxicity remain unknown.

2.5 Future trial directions and lessons learned

While great advances have been made in the risk assessment and early detection
of cardiotoxic effects following cancer treatment, no clear diagnostic and preventive
treatment algorithm has been formulated. Current treatment options for preventing
drug-induced cardiotoxicity have held promise. Nevertheless, this is dependent on
the timing of administration, type of drug, and the patient population. Primary pre-
ventive measures are not cost-effective due to the relatively high number needed to
treat. Therefore, there is a great need to identify patient groups at high risk for car-
diotoxicity to increase efficacy and cost-effectiveness of cardioprotective strategies.
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Further secondary preventive measures should be geared towards early detection of
structural changes using advanced imaging techniques. Additionally, a more com-
prehensive understanding of the underlying pathophysiology and novel treatment
targets remain an unmet need.

In a clinical setting, much is to be gained by more adequate a priori risk assess-
ment. While individual patient characteristics have been identified for determining
patients at high risk for cardiotoxicity, an adequate and validated risk score is still
lacking. Determining which patients are at high risk is key to devise effective dia-
gnostic and treatment algorithms. In this case, cancer patients with a high anticip-
ated risk of cardiotoxicity might be treated with different alternative less cardiotoxic
treatment modalities (e.g. carboplatin instead of doxorubicin in case of HER2 posit-
ive early breast cancer). Second, close monitoring of cardiac function before, during,
and after treatmentmight benefit survival andmorbidity. Third,while great improve-
ments have been made in the treatment of initial cardiotoxic effects and decreases in
LVEF with both ACE inhibition and β blockage, identifying patients at high risk for
cardiotoxicity could enhance efficacy of cardioprotective agents. Lastly, but probably
important, cardiovascular risk factors including BMI and physical activity should be
readily addressed in high-risk patients to reduce the risk for cardiotoxicity.

Early detection of cardiotoxicity is imperative. While echocardiography has
proven a valuable diagnostic modality, assessment of LVEF using biplane echocar-
diography might not be sensitive enough to detect early changes. Indeed, here GLS
seems to predate changes in LVEF and seems a better determinant of myocardial con-
tractility. Future trials should include GLS as an endpoint next to LVEF. Additionally,
CMR with T1 mapping has shown great promise and remains the gold standard in
detecting cardiac dysfunctionwhen left ventricular function is at or around threshold
levels. CMR could be considered in patients with low-normal LVEF to adequately as-
sess a priori risk of developing cardiotoxicity. Furthermore, timing of treatment initi-
ation to prevent cardiac dysfunction seems key. Trials administering ACE inhibition
at onset of cardiac dysfunction have shown less favourable effects than studies ad-
ministering treatment concomitantly with or before anticancer treatment. This again
emphasises the importance of early detection as well as adequate risk assessment
before cancer drug administration to identify patients highly susceptible to develop
cardiotoxicity.
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Abstract

Aims — Anthracyclines increase heart failure (HF) risk, but the long-term preval-
ence of myocardial dysfunction in young breast cancer (BC) survivors is unknown.
Early measures of left ventricular myocardial dysfunction are needed to identify BC
patients at risk of symptomatic HF.
Methods and results — Within an established cohort, we studied markers for
myocardial dysfunction among women, who were to years ( ) or to

years ( ) after BC treatment at ages to years. Left ventricular ejection
fraction (LVEF) and global longitudinal strain (GLS) were assessed by echocardi-
ography. N-terminal pro-brain natriuretic peptide (NT-proBNP) was measured in
serum. Associations between patient-related and treatment-related risk factors and
myocardial dysfunction were evaluated using linear and logistic regression. Median
ages at BC diagnosis and cardiac assessment were and years, respectively.
Anthracycline-treated patients ( ), compared to the no-anthracycline group
( ), more often had decreased LVEF ( versus ), impaired GLS (
versus ) and elevated NT-proBNP ( versus ). GLS and LVEF declined in a

https://doi.org/10.1002/ejhf.1610
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linear fashionwith increasing cumulative anthracycline dose (GLS and LVEF
per cycle of mgm ; ) and GLS was worse for patients with left

breast irradiation. The risk of NT-proBNP ngL was highest for patients who
received to mgm anthracycline dose compared to the no-anthracycline
group (odds ratio [OR] , confidence interval [CI] – ).
Conclusion — Impaired GLS and increased NT-proBNP levels are present in a sub-
stantial proportion of young BC survivors treated with anthracyclines. Whether this
will lead to future cardiac disease needs to be evaluated by longitudinal assessment.

3.1 Introduction

Anthracyclines have been the cornerstone of chemotherapy regimens for early breast
cancer (BC) since the 1990s.1 They are known, however, for their cardiotoxicity that
can affect BC survivors’ quality of life and life expectancy.2 Despite awareness of
anthracycline-related cardiotoxicity, no evidence-based guidelines tomonitor cardiac
function of long-term BC survivors are currently available.3–5 In order to develop
such guidelines it is of paramount importance to better identify survivors at high
risk of developing cardiotoxicity and to evaluate methods for early detection.

Many studies have investigated the incidence of anthracycline-related cardiotox-
icity by echocardiographic measurement of left ventricular ejection fraction (LVEF)
as an indicator of systolic (dys)function.6–8 Incidence rates of systolic dysfunction
range from to and are difficult to compare across studies due to lack of a uni-
form definition for cardiotoxicity and substantial differences in study populations in
terms of age, follow-up time and prevalence of co-morbid conditions.Moreover, stud-
ies reporting on myocardial dysfunction beyond ten years of follow-up are scarce.9,10

Since LVEF decline can occur as a late manifestation of cardiac injury, earlier
and more sensitive markers that identify myocardial dysfunction may be valuable.
A promising technique to identify left ventricular (LV) dysfunction is myocardial
deformation imaging;11 measurement of global longitudinal strain (GLS) can detect
changes in contractility before LVEF decreases.12 Additionally, serial measurements
of cardiac biomarkers such asN-terminal pro-brain natriuretic peptide (NT-proBNP)
— an established screening tool for heart failure in the general population13 — may
be useful to detect myocardial dysfunction in BC survivors.14–17

Little is known about the long-term prevalence of myocardial dysfunction in BC
survivors. This study aims to determine prevalence of and risk factors for myocar-
dial dysfunction by conventional echocardiography, strain imaging and cardiac bio-
marker analyses in a large cohort of young BC patients treated with and without
anthracycline-based chemotherapy.
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3.2 Methods

3.2.1 Study design

We conducted a cross-sectional study within two established hospital-based cohorts
of BC survivors for which we have previously collected information on cardiovas-
cular disease incidence through general practitioners and cardiologists.18 Eligible
women were treated for invasive BC (TNM stage I–III) or ductal carcinoma
(DCIS) at ages to years in the Netherlands Cancer Institute - Antoni van
Leeuwenhoek (NKI-AVL) or University Medical Centre Groningen (UMCG), and
were either to or to years after initial treatment. Exclusion criteriawere (i) his-
tory of radiotherapy or chemotherapy unrelated to BC/DCIS, (ii) current treatment
for BC/DCIS recurrence or treatment for second malignancy (except non-melanoma
skin cancer and carcinoma of the cervix), (iii) history of cardiovascular dis-
ease (heart failure, acute coronary syndrome, coronary revascularization proced-
ure, symptomatic valvular dysfunction, or cardiomyopathy) before BC/DCIS dia-
gnosis. Patients who had been treated for a locoregional BC/DCIS recurrence, second
BC/DCIS, or cardiovascular disease after initial BC diagnosis could participate. The
study was approved by the institutional review board of the NKI-AVL and is re-
gistered with ClinicalTrials.gov, identifier NCT02485626.

3.2.2 Study procedures

Eligible women received a written invitation describing the study objectives and pro-
cedures. Non-responders were sent up to two reminders. Patients who declined par-
ticipation were diagnosed longer ago and were treated less often with anthracycline-
based chemotherapy. Sixty-three percent of invited women provided informed con-
sent and completed a first study visit (supplementary figure 3.1). Participants filled
out a baseline questionnaire on current and past lifestyle factors, physical activity,
family history of cardiovascular disease, and psychosocial functioning. Detailed data
on tumour and treatment characteristics, medical history, previous cardiac evalu-
ation, cardiovascular risk factors and medication use were extracted from medical
records, hospital registries, and obtained through the participants’ general practi-
tioner. When detailed dosing information of chemotherapy was missing from the
medical charts, we assigned standard chemotherapy doses per administered cycle
according to the guidelines per hospital. At study visit, sociodemographic variables,
recent medical history and current medication use were recorded. Participants un-
derwent standardised physical examination, blood and urine sampling and electro-
cardiography (supplementary method 3.1). NT-proBNP was measured in serum
using an immuno-assay (Cobas platform, Roche Diagnostics, Indianapolis, United
States of America). Transthoracic tissue Doppler echocardiography was performed
according to a standardized acquisition protocol, using the GE Vivid E9 machine
(GE, Horten, Norway) in the UMCG and Philips iE33 machine (Philips Healthcare,
Best, The Netherlands) in the NKI-AVL. Echocardiographic exams were centrally
analysed at Groningen Imaging Core Laboratory by trained observers in accordance
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with the American Society of Echocardiography and the European Society of Car-
diology guidelines.19 LVEF was assessed by Simpson biplane method or, if image
qualitywas insufficient ( ), an eyeballing LVEF rangewas reported. Othermeas-
ures of LV function were also quantified (supplementary method 3.2). LV GLS was
measured using the Arena two-dimensional cardiac performance analysis (TomTec
Imaging Systems, Unterschleißheim, Germany). Inability to track the LVwall during
the full cardiac cycle precluded GLS measurements in ( ) patients. GLS was
measured twice for a random subset of subjects. Correlation of measurements of
the same individual was ( CI – ).

3.2.3 Statistical analysis

Treatment and follow-up groupswere compared using -tests,Mann-WhitneyU tests,
and chi-squared tests. No cardiotoxicity equivalence ratio for epirubicin to doxorubi-
cin in BC survivors has been published. Therefore we used the ratio of the linear
regression coefficient for cumulative epirubicin dose and LVEF and the linear regres-
sion coefficient for cumulative doxorubicin dose and LVEF from our data to calcu-
late a doxorubicin dose equivalent. Associations between cumulative doxorubicin
dose equivalent (i.e. anthracycline dose per cycle of mgm ) and LVEF, GLS, and
NT-proBNP were evaluated using multivariable linear regression models to assess
and control for potential confounders and test for interactions between risk factors.
We tested variables of interest one by one and a potential confounder was added
to the model if inclusion of this variable changed the coefficients for the other vari-
ables . Non-linearity of the dose-response relationship was evaluated includ-
ing a quadratic term for anthracycline dose. Model performance was assessed using
likelihood ratio tests. We performed sensitivity analyses excluding patients with a
locoregional BC recurrence and/or second BC or clinical cardiovascular disease dia-
gnosed after BC to establish their influence on outcome measures. For clinical inter-
pretation of the data, we conducted multivariable logistic regression to study effects
of treatment-related risk factors on myocardial dysfunction prevalence, defined as a
LVEF , according to the range of normal LVEF values in the general female
population,19 GLS , a cut-off value indicative of impaired myocardial de-
formation,20 or NT-proBNP ngL .13 Significance tests were two-sided and

was considered statistically significant. Analyses were performed using
Stata/SE (version 13.0; StataCorp LP, College Station, United States of America).

3.3 Results

In total, women were enrolled. Women in the to year survivor group had a
median follow-up of years (interquartile range [IQR] – ) versus years
(IQR – ) in the to year survivor group. Median age at BC diagnosis was

years (IQR – ) in the no-anthracycline group ( ) and years
(IQR – ) in the anthracycline group ( ) (table 3.1). Prevalence of hy-
pertension, hypercholesterolaemia, and diabetes mellitus at BC diagnosis did not dif-
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fer between patients treated with and without anthracyclines (table 3.1), nor accord-
ing to follow-up duration (data not shown). The proportion of current and former
smokers was lower in the anthracycline group compared to the no-anthracycline
group (current smoker: versus ; former smoker: versus ;

) (table 3.1).

Table 3.1. Patient characteristics at breast cancer diagnosisa

Variable Anthracyclines No
anthracyclines

i

Total ( ) ( )
Age (years) [ – ] [ – ]

– years ( ) ( )
– years ( ) ( )

Year of breast cancer diagnosis
– ( ) ( )
– ( ) ( )

Follow-up time (years) [ – ] [ – ]
– years ( ) ( )
– years ( ) ( )

Educational level
Primary education ( ) ( )
Secondary education ( ) ( )
Vocational education ( )
Higher education ( ) ( )

Cardiovascular risk factors
Hypertensionb ( ) ( )
Hypercholesterolaemiac ( ) ( )
Diabetesc ( ) ( )

Body mass index
kgm ( ) ( )
kgm ( ) ( )

– kgm ( ) ( )
Unknown ( ) ( )

Smoking
Never smoked ( ) ( )
Former smoker ( ) ( )
Current smoker ( ) ( )
Unknown ( ) ( )

Menopausal status
Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Unknown ( ) ( )
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Variable Anthracyclines No
anthracyclines

i

Co-morbidityd

( ) ( )
( ) ( )

Circulatory diseasee
Pulmonary diseasef
Endocrine, nutritional, ( ) ( )

Cardiovascular medicationd

Any antihypertensive drug ( ) ( )
Any lipid lowering drug ( ) ( )
Any glucose lowering drug ( ) ( )
Any antithrombotic drug ( ) ( )

Mutation statush
BRCA1 carrier ( ) ( )
BRCA2 carrier ( ) ( )
Other ( ) ( )
a Values are given as (%), or median [interquartile range].
b Hypertension was scored positive if a patient had systolic blood pressure mmHg, diastolic
blood pressure mmHg, used antihypertensive drugs (medical record), or if hypertension was
self-reported (patient questionnaire).

c Hypercholesterolaemia/diabetes mellitus were scored positive if a patient used lipid or glucose lower-
ing drugs (medical record), or if hypercholesterolaemia or diabetes mellitus was self-reported (patient
questionnaire).

d Information on co-morbidity and medication use was collected from the medical record.
e This category includes diagnoses I00–I99, excluding I10–I15, International Classification of Diseases,
10th revision.

f This category includes diagnoses J00–J99, International Classification of Diseases, 10th revision.
g This category includes diagnoses E00–E90, excluding E10–E14 and E78, International Classification of
Diseases, 10th revision.

h Self-reported mutation status.
i for difference between treatment groups, calculated with two-sample -test or chi-square test and
excluding the unknown category for categorical variables.

3.3.1 Treatment characteristics

As expected, anthracycline-treated patients received more extensive treatment, as
they more often had triple negative and higher stage BC (supplementary table 3. ).
Thirty-two percent of anthracycline-treated patients had a mastectomy compared
to in the no-anthracycline group ( ) (table 3.2). Both chest wall
and internal mammary lymph nodes were more often irradiated in anthracycline-
treated patients (chest wall: versus ; internal mammary lymph nodes:

versus ; ). In the anthracycline group, of patients re-
ceived adjuvant endocrine therapy compared to in the no-anthracycline group
( ).Most commonly prescribed chemotherapy regimenswere 5-fluorouracil,
epirubicin and cyclophosphamide (FEC) and doxorubicin and cyclophosphamide
(AC), followed by anthracycline-taxane-based combinations (e.g. TAC, FEC-T). The
number of chemotherapy cycles ranged from one to six. Median cumulative epiru-
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bicin dose was mgm , median cumulative doxorubicin dose was mgm ,
andmedian anthracycline dosewas mgm (IQR – ). Trastuzumabwas ad-
ministered in of anthracycline-treated patients after completion of the anthracyc-
line part of their chemotherapy regimen. Patients in the to year follow-up group
received more extensive surgery and radiotherapy, higher anthracycline doses and
more endocrine therapy than patients in the to year follow-up group (supple-
mentary table 3. ).

Table 3.2. Treatment characteristicsa

Variable Anthracyclines No
anthracyclines

i

Total ( ) ( )
Surgery

Lumpectomy ( ) ( )
Mastectomy ( ) ( )
Otherb ( ) ( )

Radiotherapy fields
No radiotherapy ( ) ( )
Right breast ( ) ( )
Left breast ( ) ( )
Right chest wall ( ) ( )
Left chest wall ( ) ( )
IMNc ( ) ( )

Chemotherapy regimend

FEC ( ) NA
FAC ( ) NA
AC ( ) NA
FEC+T ( ) NA
AC+T ( ) NA
TAC ( ) NA
Other, with anthracyclinese ( ) NA

Cumulative epirubicin dose (mgm ) [ – ] NA
mgm ( ) NA

– mgm ( ) NA
mgm ( ) NA

Cumulative doxorubicin dose
(mgm )

[ – ] NA

mgm ( ) NA
– mgm ( ) NA

mgm ( ) NA
Cumulative anthracycline dosefg
(mgm )

[ – ] NA

mgm ( ) NA
– mgm ( ) NA
– mgm ( ) NA

mgm ( ) NA



3

3

Variable Anthracyclines No
anthracyclines

i

Trastuzumab
No ( ) ( )
Yes ( ) ( )

Endocrine treatmenth
No ( ) ( )
Tamoxifen only ( ) ( )
Tamoxifen, switch to aromatase

inhibitor
( ) ( )

Aromatase inhibitor only ( ) ( )
Unknown ( ) ( )
a Values are given as ( ), or median [interquartile range]. A, doxorubicin; C, cyclophosphamide; E,
epirubicin; F, 5-fluorouracil; IMN, internal mammary lymph nodes; NA, not applicable; T, taxane.

b One patient had an occult breast cancer for which she had an axillary lymph node dissection. One
patient refused surgery.

c Eleven patients received IMN irradiation combinedwith breast irradiation (seven left-sided; four right-
sided) and patients received IMN irradiation combined with chest wall irradiation ( left-sided;

right-sided).
d Sixteen percent of anthracycline-treated patients received neoadjuvant chemotherapy.
e One patient received four cycles of EC; one patient received six cycles of A + docetaxel; one patient
received three cycles of AC, followed by three cycles of docetaxel + capecitabin; one patient received
three cycles of AC followed by paclitaxel + carboplatin + trastuzumab; one patient received four cycles
of FEC, followed by two cycles of high dose C + thiotepa + carboplatin.

f For epirubicin a conversion factor of 0.45was used to calculate a doxorubicin dose equivalent in relation
to cardiotoxicity.

g For of patients standard chemotherapy doses per administered cycle were assigned according to
the guidelines per hospital.

h In of anthracycline-treated patients and in of no-anthracycline patients, tamoxifen or aro-
matase inhibitor was combined with a gonadotropin-releasing hormone agonist.

i for difference between treatment groups, calculatedwith chi-square test and, if applicable, excluding
the unknown category.

3.3.2 Prevalence of risk factors at study visit
Median age at study visit was years (IQR – ; supplementary table 3. ).
Overt signs of heart failure (such as pulmonary congestion and/or peripheral oed-
ema)were absent at physical examination in all screened patients. Hypertension and
hypercholesterolaemia were the most prevalent cardiovascular risk factors and their
frequency did not differ between treatment groups. Anthracycline-treated patients
had a higher body mass index at study visit, smoked less and were more often post-
menopausal. Thirteen women (five anthracycline-treated and eight no-anthracycline
patients) had been diagnosed with a cardiovascular disease after BC for which they
received treatment (supplementary table 3. ). Hypertension and hypercholestero-
laemia were more prevalent among to year survivors than among to year
survivors (supplementary table 3. ).
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3.3.3 Markers of myocardial dysfunction
Mean LVEF values were (standard deviation [SD] ) and (SD )
in the anthracycline and no-anthracycline group, respectively. LVEF decreased with
increasing cumulative anthracycline dose ( per cycle of

mgm anthracycline dose; ), with no evidence for non-linearity (fig-
ure 3.1A and supplementary figure 3.2). No confounding effects of patient or treat-
ment variableswere identified (table 3.3). Other risk factors that were associated with
decreased LVEF were history of cardiovascular disease ( ; ), post-
menopausal status ( ; ) and a known BRCA mutation ( ;

; supplementary table 3. ). In a multivariable model, only a history of cardi -
vascular disease after BC in addition to anthracycline dose remained associated
with a decreased LVEF ( ; ) (table 3.3). Interaction analyses
showed that an increasing cumulative anthracycline dose was associated with a
larger decrease in LVEF in patients without hypertension (table 3.4). LVEF
was found in ( ) of anthracycline-treated patients compared to
( ) of no-anthracycline patients. In a logistic model, the highest risk of decreased
LVEF was seen in those who received mg m anthracycline dose versus no
anthracyclines (OR ; 95% CI – , adjusted for radiotherapy field,
endocrine treatment and trastuzumab) (table 3.5).

Table 3.3. Multivariable linear regression analyses for left ventricular ejection fraction, global
longitudinal strain and N-terminal pro-brain natriuretic peptidea

Variable Multivariate modelb Final modelc

d d

Anthracycline dose ( mgm )
Age (years)f
Diastolic blood pressure (mmHg)g
BMI (kgm )g
Glucose (mmol L )g
Radiotherapy field

Right breast ref.
Left breast
Right chest wall
Left chest wall
IMN
No radiotherapy

Trastuzumab
History of CVD

Anthracycline dose ( mgm )
Age (years)
Diastolic blood pressure (mmHg)
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Variable Multivariate modelb Final modelc

d d

BMI (kgm )
Glucose (mmol L )
Radiotherapy field

Right breast ref. ref.
Left breast
Right chest wall
Left chest wall
IMN
No radiotherapy

Trastuzumab
History of CVD

Anthracycline dose ( mgm )
Age (years)
Diastolic blood pressure (mmHg)
BMI (kgm )
Glucose (mmol L )
Radiotherapy field

Right breast ref.
Left breast
Right chest wall
Left chest wall
IMN
No radiotherapy

Trastuzumab
History of CVD

a BMI, body mass index; CVD, cardiovascular disease; GLS, global longitudinal strain; IMN, internal
mammary lymph nodes; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain
natriuretic peptide.

b Model including other potential cardiotoxic treatments and cardiovascular risk factors of interest. Since
systolic and diastolic blood pressure were correlated and stronger associations between diastolic blood
pressure and outcome variables were seen, estimates for diastolic blood pressure are presented.

c Model including variables that changed the regression coefficient for anthracycline dose (and, if ap-
plicable, other variables) .

d β describes the linear change in LVEF (%), GLS (%), or NT-proBNP (ngL ) per unit increase of the
variable of interest.

e For patients ( ), mean LVEF of an eyeballing LVEF range was used for the analyses.
f Age at breast cancer diagnosis.
g Factor measured at study visit.

LVEF and GLS were moderately correlated [Pearson correlation coefficient
( ) ; supplementary figure 3.3) and this correlation was stronger in the no-
anthracycline group ( ). Mean GLS was (SD ) in the anthra-
cycline group and (SD ) in the no-anthracycline group. GLS linearly
declined with increasing cumulative anthracycline dose in a model accounting for
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Table 3.4. Association between left ventricular ejection fraction, global longitudinal strain and N-terminal pro-brain natriuretic peptide and
cumulative anthracycline dose for subgroupsa

Variable bLVEF bGLS bNT-proBNP

Age at BC diagnosis
– years
– years

Follow-up time
– years
– years

Trastuzumab
No
Yes

Hypertension at BC diagnosis
No
Yes

Hypertension at study visit
No
Yes

a BC, breast cancer; GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide.
b describes the linear change in LVEF (%), GLS (%), or NT-proBNP (ngL ) per anthracycline cycle ( mgm ).
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Table 3.5. Multivariable logistic regression analyses of decreased left ventricular ejection fraction, impaired global longitudinal strain and elev-
ated N-terminal pro-brain natriuretic peptide by treatmenta

Variable LVEF GLS NT-proBNP
ngL

parameter of
myocardial
dysfunction

b OR CI c OR CI d OR CI e OR CI

No anthracyclines ref. ref. ref. ref.
Anthracyclines – – – –

Chemotherapy
No anthracyclines ref. ref. ref. ref.

mgm – – – –
– mgm – – – –
– mgm – – – –

mgm – – – –
Trastuzumab

No ref. ref. ref. ref.
Yes – – – –
a CI, confidence interval; GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; OR, odds
ratio.

b Patients included in the analyses: . For two patients, LVEF could not be measured.
c Patients included in the analyses: . For 76 patients, GLS could not be measured.
d Patients included in the analyses: .
e Patients included in the analyses: .
f ORs for LVEF were calculated in a multivariable model including radiotherapy field and endocrine treatment in addition to trastuzumab. ORs for GLS

were calculated in a multivariable model including age at breast cancer diagnosis in addition to trastuzumab.
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age at BC diagnosis and radiotherapy field ( per cycle of
mgm anthracycline dose; ) (figure 3.1B). The association between

GLS and anthracycline dose did not change when excluding patients with LVEF
. In the to year group, the effect of dose on GLS was more pronounced than

in the to year group ( versus , ) (table 3.4).
Irradiation of the left breast was associated with worse GLS ( ; )
(table 3.3). Impaired GLS ( ) was found in of the anthracycline group
and in of the no-anthracycline group; risk was highest in patients who received

to mgm anthracycline dose (OR ; CI – , adjusted for age
at BC diagnosis and trastuzumab) (table 3.5). The prevalence of cardiovascular risk
factors stratified by GLS is shown in supplementary table 3. .

Median NT-proBNP was ngL (IQR – ) in the anthracycline group
and ngL (IQR – ) in the no-anthracycline group. A linear association
between NT-proBNP and cumulative anthracycline dose was found (

ngL ngL per cycle of mgm anthracycline dose; ) (table 3.3
and figure 3.1C); risk of NT-proBNP ng L was -fold increased ( CI

– ) in patients who received anthracyclines ( ; ) compared to no an-
thracyclines ( ; ) (table 3.5). When combining LVEF, GLS and NT-proBNP
in one model, we obtained similar results for the risk of having abnormal marker
increasing with anthracycline dose ( ) (table 3.5).

Sensitivity analyses excluding (i) patients with a recurrence and/or second
BC/DCIS ( ), (ii) patients who developed cardiovascular disease during
follow-up, and (iii) patientswho used angiotensin-converting enzyme inhibitors, did
not change results for any of the outcome parameters (data not shown).

3.4 Discussion

This study represents one of the largest comprehensive assessments of cardiac func-
tion by echocardiography, strain imaging and biomarker analysis in young, long-
term BC survivors. Other studies in this research area were smaller, included older
BC patients and reported results on fewer outcomes.21,22 A substantial proportion of
survivors in our cohort presented with myocardial dysfunction; in the anthracycline
group, LVEF , GLS and NT-proBNP ngL were observed in

, , and of patients, respectively. More than half of anthracycline-treated
women ( ) had at least one indicator of myocardial dysfunction. The observed lin-
ear relationship between cumulative anthracycline dose and LVEF is consistent with
previous findings,2 indicating that there is no safe anthracycline dose below which
there is no increased risk of cardiac damage. A novel result is the observed linear as-
sociation between anthracycline dose and GLS. Furthermore, patients who received
left breast irradiation had significant worse GLS values.

Prior large epidemiological studies have provided much information on risk of
cardiac disease after BC treatment, but lacked data from an in-depth cardiac assess-
ment that includes evaluation of early cardiotoxicity.23,24 The use of registry data in
such studies increases misclassification of exposure and event status compared to



3

A

B

C

50
75

15
0

N
T-

pr
oB

N
P 

(n
g 

L-1
)

0 400
Cumulative anthracycline dose (mg m-²)

-2
0

-1
9

-1
8

-1
7

-1
6

-1
5

G
lo

ba
l l

on
gi

tu
di

na
l s

tra
in

 (%
)

65
63

61
59

57
55

Le
ft 

ve
nt

ric
ul

ar
 e

je
ct

io
n 

fra
ct

io
n 

(%
)

linear regression line
95% CI

Figure 3.1.

0 400
Cumulative anthracycline dose (mg m-²)

0 400
Cumulative anthracycline dose (mg m-²)

linear regression line
95% CI

linear regression line
95% CI



3

Myocardial dysfunction in long-term breast cancer survivors

Figure 3.1. Associations between cumulative anthracycline dose and left
ventricular ejection fraction (LVEF) (A), global longitudinal strain (GLS) (B) and N-terminal
pro-brain natriuretic peptide (NT-proBNP) (C). Red lines depict linear associations and grey
lines depict 95% confidence intervals (CI). Associations can be described by

per cycle of mgm anthracycline dose; per cycle of mgm
anthracycline dose; ngL ngL per cycle of mgm anthracycline
dose (all ).

our study.23 Qin abstracted cardiac imaging information from medical records,
which may have led to higher risk estimates, since outcome data were likely only
available for patients with signs and/or symptoms of cardiac disease.24

Caram did evaluate the prevalence of cardiac dysfunction by a biomarker as-
say and an echocardiogram.25 They found that LVEF was present in of
doxorubicin-treated BC survivors (median age years, median follow-up years)
with an elevated cardiac biomarker at first screening ( of included patients).
Another Dutch study ( , median follow-up years) found a LVEF
in of patients, possibly due to the higher prevalence of cardiovascular risk
factors. Almost of participants were prescribed cardiovascular medication at
study visit,22 compared to in our study. Interestingly, these previous stud-
ies showed no clear effect of cumulative anthracycline dose and may be the result
of lower patient numbers and limited dose ranges. Somewhat surprisingly, we ob-
served no association between trastuzumab and either LVEF, GLS or NT-proBNP.
Trastuzumab is known to increase the risk of LVEF decline, but this decline is of-
ten reversible.26 Long-term cardiotoxicity data of trastuzumab-treated patients in a
population-based setting are, however, limited.27 In this cohort, the prevalence of
LVEF among trastuzumab-treated patients was only (table 3.5), suggest-
ing that the cardiotoxic effect of trastuzumab may indeed be transient, but strong
conclusions about the combined effects of anthracyclines and trastuzumab cannot be
drawn from our data, since only patients received both agents.

We found that about a third of screened patients had impaired GLS. In a cohort
of 549 healthy European subjects, mean GLS was (SD ) in females aged

to years,20 compared to mean GLS in our total cohort of (SD ):
(SD ) in anthracycline-treated patients and (SD ) in the

no-anthracycline group. It should be noted that part of this approximately differ-
ence may be explained by differences in the prevalence of cardiovascular risk factors
associated with worse GLS. Since previous studies have shown that GLS is a prom-
ising predictor for subsequent cardiotoxicity in BC patients,12,28 we expect some of
the women with impaired GLS to develop clinical cardiotoxicity.

In addition, we showed that GLS may not only detect anthracycline-related cardi-
otoxicity, but also radiotherapy-related cardiac injury, as left-sided breast irradiation
was associated with worse GLS in a model including anthracycline dose ( ;

). We believe that this finding does not reflect the use of older radiation
techniques that expose the heart to higher radiation doses, as stratification by follow-
up period yielded similar results. Although efforts have been made to reduce car-
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diac radiation exposure, the heart may still be exposed to approximately Gy when
left-sided radiotherapy is given. Only a few small studies have investigated the po-
tential of strain imaging as a screening tool for radiotherapy-related cardiotoxicity
and showed promising results.29,30 Patients in these studies were assessed, however,
within six weeks after radiotherapy and did not receive chemotherapy. Data on the
long-term combined effects of anthracyclines and radiotherapy combined onGLS are
limited and this finding requires further investigation.

Remarkably, the effect of anthracycline dose on GLS was more pronounced in pa-
tients diagnosed more recently. Similar trends were seen for LVEF and NT-proBNP
(table 3.4). Patients diagnosed to years ago more often received chest wall irra-
diation, adjuvant endocrine therapy and taxanes in addition to anthracycline-based
chemotherapy. Inclusion of these treatment factors to our statistical model, however,
did not change the relationship between anthracycline dose and GLS in the two
follow-up groups. Although we tried to eliminate the influence of other (cardiovas-
cular) risk factors on GLS, residual confounding cannot be ruled out. Confirmation
of this result is therefore necessary and will be possible when prospective measure-
ments for this cohort become available.

We also observed a linear association for anthracycline dose andNT-proBNP. Fur-
thermore, of patients in the anthracycline group had NT-proBNP ngL
versus in the no-anthracycline group. Sandri showed that early, persist-
ent increases in NT-proBNP may predict subsequent clinical cardiotoxicity.16 Also,
in the European Society of Cardiology position paper it was reported that abnormal
NT-proBNP is indicative of an increased risk of cardiotoxicity among patients treated
with anthracyclines.4 Evidence-based strategies to prevent progression to overt car-
diac disease in this particular patient group should be further investigated. We were
unable to identify patients with LVEF using NT-proBNP ngL (sup-
plementary figure 3.2) and the question remains whether the cut-off value for ruling
out heart failure in the general population13 is appropriate for detecting cardiotox-
icity in BC survivors.

When interpreting our results, some limitations of our study should be con-
sidered. Included patients had no cardiovascular assessment at BC diagnosis and
we were therefore unable to investigate changes in outcome measures from baseline.
However, we believe that the influence of subclinical cardiovascular disease at BC
diagnosis was minimal, since we studied BC patients diagnosed at age to years,
who had a low prevalence of cardiovascular risk factors. Second, inability to track the
LVwall during the full cardiac cycle precludedGLSmeasurements in of screened
patients. We explored patient and treatment characteristics of women for whomGLS
was not available. They received more extensive treatment in terms of anthracycline
dose and radiotherapy fields compared to patients with GLS measurement (data not
shown) and this could have led to an underestimation of the association reported.
Finally, our study was cross-sectional and patients who developed cardiovascular
disease prior to study invitation might have been over- or under-represented. How-
ever, the study was embedded within established BC cohorts and for the AVL cohort
we have information on cardiovascular disease incidence and mortality,18 enabling
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us to explore selection bias. We found no evidence for patient selection by comparing
cardiovascular disease incidence rates of responders and non-responders, and since
only seven patients died of cardiovascular disease before study initiation, we believe
that survival bias is negligible.

Several task forces have made great efforts to set up guidelines for prevention
andmonitoring of cardiotoxicity among (breast) cancer survivors.3–5 However, these
guidelines are not broadly used in clinical practice, since the quality of evidence sup-
porting those guidelines is still insufficient. We believe that results o f the current
analyses do not yet allow us to recommend a specific strategy for monitoring BC sur-
vivors, since follow-up data are crucial and are 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.

In conclusion, we found that 5 to 12 years after treatment with anthracycline-
based chemotherapy, 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. Longit-
udinal assessment is essential to determine the prognostic value of strain and car-
diac biomarkers in the development of overt cardiotoxicity and identify high-risk BC
survivors who may benefit from cardiac surveillance.
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Supplementary information

Supplementary methods

Supplementary method 3.1. Overview of data collected by questionnaires, blood
and urine sampling and physical examination

Questionnaires on psychosocial functioning included standardised questionnaires
on fatigue (’VVV’),31 anxiety and depression (’HADS’),32 and quality of life (’SF-
12’).33 Participants were instructed to fast for 8 hours prior to blood sampling. Total
cholesterol (mmol L ), HDL cholesterol (mmol L ), LDL cholesterol (mmol L ),
triglycerides (mmol L ), glucose (mmol L ), HbA1c (mmolmol ), creatinine

L ) and NT-proBNP (ngL ) were measured in blood. Albumin (mgL )
and creatinine (mmol L ) were measured in urine. Physical examination included
measurement of length (cm), weight (kg), waist and hip circumference (cm), blood
pressure (mmHg) (M10-IT Intellisense, OMRON, Kyoto, Japan).

Supplementary method 3.2. Overview of echocardiography parameters

• Dimensions

– Intra-ventricular end-diastolic septal wall thickness
– Left and right ventricular end-diastolic diameter
– Left and right ventricular end-diastolic posterior wall thickness
– Left ventricular end-systolic diameter
– Left ventricular end-diastolic volume
– Left ventricular end-systolic volume
– Left ventricular mass index
– Left ventricular stroke volume
– Left atrial volume index
– Left ventricular ejection fraction
– Left ventricular end-diastolic and end-systolic diameter index
– Left ventricular end-diastolic and end-systolic volume index
– Left atrial length, width and volume
– Right atrial length and width
– Left atrial volume index
– Left ventricular longitudinal strain

• Blood and tissue velocity

– Early diastolic mitral valve inflow velocity (E)
– Late diastolic mitral valve inflow velocity (A)
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– Deceleration time of E
– Isovolumetric relaxation time
– Early diastolic velocity of the mitral annulus (e’)
– Tricuspid annular plane systolic excursion (TAPSE)
– Systolic tissue velocity of free wall of the right ventricle
– Mitral inflow E/A ratio
– E/e’ ratio (using mean e’)

• Valvular dysfunction

– Mitral, aortic, tricuspid, or pulmonary valve dysfunction

Supplementary tables

Supplementary table 3.1. Tumour characteristicsa

Variable Anthracyclines No
anthracyclines

b

Total ( ) ( )
Laterality

Right ( ) ( )
Left ( ) ( )
Bilateral ( ) ( )

Tumour stagec
I ( ) ( )
II ( ) ( )
III ( ) ( )
In situ ( ) ( )
Unknown ( ) ( )

Morphology
Ductal carcinoma ( ) ( )
Lobular carcinoma ( ) ( )
Other ( ) ( )
Unknown ( ) ( )

Receptor status
ER+ and/or PR+, HER2- ( ) ( )
ER+ and/or PR+, HER2 unknown ( ) ( )
ER+ and/or PR+, HER2+ ( ) ( )
ER- and PR-, HER2+ ( ) ( )
Triple negative ( ) ( )
Unknown ( ) ( )
a Values are given as (%). ER, oestrogen receptor; PR, progesterone receptor; HER2, human epidermal
growth factor receptor 2.

b for difference between treatment groups, calculated with chi-squared test and excluding the un-
known category.

c Tumour stage based on cTNM for patients who were treated with neoadjuvant chemotherapy.
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Supplementary table 3.2. Treatment characteristics by follow-up groupa

Variable to year
follow-up

to year
follow-up

b

Total ( ) ( )
Surgery

Lumpectomy ( ) ( )
Mastectomy ( ) ( )
Otherc ( ) ( )

Radiotherapy fields
No radiotherapy ( ) ( )
Right breast ( ) ( )
Left breast ( ) ( )
Right chest wall ( ) ( )
Left chest wall ( ) ( )
IMNd ( ) ( )

Chemotherapy regimene

No chemotherapy ( ) ( )
FEC ( ) ( )
FAC ( ) ( )
AC ( ) ( )
FEC + T ( ) ( )
AC + T ( ) ( )
TAC ( ) ( )
Other with anthracyclinesf ( ) ( )
Other without anthracyclines ( ) ( )

Cumulative anthracycline doseg
(mgm )

[ – ] [ – ]

No anthracyclines ( ) ( )
mgm ( ) ( )

– mgm ( ) ( )
– mgm ( ) ( )

mgm ( ) ( )
Trastuzumab

No ( ) ( )
Yes ( ) ( )

Endocrine treatmenth
No ( ) ( )
Tamoxifen only ( ) ( )
Tamoxifen, switch to aromatase
inhibitor

( ) ( )

Aromatase inhibitor only ( ) ( )
Unknown ( ) ( )

the 
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a Values are given as (%), or median [interquartile range]. IMN, internal mammary lymph nodes; A,
doxorubicin; C, cyclophosphamide; E, epirubicin; F, 5-fluoruoracil; T, taxane.

b for difference between follow-up groups, calculated with chi-squared test and excluding the un-
known category.

c One patient had an occult BC for which she had an axillary lymph node dissection. One patient refused
surgery.

d Eleven patients received IMN irradiation combined with breast irradiation ( left-sided, right-sided)
and patients received IMN irradiation combined with chest wall irradiation ( left-sided, right-
sided).

e Sixteen percent of anthracycline-treated patients received neoadjuvant chemotherapy.
f One patient received four cycles of EC, one patient received cycles of A + docetaxel, one patient
received cycles of AC, followed by cycles of docetaxel + capecitabin, one patient received cycles of
AC followed by paclitaxel + carboplatin + trastuzumab, one patient received cycles of FEC, followed
by cycles of high dose C + thiotepa + carboplatin.

g For epirubicin, a conversion factor of was used to calculate a doxorubicin dose-equivalent.
h In of anthracycline-treated patients and in of no-anthracycline patients, tamox-
ifen/aromatase inhibitor was combined with a gonadotropin-releasing hormone agonist.

Supplementary table 3.3. Prevalence of (cardiovascular) risk factors at study visit by treat-
ment groupa

Variable Anthracyclines No
anthracyclines

b

Total ( ) ( )
Age (years) [ – ] [ – ]

– years ( ) ( )
– years ( ) ( )
– years ( ) ( )

years ( ) ( )
Hypertensionc

No ( ) ( )
Systolic RR or
diastolic RR mmHg

) ( )

Antihypertensive drugd ( ) ( )
Unknown ( ) ( )

Hypercholesterolaemiac

No ( ) ( )
Total cholesterol mmol L ( ) ( )
Lipid lowering drug ( ) ( )

( ) ( )
Diabetes mellitusc

No
Glucose mmol L or
HbA1c mmol L

( ) ( )

Glucose lowering drug ( ) ( )
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Variable Anthracyclines No
anthracyclines

b

Renal functione

eGFR mLmin m ( ) ( )
eGFR mLmin m ( ) ( )
Unknown ( ) ( )

Body mass index (BMI)
BMI kgm ( ) ( )
BMI – kgm ( ) ( )
BMI kgm ( ) ( )
Unknown ( ) ( )

Smoking
Never smoked ( ) ( )
Former smoker ( ) ( )
Current smoker ( ) ( )
Unknown ( ) ( )

Sedentary lifestyle
No ( ) ( )
Yesf ( ) ( )
Unknown ( ) ( )

Menopausal status
Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Unknown ( ) ( )

Cardiovascular diseaseg
No ( ) ( )
Yesh ( ) ( )
a Values are given as (%), or median [interquartile range]. RR, blood pressure; eGFR, estimated glom-
erular filtration rate.

b P-value for difference between treatment groups, calculated with two sample -test or chi-squared test.
c Mutually exclusive categories.
d Forty-four patients ( treated with anthracyclines, without anthracyclines) used an ACE inhibitor
and/or angiotensin antagonist.

e eGFR was estimated by the Cockcroft and Gault formula.
f Defined as patients who did hours/week exercise (walking, gardening, cycling and/or sports).
g Cardiovascular disease diagnosis based on diagnostic testing (after BC treatment) and for which treat-
ment was needed.

h Four patients had valvular heart disease, patients had coronary artery disease, patients had a
rhythm disorder, one patient heart failure, one patient a rhythm disorder and valvular heart disease.
For all diagnoses (medical) treatment was given.
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Supplementary table 3.4. Prevalence of (cardiovascular) risk factors at study visit by follow-
up groupa

Variable to year
follow-up

to year
follow-up

b

Total ( ) ( )
Hypertensionc

No ( ) ( )
Systolic RR or
diastolic RR mmHg

51 ( ) ( )

Antihypertensive drugd ( ) ( )
Unknown ( ) ( )

Hypercholesterolaemiac

No ( ) ( )
Total cholesterol mmol L ( ) ( )
Lipid lowering drug ( ) ( )

( ) ( )
( ) ( )

( ) ( )

Diabetes mellitusc
No
Glucose mmol L
or HbA1c mmol L
Glucose lowering drug

Body mass index (BMI)
BMI kgm ( ) ( )
BMI – kgm ( ) ( )
BMI kgm ( ) ( )
Unknown ( ) ( )

Smoking
Never smoked ( ) ( )
Former smoker ( ) ( )
Current smoker ( ) ( )
Unknown ( ) ( )

Sedentary lifestylee
No ( ) ( )
Yes ( ) ( )
Unknown ( ) ( )

Menopausal status
Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Unknown ( ) ( )

Cardiovascular diseasef
( ) ( )No

Yesg ( ) ( )

the 
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a Values are given as (%). RR, blood pressure.
b P-value for difference between treatment groups, calculated with two sample -test or chi-squared test.
c Mutually exclusive categories.
d Forty-four patients ( treated with anthracyclines, without anthracyclines) used an ACE inhibitor
and/or angiotensin antagonist.

e Defined as patients who did hours/week exercise (walking, gardening, cycling and/or sports).
f Cardiovascular disease diagnosis based on diagnostic testing (after BC treatment) and for which treat-
ment was needed.

g Four patients had valvular heart disease, patients had coronary artery disease, patients had a
rhythm disorder, one patient heart failure, one patient a rhythm disorder and valvular heart disease.
For all diagnoses (medical) treatment was given.

Supplementary table 3.4.
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Supplementary table 3.5. Univariable linear regression analyses of LVEF, GLS and NT-proBNPa

Variable bLVEF bGLS bNT-proBNP

Age at breast cancer diagnosis
Age at visit
Follow-up time

Radiotherapy field
Right breast ref. ref. ref.
Left breast
Right chest wall
Left chest wall
IMN
No radiotherapy

Chemotherapy
Epirubicin dose ( mgm )
Doxorubicin dose ( mgm )
Anthracycline dose ( mgm )

Endocrine treatment
No ref. ref. ref.
Tamoxifen only
Tamoxifen, switch AI
AI only

ref. ref. ref.
Trastuzumab

No
Yes
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Variable bLVEF bGLS bNT-proBNP

Hypertension
No ref. ref. ref.
SBP or DBP mmHg
Antihypertensive drug

Hypercholesterolaemia
No ref. ref. ref.
Total cholesterol mmol L
Lipid lowering drug

ref. ref. ref.
Diabetes

No
Glucose mmol L or
HbA1c mmol mol
Glucose lowering drug

Smoking
Never smoked ref. ref. ref.
Former smoker
Current smoker

Body mass index (BMI)
BMI kgm ref. ref. ref.
BMI – kgm
BMI kgm

ref. ref. ref.
Sedentary lifestyle

No
Yes
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Variable bLVEF bGLS bNT-proBNP

CVD before study visit
No ref. ref. ref.
Yes

BRCA carriership
No ref. ref. ref.
Yes
a LVEF, left ventricular ejection fraction; GLS, global longitudinal strain; NT-proBNP, N-terminal pro-brain natriuretic peptide; AI, aromatase inhibitor; SBP,
systolic blood pressure; DBP, diastolic blood pressure; CVD, cardiovascular disease.

b describes the linear change in LVEF (%), GLS (%), or NT-proBNP (ngL ) per unit increase of the variable of interest.

ref. ref. ref.Premenopausal
Postmenopausal
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Supplementary table 3.6. Prevalence of (cardiovascular) risk factors at study visit by GLSa

Variable GLS GLS b

Total ( ) ( )
Hypertensionc

No ( ) ( )
Systolic RR or diastolic RR

mmHg
( ) ( )

Antihypertensive drugc ( ) ( )
Unknown ( ) ( )

Hypercholesterolaemiac

No ( ) ( )
Total cholesterol mmol L ( ) ( )
Lipid lowering drug ( ) ( )

Diabetes mellitusc
No ( ) ( )
Glucose mmol L or HbA1c

mmolmol
( ) ( )

Glucose lowering drug ( ) ( )
Body mass index (BMI)

BMI kgm ( ) ( )
BMI – kgm ( ) ( )
BMI kgm ( ) ( )
Unknown ( ) ( )

Smoking
Never smoked ( ) ( )
Former smoker ( ) ( )
Current smoker ( ) ( )
Unknown ( ) ( )

Sedentary lifestyled
No ( ) ( )
Yes ( ) ( )
Unknown ( ) ( )

Menopausal status
Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Unknown ( ) ( )

Cardiovascular diseasee
No ( ) ( )
Yes ( ) ( )
a Values are given as (%). RR, blood pressure.
b P-value for difference according to GLS, calculated with two sample -test or chi-squared test.
c Mutually exclusive categories.
d Defined as patients who did hours/week exercise (walking, gardening, cycling and/or sports).
e Cardiovascular disease diagnosis based on diagnostic testing and for which treatment was needed.
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Supplementary figure 3.2.
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Supplementary figure 3.3.



3

Supplementary figure 3.3. (A) Scatter plot of left ventricular ejection fraction
(LVEF) (%) and global longitudinal strain (GLS) (%) and linear regression line. (B) Scatter
plot of LVEF (%) and N-terminal pro-brain natriuretic peptide (NT-proBNP) (ngL ) and
linear regression line. (C) Scatter plot of GLS (%) and NT-proBNP (ngL ) and linear regres-
sion line.
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Chapter 4

Vascular health in breast cancer
survivors treated at ages 40 to 50 years

Steggink, L. C.1, Jacobse, J. N.2, Schaapveld,M.2, Sonke, G. S.3, Crijns, A. P. G.4, Steen-
bruggen, T. G.3, van Roon, A. M.5, van der Meer, P.6, Aleman, B. M. P.2, Nuver, J.1,
Lefrandt, J. D.5, van Leeuwen, F. E. 2, Gietema, J. A.1
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1Department of Medical Oncology, University Medical Centre, Groningen, University of Groningen, Groningen, The
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lands; 3Department of Medical Oncology, Netherlands Cancer Institute, Amsterdam, The Netherlands; 4Department
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Groningen, Groningen, The Netherlands. 6Department of Cardiology, University Medical Centre Groningen, University
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Abstract

Background—In patients with early breast cancer, treatment can increase long-term
cardiovascular risk. Non-invasivemeasurements of vascular healthmay help identify
patients at risk.
Methods — In a cross-sectional study conducted at two Dutch hospitals, intima-
media thickness (IMT), pulse-wave velocity (PWV), and advanced glycation end-
products (AGEs, measured by skin autofluorescence, SAF)were analysed in patients
who were treated for early breast cancer and were to years of age at time of dia-
gnosis.
Results — Of included women, had to years (median age years) and

had to years of follow-up (median age years, ). Visceral obesity
( versus , ), hypertension ( versus , ), and the
metabolic syndrome ( versus ; ) were highly prevalent in both the
-to- - and -to- -year follow-up groups, respectively. AGEs were similar between
-to - (SAF AU) and -to- -year follow-up groups ( AU, P = 0.49). Meas-

ured by ultrasound at the common carotid artery, IMT mm or a plaque were
found in versus of patients with to and to years of follow-up, respect-
ively ( ). In a subgroup with PWV measurements, abnormal local PWV at
the common carotid artery ( m s ) was found in ( ) versus ( ,
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) of the -to- - and -to- -year follow-up groups, respectively. In multiple
linear regression, presence of the metabolic syndrome was one of the main determ-
inants of AGEs, IMT, and local PWV.
Conclusion—Abnormal AGEs, IMT, or local PWVwere uncommon in breast cancer
survivors treated at ages to years in both the -to- - and -to- -year follow-up
groups. On the other hand, obesity, hypertension, and the metabolic syndrome were
highly prevalent and should be a target for intervention.

4.1 Introduction

Adverse cardiovascular effects of anticancer treatment have become increasingly
relevant with the increasing number of long-term cancer survivors. Recent ESMO
consensus recommendations on management of cardiovascular disease in cancer
patients throughout oncological treatment and follow-up stress the importance of
screening for subclinical cardiovascular disease and cardiovascular risk factors.1 Pre-
vention, detection, and monitoring of cardiovascular toxicity related to cancer ther-
apy appear especially relevant to breast cancer patients, since radiotherapy, anthra-
cyclines, and trastuzumab are known to be potentially cardiotoxic. However, neither
the heart nor the vascular system function in a vacuum, and there is a need for more
detailed investigation into vascular health rather than just cardiac health in the field
of cardio-oncology, as stated by American Heart Association in 2019.2

Intima-media thickness (IMT) at the carotid artery is amarker of subclinical ather-
osclerosis and cardiovascular risk.3,4 Pulse-wave velocity (PWV) is ameasurement of
arterial stiffness and is considered to predict cardiovascular events.3,5 Advanced glyc-
ation end-products (AGEs) are metabolic or oxidative stress-derived end-products
of sugars, usually protein-bound.6 Skin autofluorescence is a validated non-invasive
measure of tissue accumulation of AGEs.7 The predictive value of skin autofluores-
cence for all-cause and cardiovascular mortality as well as for non-fatal cardiovas-
cular events has been shown for patients with diabetes mellitus, renal insufficiency,
peripheral artery disease, and myocardial infarction.8–11

Data on IMT, PWV, and AGEs in breast cancer survivors are lacking, although
these non-invasive parameters of vascular health status may be of value in discern-
ing which patients with early breast cancer are particularly at increased cardiovascu-
lar risk. This analysis aims to determine IMT, PWV, and AGEs in relation to follow-
up duration, multimodal cancer treatment, and other cardiovascular risk factors in a
large cohort of relatively young long-term breast cancer survivors. Myocardial dys-
function in the same cohort has been assessed and previously described elsewhere.12

4.2 Patients and methods

4.2.1 Study design

This cross-sectional study included women treated for invasive early breast cancer
(TNM stage I–III) or ductal carcinoma in situ (DCIS) in the Netherlands Cancer In-
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stitute - Antoni van Leeuwenhoek (NKI-AVL) or University Medical Centre Gronin-
gen (UMCG). Patients had been to years of age at time of diagnosis and were
either to or to years after initial treatment at time of study visit. Exclusion
criteria were: (a) history of radiotherapy or chemotherapy unrelated to breast can-
cer or DCIS, (b) current treatment for breast cancer or DCIS recurrence or treatment
for second malignancy (except non-melanoma skin cancer and carcinoma in situ of
the cervix), (c) history of cardiovascular disease (heart failure, acute coronary syn-
drome, coronary revascularization procedure, symptomatic valvular dysfunction, or
cardiomyopathy) before breast cancer or DCIS diagnosis. Of note, patients with car-
diovascular disease after initial breast cancer or DCIS diagnosis could participate.
The study was approved by the medical ethical review board of the NKI-AVL and is
registered with ClinicalTrials.gov, identifier NCT02485626.

4.2.2 Study procedures

Patient accrual has been described in detail elsewhere.12 In short, of eligible,
invited women gave written consent and completed a first study visit including
a detailed questionnaire, physical examination, echocardiography, fasting blood
and urine sampling, vascular ultrasound, and skin autofluorescence measurement.
Smoking status was defined as the self-reported current smoking status at study
visit. Physical examination includedmeasurement of length (cm), weight (kg), waist
and hip circumference (cm) and blood pressure (mmHg) (M10-IT Intellisense, OM-
RON, Kyoto, Japan). Total cholesterol (mmol L ), HDL cholesterol (mmol L ),
LDL cholesterol (mmol L ), triglycerides (mmol L ), glucose (mmol L ), HbA1c
(mmolmol ), creatinine L ), NT-proBNP (ngL ), troponin T (ngL ),
C-reactive protein (CRP, mgL ), thyroid-stimulating hormone (TSH, mUL ),
free thyroxine (fT4, pmol L ), luteinising hormone (LH, IUL ), and oestradiol
(nmol L ) were measured in blood. Albumin (mgL ) was measured in urine.
Waist circumference cm was considered a proxy for visceral obesity. Body mass
index (BMI) was classified as kgm , and kgm , or kgm .
Hypertension was defined as systolic blood pressure mmHg, diastolic blood
pressure mmHg, or use of antihypertensive drugs (self-reported or frommedic-
ation listening using Anatomical Therapeutic Chemical Classification System (ATC)
codes C02, C03, C07, C08, and C09). Hypercholesterolaemia was defined as total
cholesterol mmol L or use of lipid lowering drugs (self-reported, or from
medication listening using ATC code C10 ). Diabetes was defined as fasting gluc-
ose mmol L , HbA1c mmol L , or use of glucose lowering drugs (self-
reported, or from medication listening using ATC code A10), and pre-diabetes was
defined as glucose and mmol L , or HbA1c and mmol L .13
NT-proBNP ngL was considered elevated. Microalbuminuria was defined
as urine albumin mgL . Themetabolic syndromewas present if three of the fol-
lowing criteria were met: waist circumference cm, triglycerides mmol L ,
HDL cholesterol mmol L or use of lipid lowering drugs, blood pressure
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mmHg or use of antihypertensive drugs, fasting glucose mmol L
or use of blood glucose lowering drugs (NCEP ATP III definition, 2004 update).14

4.2.3 Skin autofluorescence and vascular ultrasound

Advanced glycation end-products (AGEs) were measured by skin autofluorescence
(SAF, AU) at the volar side of the lower arm (AGEReader, DiagnOptics Technologies,
Groningen, The Netherlands). From the formula where is SAF
(AU) and is chronological age (years), extracted from a report on reference values
for SAF,15 -scores were calculated. A SAF -score was considered abnormal.

Intima-media thickness (IMT, mm) was measured at the far wall of the left and
right common carotid arteries (CCA) and common femoral arteries (CFA), calcu-
lating the mean of three readings for each location and reporting the mean of left-
sided and right-sided measurements. The presence of plaque was reported if noted
by the technician. In the UMCG, theMyLabOneVascular ultrasound system (Esaote,
Maastricht, The Netherlands) with a MHz linear array transducer (SL3323) and
automatic IMT detection software (QIMT) was used. In the NKI-AVL, the GE Logiq
E9 ultrasound system (GE Healthcare, Wauwatosa, USA) was used to measure IMT.
In addition, in the UMCG only, local pulse-wave velocity (PWV, ms ) was meas-
ured at the same sites using the vessel wall distension curves, brachial blood pressure
and dedicated QAS software. IMT mm and PWV ms were considered
abnormal.3 Participants were instructed to fast for hours prior to blood sampling
and vascular ultrasound examination and to abstain from using skin care products
prior to SAF measurement.

4.2.4 Statistical analysis

AGEs, IMT, and PWV were compared between patients treated to years ago and
to years ago. This differed from the previously reported analysis of myocar-

dial dysfunction between the anthracycline-treated and anthracycline-naive patients
in the same study cohort,12 where the relation between anthracycline exposure and
myocardial dysfunction was the prime objective. Continuous and dichotomous vari-
ables were compared between groups by Mann-Whitney U test and Pearson’s chi-
squared test, respectively. To explore the determinants of AGEs, IMT, and PWV,
simple linear regression analysis was performed using age at study visit, creatinine,
current smoking status, presence of the metabolic syndrome, study site, follow-up
duration (as continuous variable), anthracycline treatment, radiotherapy, and endo-
crine therapy as independent variables. Next, multiple linear regression models for
AGEs, IMT, and PWV were constructed using the same variables and stepwise back-
ward elimination of variables associated at (except for age and creatinine
which were never eliminated). All statistical tests were performed two-sided after ex-
clusion of cases with missing data. Two-sided was considered statistically
significant.
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4.3 Results

The enrolled women in the group with to years of follow-up were median
(range – ) years of age, and younger than the enrolled women in

the group with to years of follow-up, who were median ( – ) years
of age ( ). Patient and treatment characteristics are shown in table 4.1. Hy-
pertension ( versus , ), hypercholesterolaemia ( versus ,

), and the metabolic syndrome ( versus , ) were more
prevalent in the group with to years of follow-up compared to the group with
to years follow-up (table 4.2).
AGEs measured by SAF did not differ between follow-up duration groups

(table 4.3). Age, current smoker status, presence of the metabolic syndrome, and
study site were associated with AGEs in simple linear regression (table 4.4). The
final multiple linear regression model for AGEs included age, current smoker status,
study site, and treatment with anthracycline-based chemotherapy as independent
variables. Simple linear regression lines for AGEs by age remained close to the for-
mula for SAF reference values reported in literature (figure 4.1).

Table 4.1. Patient and treatment characteristicsa

Variable – years
follow-up
( )

– years
follow-up
( )

Age at diagnosis (years) ( – ) ( – )
Year of diagnosis (min. – max.) – – –
Age at study visit (years) ( – ) ( – )
Follow–up duration (years) ( – ) ( – ) –
Surgery

Lumpectomy ( , %) ( ) ( )
Mastectomy ( , %) ( ) ( )
Other ( , %) b ( ) ( )

Radiotherapy ( , %) ( ) ( )
Chemotherapy

None ( , %) ( ) ( )
Including anthracycline ( , %) ( ) ( )
Without anthracycline ( , %) ( ) ( )

Trastuzumab ( , %) ( ) ( )
Endocrine therapy ( , %) c ( ) ( )

a Values are median (interquartile range) or (%).
b One patient had an occult breast cancer for which she had an axillary lymph node dissection. One
patient refused surgery.

c Data missing for subject of the – year follow-up group.
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Table 4.2. Smoking, physical examination, and laboratory measurements at study visita

Variable – years follow-up ( ) – years follow-up ( )

Median (IQR) Median (IQR)

Current smoker ( , %) ( ) ( )
Systolic blood pressure (mmHg) ( – ) ( – )
Diastolic blood pressure
(mmHg)

( – ) ( – )

Hypertension ( , %) b ( ) ( )
Weight (kg) ( – ) ( – )
Waist–hip ratio ( – ) ( – )
Visceral obesity ( , %) ( ) ( )
Body mass index (kgm ) ( – ) ( – )

kgm ( , %) ( ) ( )
and kgm ( , %) ( ) ( )
and kgm ( , %) ( ) ( )
kgm ( , %) ( ) ( )

Metabolic syndrome ( , %) ( ) ( )
HbA1c (mmolmol ) ( – ) ( – )
Glucose (mmol L ) ( – ) ( – )
Diabetes category ( , %)

Normal ( ) ( )
Pre-diabetic ( ) ( )
Diabeticc ( ) ( )

Total cholesterol (mmol L ) ( – ) ( – )
Hypercholesterolaemia ( , %)d ( ) ( )
HDL cholesterol (mmol L ) ( – ) ( – )
LDL cholesterol (mmol L ) ( – ) ( – )
Triglyceride (mmol L ) ( – ) ( – )
TSH (mUL ) ( – ) ( – )
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Variable – years follow-up ( ) – years follow-up ( )

Median (IQR) Median (IQR)

fT4 (pmol L ) ( – ) ( – )
LH (IUL ) ( – ) ( – )
Oestradiol (nmol L ) ( – ) ( – )
NT-proBNP (ngL ) ( – ) ( – )
Troponin T (ngL ) ( – ) ( – )
CRP (mgL ) ( – ) ( – )
Creatinine L ) ( – ) ( – )
Albumin in urine (mgL ) ( – ) ( – )

Microalbuminuria ( ) ( )
a Values are median (interquartile range [IQR]) or (%); denotes the number of cases with non-missing values.
b Antihypertensive drugs were used by and subjects of the -to- - and -to- -year follow-up groups, respectively.
c Glucose lowering drugs were used by and subjects of the -to- - and -to- -year follow-up groups, respectively.
d Lipid lowering drugs were used by and subjects of the -to- - and -to- -year follow-up groups, respectively.
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Figure 4.1. Scatter plot of skin autofluorescence (SAF) as a measure of advanced glycation
end-products (AGEs) in relation to age at study visit. Each point represents the mean of three
measurements at both the left and right arm of a single patient. The solid lines represent a
simple linear regression with a confidence interval. The green dashed line is described by

where is skin autofluorescence and is chronological age (years) from a
report on reference values for skin autofluorescence by Koetsier 15

Figure 4.2. Scatter plots of intima-media thickness (IMT) at the common ca-
rotid artery (CCA) (A) and the common femoral artery (CFA) (B) and local pulse-wave ve-
locity (PWV) at the CCA (C) and the CFA (D) in relation to age at study visit. Note that the
Y-axis in panel C and D have different scales. PWV was measured only at the UMCG. Each
point represents the mean of three measurements at both the left and right side in a single pa-
tient. The solid lines represent a simple linear regression line with a confidence interval.
The dotted lines are cut-offs for abnormal IMT mm and PWV ms .
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Table 4.3. Advanced glycation end-products (AGEs) measured by skin autofluorescence (SAF), intima-media thickness (IMT),
and local pulse-wave velocity (PWV) at study visita

Variable – years follow-up ( ) – years follow-up ( )

Median (IQR) Median (IQR)

AGEs by SAF (AU) ( – ) ( – )
SAF -score ( – ) ( – )
SAF -score ( , %) ( ) ( )

IMT at CCA (mm) ( – ) ( – )
mm or plaque ( , %)b ( ) ( )

IMT at CFA (mm) ( – ) ( – )
mm or plaque ( , %)c ( ) ( )

Local PWV at CCA (ms ) ( – ) ( – )
m s ( , %) ( ) ( )

Local PWV at CFA (ms ) ( – ) ( – )
m s ( , %) ( ) ( )

a For each subject, the means of three measurements at both the left and right side were calculated. Values are median (interquartile range
[IQR]) or (%); denotes the number of cases with non-missing values. Local PWV was only measured in the UMCG. IMT mm
and PWV ms were considered abnormal. CCA: common carotid artery; CFA: common femoral artery; AU: arbitrary units.

b Plaque was reported on one or both sides in five and five subjects of the -to- - and -to- -year follow-up groups, respectively.
c Plaque was reported on one or both sides in and subjects of the -to- - and -to- -year follow–up groups, respectively.
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Table 4.4. Simple and fitted multiple linear regression analysis of determinants of advanced glycation end-products (AGEs) measured by skin
autofluorescence (SAF) and intima-media thickness (IMT)a

(AGEs by SAF) (IMT at CCA) (IMT at CFA)

Simple Multipleb Simple Multiplec Simple Multipled

Variable β β β β β β

Age at study
visit (years)
Creatinine

L )
Current smoker

No Ref. – ref. – ref. – ref. – ref. –
Yes

Metabolic
syndrome

No ref. – ref. – ref. – ref. – ref. –
Yes

Study site
NKI ref. – ref. – ref. – ref. – ref. – ref. –
UMCG

Follow-up
duration (years)
Anthracyclines

No ref. – ref. – ref. – ref. – ref. –
Yes
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(AGEs by SAF) (IMT at CCA) (IMT at CFA)

Simple Multipleb Simple Multiplec Simple Multipled

Variable β β β β β β

Radiotherapy
No ref. – ref. – ref. –
Yes

Endocrine
therapy

No ref. – ref. – ref. –
Yes
a denotes the number of cases with non-missing values. The multiple linear regression models are based on stepwise backward elimination of candidate
variables (with age at study visit and creatinine as fixed variables); models with all candidate variables included are reported in supplementary table 4. .
CCA: common carotid artery; CFA: common femoral artery; AU: arbitrary units.

b Model fit after removal of subjects due to missingness: , , adjusted .
c Model fit after removal of subjects due to missingness: , , adjusted .
d Model fit after removal of subjects due to missingness: , , adjusted .
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IMT measured at the common carotid and femoral artery did not differ between
follow-up duration groups (table 4.3 and figure 4.2). IMT mm or plaque was
reported more frequently at the femoral than the carotid artery. When measured at
the common carotid artery, age, presence of the metabolic syndrome, and study site
were associated with IMT in both simple linear regression and in the final multiple
linear regression model at (table 4.4). For IMT at the common femoral
artery, age, current smoker status, presence of the metabolic syndrome, study site,
and treatment with anthracycline-based chemotherapy were associated with IMT in
both simple linear regression and in the final multiple l inear regression model at

.
Local PWV was measured at the UMCG site only. Local PWV was higher in pa-

tients with to compared to to years of follow-up when measured at the com-
mon carotid artery, but not at the common femoral artery (table 4.3 and figure 4.2). In
simple andmultiple linear regression, presence of the metabolic syndrome was asso-
ciatedwith PWV at both the common carotid and femoral artery (table 4.5). Multiple
linear regression models for AGEs, IMT, and PWV including all candidate variables
are reported in supplementary tables 4. and 4. ).

The patients with the metabolic syndrome compared to the patients
without the metabolic syndrome were median one year older (median years of
age [interquartile range (IQR) – ] versus years of age [IQR – ], re-
spectively, ) and were more frequently in the subgroup with to years
of follow-up ( versus , respectively, ). Patients with the metabolic
syndrome compared to thosewithout themetabolic syndrome had higherAGEs (me-
dian AU [IQR – ] versus AU [IQR – ], ). Patients
with the metabolic syndrome had higher IMT at the common carotid artery (median

mm [IQR – ] versus mm [IQR – ], ), but not the
common femoral artery (median mm [IQR – ] versus mm [IQR –

], ). PWV was higher in patients with compared to without the meta-
bolic syndrome for both the common carotid artery (median ms [IQR –

] versus m s [IQR – ], ) as well as the common femoral
artery ( m s [IQR – ] versus m s [IQR – ], ).

4.4 Discussion

In this large cohort of long-term breast cancer survivors at to or to years
of follow-up, around half of the women was overweight or obese, and more than a
quarter of women had hypertension, hypercholesterolaemia, and the metabolic syn-
drome. Cardiovascular risk factors were not yet treated in many patients. These find-
ings show that clinically relevant and actionable targets for cardiovascular risk re-
duction are present in a large portion of young breast cancer survivors. The presence
of the metabolic syndrome was significantly associated with higher AGEs, IMT, and
local PWV, indicating the presence of (subclinical) vascular damage in patients with
the metabolic syndrome.

In comparison to the high prevalence of traditional cardiovascular risk factors, rel-



4

Table 4.5. Simple and fitted multiple linear regression analysis of determinants of local pulse-wave velocity (PWV)a

(PWV at CCA) (PWV at CFA)

Simple Multipleb Simple Multiplec

Variable β β β β

Age at study visit (years)
Creatinine L )

Current smoker
No ref. – ref. –
Yes

Metabolic syndrome
No ref. – ref. – ref. – ref. –
Yes

Follow-up duration (years)
Anthracyclines

No ref. – ref. –
Yes

Radiotherapy
No ref. – ref. –
Yes

Endocrine therapy
No ref. – ref. –
Yes
a denotes the number of cases with non-missing values. The multiple linear regression models are based on stepwise backward elimination of candidate
variables (with age at study visit and creatinine as fixed variables); models with all candidate variables included are reported in supplementary table 4. .
CCA: common carotid artery; CFA: common femoral artery.

b Model fit after removal of subjects due to missingness: , , adjusted .
c Model fit after removal of subjects due to missingness: , , adjusted .
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atively fewwomen had high/abnormal AGEs (i.e. SAF -scores), IMT ( mm
or plaque), or local PWV ( ms ). A simple explanation may be that chosen
cut-off values were relatively stringent, and that given enough time (and persistence
of cardiovascular risk factors) sufficient accumulated vascular damage would have
resulted in abnormal AGEs, IMT, or PWV. Longer follow-up in the current cohort
is needed to appraise the clinical value of AGEs, IMT, PWV compared to the more
traditional cardiovascular risk factors such as the metabolic syndrome in predicting
cardiovascular events in breast cancer survivors.

Around half of patients had been treated with anthracycline-based chemother-
apy. In the same cohort of breast cancer patients, we have previously reported a high
prevalence of myocardial dysfunction based on decreased left-ventricular ejection
fraction, increased global longitudinal strain (GLS, a measurement of myocardial
deformation), and increased N-terminal pro-brain natriuretic peptide (NT-proBNP)
linked to treatment with anthracyclines.12 In the current analysis, anthracycline treat-
ment was associated with marginally lower AGEs and lower IMT at the common
femoral artery in multiple linear regression, which is an unexpected and likely spuri-
ous finding, especially given prior reports that anthracyclinesmay cause injury to the
vascular endothelium in addition to the more commonly known cardiac damage.16
No association between anthracyclines and PWV was found. In contrast, in a recent
very long-term follow-up study of testicular cancer patients at median years after
treatment, PWV did increase more rapidly with advancing age in cisplatin-based
chemotherapy-treated patients when compared to healthy controls, which may in-
dicate accelerated vascular aging after chemotherapy.17 Moreover, two small studies
in anthracycline-treated breast cancer patients have shown changes in aortic PWV
using cardiac MRI with some reversal over time.18,19 Repeated measurements in the
current breast cancer cohort may help unravel the influence of radiotherapy and/or
chemotherapy exposure on aging, possibly over a far larger follow-up interval, and
with an appropriate control group without cancer.

Since relatively novel methods to estimate vascular health were used, it is worth-
while to address some limitations. Different methods for IMT were used between
study sites, and only one study site was able to measure local PWV. Further-
more, although local PWV is easier to measure than regional (generally carotid to
femoral) PWV, it is unclear if local and regional PWV are interchangeable, and nor-
mal/reference values for local PWV have not been clearly established.20 Measure-
ment of femoral IMT and PWV proved difficult in many patients. The femoral artery
is far away from the radiotherapy fields and may be less affected than the carotid
artery by radiation effects (that may or may not reflect any change in the risk of
cardiovascular events). Such radiation effects on local or regional PWV have been
previously described: a 2016 study in breast cancer survivors treated with radio-
therapy years earlier gave the interesting observation that carotid-radial PWVwas
increased in the arm at the same side as prior breast irradiation.21 A last limitation of
the current study is that patients were enrolled during follow-up and no comparison
could be made with earlier, pre-treatment measurements in the same patients. This
is unfortunately inherent to the study design.
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In conclusion, abnormal AGEs, IMT or local PWV were not frequent at long-term 
follow-up of breast cancer survivors treated at ages  to  years. On the other hand, 
a high prevalence of obesity, hypertension and the metabolic syndrome was found in 
these women. The metabolic syndrome coincided with higher AGEs, IMT, and local 
PWV. Future prospective follow-up is required to determine the prognostic value of 
these parameters of vascular health and cardiovascular risk in breast cancer survivors. 
In current clinical practice, cardiovascular risk management should be considered 
in all women treated with radiotherapy and/or systemic treatment for early breast 
cancer, especially in those with the metabolic syndrome.
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Supplementary table 4.1. Multiple linear regression models of advanced glycation end-products (AGEs) measured by skin autofluorescence
(SAF) and intima-media thickness (IMT), including all candidate variablesa

(AGE by SAF)b (IMT at CCA)c (IMT at CFA)d

Variable β β β

Age at study visit (years)
Creatinine L )
Current smoker

No ref. – ref. – ref. –
Yes

Metabolic syndrome
No ref. – ref. – ref. –
Yes

Study site
NKI ref. – ref. – ref. –
UMCG

Follow-up duration (years)
Anthracyclines

No ref. ref. – ref. –
Yes

Radiotherapy
No ref. – ref. – ref. –
Yes

Endocrine therapy
No ref. – ref. – ref. –
Yes

a CCA: common carotid artery; CFA: common femoral artery; AU: arbitrary units.
b Model fit after removal of subjects due to missingness: , , adjusted .
c Model fit after removal of subjects due to missingness: , , adjusted .
d Model fit after removal of subjects due to missingness: , , adjusted .
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Supplementary table 4.2. Multiple linear regression models for pulse-wave velocity, including all candidate
variablesa

(PWV at CCA)b (PWV at CFA)c

Variable β β

Age at study visit (years)
Creatinine L )
Current smoker

No ref. – ref. –
Yes

Metabolic syndrome
No ref. – ref. –
Yes

Follow-up duration (years)
Anthracyclines

No ref. – ref. –
Yes

Radiotherapy
No ref. – ref. –
Yes

Endocrine therapy
No ref. – ref. –
Yes
a CCA: common carotid artery; CFA: common femoral artery.
b Model fit after removal of subjects due to missingness: , , adjusted .
c Model fit after removal of subjects due to missingness: , , adjusted .
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Abstract

Importance — Trials of adjuvant high-dose chemotherapy (HDCT) have failed to
show benefit in unselected patients with breast cancer, but long-term follow-up is
lacking.
Objective — To determine -year efficacy and safety outcomes of a large trial of
adjuvant HDCT versus conventional-dose chemotherapy (CDCT) for patients with
stage III breast cancer.
Design, setting, and participants — This secondary analysis used data from a ran-
domised phase multicentre clinical trial of 885 women younger than years with

https://doi.org/10.1001/jamaoncol.2019.6276
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breast cancer and four or more involved axillary lymph nodes conducted from Au-
gust 1, 1993, to July 31, 1999. Additional follow-updatawere collected between June 1,
2016, and December 31, 2017, from medical records, general practitioners, the Dutch
national statistical office and nationwide cancer registries. Analysis was performed
on an intention-to-treat basis. Statistical analysis was performed from February 1,
2018, to October 14, 2019.
Intervention—Participantswere randomised to receive five cycles of CDCT con-
sisting of 5-fluorouracil, mgm , epirubicin, mgm , and cyclophosphamide,

mgm , or HDCT in which the first four cycles were identical to CDCT and the
fifth cycle was replaced by cyclophosphamide, mgm , thiotepa, mgm ,
and carboplatin, mgm , followed by haematopoietic stem cell transplant.
Main outcomes and measures — Main end points were overall survival and safety
and cumulative incidence risk of a second malignant neoplasm or cardiovascular
events.
Results — Of the women in the study (mean age years; standard deviation
[SD] ), were randomised to receive HDCT, and were randomised to re-
ceive CDCT.With years median follow-up (interquartile range [IQR] – ),
the -year overall survival was with HDCT and with CDCT (hazard
ratio [HR] ; confidence interval [CI] – ). The absolute improvement
in -year overall survival was (HR ; CI – ) for patients with

or more involved axillary lymph nodes and (HR ; CI – )
for patients with triple-negative breast cancer. The cumulative incidence risk of a
secondmalignant neoplasm at years or major cardiovascular events was similar in
both treatment groups ( -year cumulative incidence risk for second malignant neo-
plasm was in the HDCT group versus in the CDCT group; ),
although patients in the HDCT group more often had hypertension ( versus

; ), hypercholesterolaemia ( versus ; ), and dys-
rhythmias ( versus ; ).
Conclusions and relevance— High-dose chemotherapy provided no long-term sur-
vival benefit in unselected patients with stage III breast cancer but did provide im-
proved overall survival in very high-risk patients (i.e. with involved axillary
lymph nodes). High-dose chemotherapy did not affect long-term risk of a second
malignant neoplasm or major cardiovascular events.
Trial registration — ClinicalTrials.gov Identifier: NCT03087409.

5.1 Introduction

In the 1980s and 1990s, high-dose chemotherapy (HDCT) with autologous stem cell
support was investigated as treatment for breast cancer (BC) until phase 3 trials
showed no overall survival (OS) benefit compared with conventional-dose chemo-
therapy (CDCT).1 Since then, however, additional subgroup analyses suggested an
OS benefit after HDCT in subgroups of patients with or more involved axillary
lymph nodes (ALNs), human epidermal growth factor receptor 2 (HER2)-negative
BC and triple-negative BC (TNBC).1–3
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Lorem ipsum

Figure 5.1. CONSORT flow diagram showing the patients who were included in the
intention-to-treat analysis and safety population. Information on the number of patients
screened for eligibility was not collected and is thus not reported.

The potential benefit of HDCT is accompanied by toxic effects during and after
treatment, such as severe mucositis, myeloablation-causing transfusion dependency,
and prolonged neutropaenia with corresponding infection risk. Some studies with
high-dose alkylating agents showed an increased incidence of secondmalignant neo-
plasm and cardiovascular events.4–6 However, this increase was not seen in other
studies,7–12 and some studies even reported fewer patients with myeloid leukaemia
and/or myelodysplastic syndrome (MDS) with HDCT compared with CDCT.13,14

The importance of long-term follow-up of BC studies for efficacy has been well
established.15,16 Similarly, extended follow-up is important to establish long-term
safety, especially after HDCT. However, to our knowledge, only one of the studies
that compared HDCT with CDCT has reported follow-up at years.7,17 The largest
multicentre randomised clinical trial comparing HDCT with CDCT for women with
invasive BC was conducted in the Netherlands.2 We report an efficacy and safety
analysis of the Dutch trial with -year follow-up.
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5.2 Methods

5.2.1 Study design

This multicentre randomised controlled trial was conducted between August 1, 1993,
and July 31, 1999, in 10 hospitals in the Netherlands. Full trial details were pub-
lished in 2003.2 In brief, women younger than years with BC involving four
or more ALNs who underwent breast surgery plus complete axillary clearance
were included. Patients were randomised to receive CDCT consisting of five
cycles of 5-fluorouracil, mgm , epirubicin, mgm , and cyclophosphamide,

mgm (FEC) or to receive HDCT in which the first four cycles were identical to
CDCT and the fifth cycle was replaced by cyclophosphamide, mgm , thiotepa,

mgm , and carboplatin, mgm , supported with autologous haematopoi-
etic stem cell transplantat (HSCT). All patients received radiotherapy according to
the local standard as well as two years of tamoxifen treatment. After the Early Breast
Cancer Trialists’ Collaborative Group demonstrated a benefit to tamoxifen in oestro-
gen receptor (ER)-positive BC,18 patients with ER-positive tumours were offered five
years of tamoxifen treatment. Informed consent was obtained from all patients in the
trial, and the medical ethical review board at each of the participating centres ap-
proved the trial. The medical ethical review boards of the Netherlands Cancer Re-
gistry, the nationwide network and registry of histopathology and cytopathology in
the Netherlands (PALGA), and Statistics Netherlands approved this follow-up ana-
lysis, which is registered with ClinicalTrials.gov (NCT03087409; trial protocol in sup-
plementary method 5.2).

5.2.2 Collection of data

The characteristics of the patients, the date of diagnosis, the histologic features of
the primary tumour, ALN involvement, treatment data, follow-up data, and adverse
events were recorded during follow-up of the original trial. The frequency and dur-
ation of follow-up visits more than three years after the end of treatment were at the
discretion of the treating physician.

Follow-up data beyond three years were collected between June 1, 2016, and
December 31, 2017, from patients’ medical records using case record forms. Ques-
tionnaires were sent to the general practitioner of each patient and to medical spe-
cialists if the patients had received treatment for cancer or cardiovascular disease. To
complete and verify follow-up data, we linked the data set with patient-level data
from the population-based municipal Personal-Records Database, the Netherlands
Cancer Registry, PALGA, and Statistics Netherlands (supplementary method 5.1).
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Figure 5.2. (preceding page)Overall survival in all patients and subgroups. A. All patients. B. Pa-
tients with triple-negative breast cancer. C. Patients with ten or more involved axillary lymph
nodes. D. Patients with four to nine involved axillary lymph nodes. For the OS analysis for all
patients and subgroups, 20-year estimates with corresponding 95% CIs and HR with corres-
ponding 95%
apy; HDCT, high-dose chemotherapy; HR, hazard ratio; OS, overall survival.

5.2.3 Statistical considerations

Statistical analyses were performed from February 1, 2018, to October 14, 2019. The

isation to death from any cause.19 For patients last known to be alive, OS data were
censored at last follow-up visit, last date known to be alive according to the ques-
tionnaire(s), or at last linkage to the Personal-Records Database – whichever was

19 In the original trial, subgroup analyses
were pre-planned based on the number o�nvolved ALNs ( 4–9 versus ≥ 10). For
this update, we performed pre-planned subgroup analyses based on the number of
involved ALNs and BC subtype (ER-positive and HER2-negative, HER2-positive, or
TNBC).

All randomised patients were included in the intention-to-treat population. Ef-

intention-to-treat population. Supplementary method 5.3 contains details on statist-
ical analyses. All P values were from two-sided tests, and the results were deemed

. Analyses were performed with R, version 3.5.3
(R Project for Statistical Computing).

5.3 Results

Of 885 patients included (mean age 44.5 years; standard deviation [SD] 6.6), 442 were
randomised to receive HDCT and 443
acteristics were well-balanced between groups (supplementary table 5.1), as were the
subgroups based on the number o�nvolved ALNs in BC subtypes (supplementary
table 5.2). Treatment details are described in the original study.2 For this long-term
update, follow-up data on vital status, cause of death, and occurrence of second ma-
lignant neoplasms were complete for 99% or more of patients. Data on incidence of
cardiovascular events and risk factors were complete for 86% of patients (759 of 885).

Overall survival

After a median follow-up of 20.4 years (interquartile range [IQR] 19.2–22.0), the 20-
year OS estimate was 45.3% for those receiving HDCT and 41.5% for those receiv-
ing CDCT (hazard ratio 0.89; 95% 0.75–1.06
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For patients with 10 or more involved ALNs, the absolute in 20-year OS
was 14.6% (HR 0.72; 95% CI 0.54–0.95) in favour of HDCT compared with a 2.2%

(HR 1.01; 95% CI 0.81–1.27) for patients with four to nine involved ALNs
(  =  0.05 for interaction; 5.2C and D, and 5.3). For patients with TNBC,
the absolute in 20-year OS was 15.4% (HR 0.67; 95% CI 0.42–1.05), whereas
for patients with ER-positive and HER2-negative disease, the 20-year absolute
ence was 7.0% (HR 0.80; 95% CI 0.63–1.02) 5.2B and 5.3).

Breast  survival

BC was the cause of death for most patients in both groups (HDCT group, 204 of 244
[83.6%]; CDCT group, 238 of 261 [91.2%]; table 5.1). Mortality from a second malig-
nant neoplasm and cardiovascular disease was comparable between groups. Five of
442 patients (1.1%) receiving HDCT died within six months after completion of treat-
ment. Fifteen patients, of whom 14 were in the HDCT group, died of other causes.
Twenty-year BCSS estimates were 52.3% among those who received HDCT versus
45.4% among those who received CDCT (supplementary 5.1). Subgroup ana-
lyses for BCSS showed comparable as seen for OS.

5.3.2 Long-term safety analyses

Thirty months after randomisation, fewer patients in the HDCT group remained
pre-menopausal compared with the CDCT group (26 of 442 [5.9%] versus 93 of 443
[21.0%]; supplementary table 5.1). During follow-up, 58 patients in the HDCT group
(13.1%) developed 65 malignant neoplasms, while 74 patients in the CDCT group
(16.7%) developed 81 malignant neoplasms. BC was the most common second ma-
lignant neoplasm  (supplementary table 5.3). The cumulative incidence of a second
malignant neoplasm at 20 years was 12.1% (95% CI 11.8%–12.4%) after HDCT and
16.2% (95% CI 15.9%–16.6%) after CDCT (  =  0.10; supplementary 5.2). The
incidence of major cardiovascular events did not between treatment groups,
but more patients in the HDCT group than in the CDCT group developed hyperten-
sion, hypercholesterolaemia, and dysrhythmia (supplementary table 5.4).
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Subgroup CDCT ( n = 443)  HDCT (n = 442)       Hazard ratio OS (95% CI) 
P for 

interaction 

number of events / total number of patients 

Axillary lymph nodes 0.05 

4 -   9 

10 

150/284 

111/159 

154/284 

90/158 

1.01 

0.72 

(0.81-1.27) 

(0.54-0.95) 

Subtype 0.08 

ER+ / HER2  - 

HER2+ 

Triple negative 

140/231 

60/109 

46/72 

131/242 

57/96 

32/68 

0.80 

1.13 

0.67 

(0.63-1.02) 

(0.79-1.62) 

(0.42-1.05) 

Menopausal status at baseline  0.73 

Premenopausal 

Postmenopausal 

213/360 

35/61 

198/365 

36/57 

0.87 

1.07 

(0.72-1.06) 

(0.67-1.71) 

All  patients 261/443 244/442 0.89 (0.75-1.06) 

0.25 0.50 1.00 2.00

Figure 5.3.
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Figure 5.3. Stratified overall survival analysis in subgroups. CDCT,
conventional-dose chemotherapy; HDCT, high-dose chemotherapy; HR, hazard ratio; OS,
overall survival.

Table 5.1. Causes of death among study patientsa

Cause of death HDCT group
( )

CDCT group
( )

Breast cancer ( ) ( )
Nonbreast cancer malignant neosplasm ( ) ( )
Cardiovascular disease ( ) ( )
Treatment-related ( months after
randomisation)

( ) ( )

Other b ( ) ( )
Unknown ( ) ( )

a Values are given as . CDCT, conventional-dose chemotherapy; HDCT, high-dose chemotherapy.
b Other causes include: infection ( ; – years after completion of chemotherapy), suicide ( ;

and years after completion of chemotherapy), accidents ( ; and years after completion
of chemotherapy), idiopathic pancreatitis ( ; years after completion of chemotherapy), liver
cirrhosis ( ; years after completion of chemotherapy), dementia without signs of a central
nervous system relapse ( ; years after completion of chemotherapy), epilepsy without sign of
a central nervous system relapse ( ; years after completion of chemotherapy), pneumothorax
with bleeding ( ; year after completion of chemotherapy), and acute vascular disorder of the
intestines ( ; years after completion of chemotherapy).

5.4 Discussion

Although initial studies of HDCT for BC showed promising early results, later data
from randomised studies failed to confirm large enough benefits of HDCT compared
with CDCT to outweigh its toxic effects in unselected patients with BC.2,5,8–11,13,20–22
Interest in HDCT decreased, and long-term follow-up of the HDCT studies was not
performed. Our analysis with -year follow-up data from, to our knowledge, the
largest randomised clinical trial of HDCT for BC suggests that selected subgroups
may benefit from this treatment.

Our analysis confirms earlier results thatHDCThas no significantOS benefit com-
pared with CDCT for unselected patients with stage III BC.1,2 However, we found a

improvement in -year OS estimates with HDCT in the predefined subgroup
of patients with or more involved ALNs. This result obtains the highest grade,
namely an ”A”, on the European Society of Medical Oncology Magnitude of Clinical
Benefit Scale (ESMO-MCBS), which is considered a clinically meaningful benefit.23
In addition, our data suggest an OS benefit for patients with TNBC, with a ab-
solute difference in -year OS estimates between groups. However, this latter sub-
group analysis was not planned when the trial was designed and therefore was not
graded on the ESMO-MCBS.

Although HDCT did not improve OS in the overall population, it did improve
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BCSS. This discrepancy can be attributed to excess mortality in the HDCT group
owing to non-cancer and non-cardiovascular deaths. Of 15 ”other deaths”, which

14 occurred in the HDCT group. Most other deaths
occurred ten to twenty years after completion of treatment. Given the wide variety

HDCT is not immediately evident. Two patients who died owing to other causes did
not receive the HDCT to which they were allocated. Nevertheless, given the number
of non-BC deaths, BCSS results should be interpreted with caution, and we focus
mainly on the OS results in this update analysis.

In our 20-year follow-up analysis, there was no increase in cumulative risk for
a second malignant neoplasm or for incidence of major cardiovascular events after
HDCT. Dysrhythmia, hypertension, and hypercholesterolaemia occurred more fre-
quently in the HDCT group. Part of the increased incidence of hypertension and hy-
percholesterolaemia may be owing to a more frequent induction of menopause in
women receiving HDCT.2 Furthermore, carboplatin may cause vascular endothelial
dysfunction possibly related to long-term circulating platinum residuals, making hy-

24 Because the type of dysrhythmia

tion fraction change after HDCT or CDCT.12 Consequently, assessment of cardiovas-
cular risk factors, monitoring, and, if necessary, treatment according to guidelines
should be considered after HDCT.

5.4.1 Limitations

cause-of-death data in the Netherlands enabled us to perform the present analysis on

a unique long-term follow-up. However, this unplanned follow-up analysis does

gimen used in the control group: taxanes, platinum, and capecitabine were not used;
HER2-blockade was not yet available for HER2-positive BC; and the type (e.g. tamox-
ifen and aromatase inhibitor) and duration of endocrine therapy for ER-positive BC

HDCT is smaller when compared with contemporary control treatment.

not be ruled out based on our data because fewer patients in the HDCT group com-
pared with the CDCT group remained pre-menopausal 30 months after randomiza-
tion (5.9% [26 of 442] versus 21.0% [93 of 443]; supplementary table 5.1). In a post hoc
subgroup analysis based on baseline menopausal status, we found a stronger hazard
ratio with HDCT for pre-menopausal versus post-menopausal women but no signi-

because of the inclusion criterion of age being younger than 56 years, the subgroup
of post-menopausal patients was small. However, HDCT appeared to be particularly
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solely responsible f
similar between BC subtypes (supplementary table 5.5).

A third limitation of our analysis is that some data were collected retrospectively 
(e.g. incidence of cardiovascular disease), resulting in missing incidence dates and

were available. Fourth, apart from the number of involved ALNs, other subgroup 
analyses by BC subtypes were not planned when the original trial was designed in 
1993, and these results must be interpreted with caution. In addition, the group of 
patients with TNBC is small, resulting in wide CIs.

tially Improving the Cure Rate of High-risk BRCA1-like Breast Cancer Patients With

current standard treatment containing dose-dense doxorubicin-cyclophosphamide, 
paclitaxel-carboplatin, and a PARP (poly–adenosine diphosphate ribose polymerase) 
inhibitor for patients with stage III BC. Patients with residual disease at surgery will

HDCT in the present analysis was 15.4% for patients with TNBC and 9% for patients 
with HER2-negative BC (both ER-positive and HER2-negative and TNBC; supple-

tumours with a BRCA1-like signature.25–27

5.5 Conclusion

However, HDCT did improve long-term BCSS of unselected patients as well as the 
long-term OS in a subgroup of patients with 10 or more involved ALNs, resulting in
20 14.6%.
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Supplementary information

Supplementary methods

Supplementary method 5.1. Trial protocol

The trial protocol may be found online at doi:10.1001/jamaoncol.2019.6276.

Supplementary method 5.2. Additional details on data sources and collection of
data

Central review of ER, PR and HER2 Central review of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
on all available pathological specimens was performed in 2006.3 Tumours were con-
sidered positive for hormone receptors if of the tumour cells showed nuclear
staining. ER-positivity was used to define breast cancer subtypes. Tumours were con-
sidered HER2-positive in case of strong homogeneous positive staining (3+) by im-
munohistochemistry or gene amplification by hybridisation in case of 2+ by
immunohistochemistry analysis.28

Collection of data Collected data included duration of endocrine therapy, includ-
ing start of an aromatase inhibitor, occurrence, localisation and date of relapse,
treatment for relapse, date and cause of death, occurrence and date of second ma-
lignancies, treatment for second malignancies, history of cardiac disease before
breast cancer diagnosis, occurrence and date of diagnosis of major cardiovascu-
lar events (i.e., coronary artery disease, myocardial infarction, transient ischaemic
attack, cerebrovascular accident, cardiac valve dysfunction), minor cardiovascular
events (i.e., dysrhythmias, pericarditis, peripheral vascular events), cardiovascular
risk factors (i.e., hypertension, hypercholesterolaemia, diabetes mellitus type 2, body
weight, smoking status), andmedication at last follow-up. Secondmalignancieswere
classified according to International Statistical Classification of Diseases and Related
Health Problems (ICD-10). Myelodysplastic syndrome was included as second ma-
lignancy, carcinoma was not. Database cut-off was set on 16 September 2018.

The general practitioners (GP) of each patient was sent a questionnaire, request-
ing medical correspondence regarding disease recurrence, second malignancies, car-
diovascular outcomes, and vital status. In addition, physicians in referral hospitals
received questionnaires and were requested to submit medical correspondence if pa-
tients had received treatment for cancer or cardiovascular disease in hospitals other
than the ten hospitals participating in the original trial. Response rates from GPs
and treating physicians were and , respectively, without difference between
treatment arms. Data on BC recurrence status and incidence of cardiovascular events
(and risk factors) was deemed complete if information was available from 2016 on-
wards or until death.

Additionally, all patients were linked via unique, pseudo-anonymised patient
identification numbers with the population-based municipal Personal Records Data-
base for vital status and with Statistics Netherlands for the cause of death. To com-

https://doi.org/10.1001/jamaoncol.2019.6276
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plete and verify receptor status from the primary tumour and data on second malig-
nancies (including contralateral BC), patient-level data from the Netherlands Can-
cer Registry (NCR) and the nationwide network and registry of histopathology and
cytopathology in the Netherlands (PALGA) were extracted in December 2017.

Personal Records Database The Personal Records Database records vital status of
everyone born in the Netherlands, or who enters the country and will remain longer
than four months. Personal Records Database data were used to acquire the exact
date of death. Patients who did not receive active follow-up at database cut-off were
censored for overall survival at the last Personal Records Database update, which
was 1 February 2017.

Statistics Netherlands Statistics Netherlands registers the underlying cause of
death for each decedent in the Netherlands. Detailed information on methods of re-
gistration of causes of death in the Netherlands has been published previously.29 In
short, for each deceased person, attending physicians or medical examiners are ob-
liged to fill out a death certificate, which is sent to Statistics Netherlands. Statistics
Netherlands codes the death certificates and an underlying cause is selected accord-
ing to the 10th revision of the International Statistical Classification of Diseases and
Related Health Problems (ICD-10). A maximum of four diseases can be coded per
decedent. The ICD-10 defines the underlying cause of death as: (1) the disease or
injury that initiated the train of morbid events leading directly to death or (2) the
circumstances of the accident or violence that produced the fatal injury. Volume 2 of
ICD-10 provides several instructions for the application of definition 2. According to
Statistics Netherlands, four patients died due to breast cancer although no relapse of
breast cancer was known at last follow-upwhen patients’ records were reviewed. For
these four patients, the missing date of first relapse was substituted by the median
time between relapse and death within the sample set, for the ER-negative and ER-
positive subsets separately. The primary cause of death was based on information ac-
quired during medical record abstraction. The cause of death was categorized as (1)
breast cancer, (2) non-breast malignancy, (3) related to the protocol treatment and
within six months after completion of protocol treatment, (4) cardiovascular disease,
or (5) other causes. To obtain cause-of-death data for patients no longer under med-
ical surveillance, causes of death throughDecember 2016were obtained through link-
age with Statistics Netherlands, classified according to International Classification of
Diseases, 9th or 10th revision, depending on date of death.30 Linkage of deceased pa-
tients was successful in 98% (495/505) of cases. Cases with inconsistently reported
causes of death were discussed within the study team and consensus was reached
based on all information available from the medical records. A recent study showed
95% concordance between the registered cause of death by Statistics Netherlands and
the cause of death obtained from the medical records in patients previously treated
for breast cancer.31



5

High-dose chemotherapy in high-risk breast cancer

Netherlands Cancer Registry (NCR) and the nationwide network and registry of
histopathology and cytopathology in the Netherlands (PALGA) The NCR has al-
most complete nationwide coverage ( ) of invasive malignant neoplasms and
ductal carcinoma in situ of the breast occurring in the Netherlands since 1989.29 Data
was used to complete data on incidence of second malignancies. PALGA is a nation-
wide network of all pathology laboratories in theNetherlandswith national coverage
since 1991. Patient-level data obtained through linkage with the PALGA used to con-
firm and complete data on the ER, PR and HER2 status from the primary tumour.
Additionally, pathology data were used to eliminate uncertainties about second ma-
lignancies or distantmetastases. In case of discrepancies regarding date of recurrence
or second malignancy, the date obtained from the NCR was used, or, if unavailable,
the earliest date as reported in the other data sources.

Supplementary method 5.3. Additional details on statistical analysis

The reverse Kaplan-Meier method was used to determine median follow-up and its
interquartile range (IQR). The Kaplan-Meier method was used to calculate OS, and
BCSS probabilities, and these were compared with log-rank test. Hazard ratios (HR)
with 95% confidence intervals (CI) are based on fitted Cox proportional hazardmod-
els, including -values for interaction tests for the pre-planned subgroup analyses for
this update.The cumulative incidence of second malignancies between the two treat-
ment arms was compared, treating death as competing risk. The -value was based
on the k-sample test.32 For cardiovascular events the event dates were not available
for all patients. Therefore, occurrence of cardiovascular events between groups was
evaluated using chi-squared test.

Supplementary tables

Supplementary table 5.1. Baseline characteristicsa

Variable HDCT group
( )

CDCT group
( )

Age at randomisation (years) [ – ] [ – ]
Tumour size classification

T1 ( ) ( )
T2 ( ) ( )
T3 ( ) ( )
Unknown ( ) ( )

Involved axillary lymph nodes
– nodes ( ) ( )

nodes ( ) ( )
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Variable HDCT group
( )

CDCT group
( )

Histologic grade
I ( ) ( )
II ( ) ( )
III ( ) ( )
Unknown ( ) ( )

Breast cancer subtype
ER–positive/HER2–negative ( ) ( )
HER–positive ( ) ( )
Triple negative ( ) ( )
Unknown ( ) ( )

( ) ( )
Length of tamoxifen therapyb

Never or discontinued within years,
with relapse within years

years (without relapse within
years)

( ) ( )

and years ( ) ( )
years ( ) ( )

Never (without relapse within
years)

( ) ( )

Unknown ( ) ( )
Menopausal status at randomisation

Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Uncertain ( ) ( )

Menopausal status months after
randomisation

Premenopausal ( ) ( )
Postmenopausal ( ) ( )
Uncertain ( ) ( )
a Values are given as (%), ormedian [interquartile range]. ER, oestrogen receptor; CDCT, conventional-
dose chemotherapy; HDCT, high-dose chemotherapy; HER2, human epidermal growth factor receptor
2.

b Data are for approximate duration of adjuvant tamoxifen. In total, 14 patients also received adjuvant
aromatase inhibitor (AI) after tamoxifen: and started AI after years of tamoxifen in
the HDCT and CDCT group, respectively; started AI after and years of tamoxifen in
the CDCT group; started AI after years of tamoxifen (without relapse) in the CDCT group.
Data of adjuvant AI treatment were missing in and patients in the HDCT and CTCT groups,
respectively.
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Supplementary table 5.2. Distribution number of overall survival events in breast cancer sub-
types split for number of involved axillary lymph nodes and between treatment groupsa

Subgroups HDCT group
( )

CDCT group
( )

ER-positive/HER2-negative
– nodes involved

nodes involved
HER2-positive

– nodes involved
nodes involved

Triple negative
– nodes involved

nodes involved
a Values are given as (%). ER, oestrogen receptor; HER, human epidermal growth factor receptor
2; CDCT, conventional-dose chemotherapy; HDCT, high-dose chemotherapy. Breast cancer subtypes
were unknown for 36 patients (8%) in the HDCT group and 31 patients (7%) in the CDCT group.

Supplementary table 5.3. Second malignant neoplasmsa

Second malignant neoplasm HDCT group
( )

CDCT group
( )

Second breast cancer
Lip, oral cavity and pharynx
Digestive organs
Respiratory organs
Bone and articular cartilage
Myelodysplasia or leukaemia
Melanoma
Non–melanoma skin cancer
Mesothelial and soft tissue
Female genital cancer
Urinary tract cancer
Other or unspecified

a Values are given as (%). CDCT, conventional-dose chemotherapy; HDCT, high-dose chemotherapy.
Data are the number of patients per type of malignancy. Note that patients had more than one
second primary malignancy: patients in the CDCT group and in the HDCT group.



5

Heart failure ( ) ( )
TIA/CVA ( ) ( )
Cardiac valve dysfunction ( ) ( )

Dysrhythmiac ( ) ( )
Pericarditis ( ) ( )

Hypertension ( ) ( )
Hypercholesterolaemia ( ) ( )
Diabetes mellitus type 2 ( ) ( )
BMI kgm d ( ) ( )
Smoking ever ( ) ( )

a Values are given as (%). CDCT, conventional-dose chemotherapy; HDCT, high-dose chemotherapy;
BMI, body-mass index; CVA, cerebrovascular accident; TIA, transient ischaemic attack.

b is based on chi-squared test.
c Including atrial fibrillation ( ), heart block ( ), sinus tachycardia ( ), supraventricular
extra systole ( ), atrioventricular nodal re-entry tachycardia ( ) and unknown ( ).

d At last follow-up.

Supplementary table 5.5. Distribution number of overall survival events in breast cancer sub-
types split for menopausal status and between treatment groupsa

Subgroup HDCT group
( )

CDCT group
( )

ER-positive/HER-negative
Premenopausal
Postmenopausal

HER2-positive
Premenopausal
Postmenopausal

Triple negative
Premenopausal
Postmenopausal
a Values are given as (%). ER, oestrogen receptor; CDCT, conventional-dose chemotherapy; HDCT,
high-dose chemotherapy; HER2, human epidermal growth factor receptor 2. Breast cancer subtypes
were unknown for patients ( ) in the HDCT group and patients ( ) in the CDCT group.
Menopausal status at baselinewas unknown for patients ( ) in theHDCTgroup and patients
( ) in the CDCT group.

Supplementary table 5.4. Cardiovascular events and cardiovascular risk factorsa

Variable HDCT group
( )

CDCT group
( )

b

Coronary artery diseases ( ) ( )
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Number at risk
(Patients censored)

CDCT

HDCT

443 (0)

442 (0)

310 (3)

323 (8)

238 (7)

266 (18)

205 (15)

229 (26)

101 (106)

122 (118)
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HR 0.89 (95% CI 0.68-0.99) P=0.04
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Supplementary figure 5.2. Cumulative incidence of a second malignancy treating death as
competing risk as competing risk. Only the first second malignancy per patient is taken into
account. Solid lines represent cumulative incidence for death. Dashed lines represent cumulat-
ive incidence for second malignancy. CDCT, conventional-dose chemotherapy; HDCT, high-
dose chemotherapy.
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39.0%

(42.9%-54.0%)
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20-year OS estimate

HR 0.76 (95% CI, 0.62-0.94) P=0.01

Supplementary figure 5.3. Overall survival in patients with HER2-negative breast cancer. -
year OS estimates with corresponding 95% confidence interval and hazard ratios with cor-
responding 95% confidence interval are reported. CDCT, conventional-dose chemotherapy;
HDCT, high-dose chemotherapy; HER2, human epithelial growth factor receptor; HR, hazard
ratio; OS, overall survival.
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Insulin-like factor 3, luteinising
hormone and testosterone in testicular
cancer patients: effects of β-hCG and
cancer treatment
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Abstract

Background — Primary hypogonadism (low testosterone and high luteinising hor-
mone, LH) is present in approximately of testicular cancer (TC) survivors after
orchidectomy with or without chemotherapy.
Objectives—We investigated insulin-like factor 3 (INSL3), a novel marker of Leydig
cell function, in TC patients.
Materials and methods — We analysed: (I) a cross-sectional cohort of TC patients
after orchidectomy with or without chemotherapy (1988–1999) at long-term follow-
up (median and years of age at follow-up, respectively) and healthy men of
similar age; (II) a longitudinal cohort of chemotherapy-treated TC patients (2000–
2008), analysed before and one year after chemotherapy (median years of age at
chemotherapy). INSL3, testosterone, and LH were compared between groups and
over time and related to pre-chemotherapy β-hCG levels.
Results— In the cross-sectional cohort, TC patients at median seven years after orch-
idectomy and chemotherapy ( ) had higher LH ( ), lower testoster-
one ( ), but similar INSL3 as controls ( ). After orchidectomy only

https://doi.org/10.1111/andr.12581
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( ), higher LH ( ), but no differences in testosterone or INSL3 were
observed compared to controls. In the longitudinal cohort, patients with normal pre-
chemotherapy β-hCG ( IUL , ) had increased LH one year after chemo-
therapy compared to pre-chemotherapy ( ), and no change in testosterone
or INSL3. In contrast, patients with high β-hCG pre-chemotherapy ( ) had sup-
pressed LH,markedly elevated testosterone, and low INSL3 at start of chemotherapy,
with increased LH, decreased testosterone, and increased INSL3 one year later (all

).
Discussion — Changes in LH show that gonadal endocrine function is disturbed
before chemotherapy, one year later, and at long-term follow-up in chemotherapy-
treated TC patients.
Conclusion — Pre-chemotherapy, β-hCG-producing tumours affect the gonadal en-
docrine axis, demonstrated by increased testosterone and decreased LH. INSL3 did
not uniformly follow the pattern of testosterone.

6.1 Introduction

Testicular germ cell cancer (TC) is the most frequent malignancy in men between
and years of age. Therapy consists of orchidectomy and, in case of disseminated
disease, platinum-based chemotherapy. Since this treatment has high cure rates, de-
tection and management of late therapy-related toxicity in survivors is important.1

Primary hypogonadism is a toxic effect of chemotherapy in TC patients. Low
testosterone ( – nmol L ) or testosterone replacement therapy are reported in

– of long-term survivors.2–4 In stage I TC patients treated with orchidectomy
alone, luteinising hormone (LH) is higher than in healthymen.5–7 Patientswithmeta-
static disease treated with orchidectomy and chemotherapy have both elevated LH
and reduced total and free testosterone.6,7 These findings suggest a negative effect of
orchidectomy and potentially the presence of TC itself on the number of functional
Leydig cells, while chemotherapy seems to induce further impairment.

Unfortunately, interpreting testosterone levels is challenging due to large inter-
and intraindividual variations and the lack of a generally accepted lower limit of
normal. Testosterone levels react acutely to changes in the hypothalamic–pituitary–
gonadal (HPG) axis, and repeated measurements are recommended to exclude tran-
sient testosterone decreases.8 Furthermore, only a modest correlation exists between
total testosterone and symptoms of hypogonadism.8–10. Moreover, no convincing
data are available regarding the harmful effects of low or low–normal testosterone
in young men over longer time periods.

Increased cardiovascular risk in TC survivors is a concern, given a standard-
ised incidence ratio for myocardial infarction or angina pectoris of in -year
TC survivors after chemotherapy compared to the general population.11 In TC pa-
tients, total testosterone is negatively associatedwith prevalence of themetabolic syn-
drome.6,12,13 Similarly, low testosterone is associated with the metabolic syndrome
and increased mortality in the general population.14–16

To better define hypogonadism and investigate its effects, a marker of Leydig
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cell function with less fluctuation than testosterone would be valuable.17 Such a 
marker might better indicate low Leydig cell function and predict the metabolic syn-
drome and increased cardiovascular risk in TC patients. Insulin-like factor 3 (INSL3) 
is a peptide that is almost exclusively produced by men in the Leydig cells.18,19
INSL3 reaches relatively stable levels in adulthood, slightly declining with increasing 
age.20,21 According to previous reports, INSL3 expression is less dependent on acute 
regulation by the HPG axis than testosterone, and may better reflect the number and 
function of Leydig cells and their differentiation status than testosterone,17,18,22 with 
no overt diurnal pattern.23

In the present study, we investigated INSL3 as a novel marker of Leydig cell func-
tion in TC patients following orchidectomy only or orchidectomy and chemotherapy.

6.2 Materials and methods

6.2.1 Cross-sectional and longitudinal cohorts

Measurements were carried out in a cross-sectional and a longitudinal cohort. The 
cross-sectional cohort consisted of three groups: TC patients after orchidectomy and 
chemotherapy for disseminated disease, TC patients after orchidectomy alone for 
stage I disease, and healthy males of similar age. These men had participated in a 
previous study on hormone levels, as described elsewhere.6 Briefly, patients had 
been treated for non-seminoma at the University Medical Center Groningen (UMCG) 
between 1988 and 1999. Extragonadal TC, radiotherapy, testosterone replacement 
therapy, and age   years at chemotherapy were exclusion criteria. In addition, 
participants were excluded if stored serum was not available ( ) or INSL3 
could not be measured due to technical issues (  ).

The longitudinal TC cohort consisted of patients treated with unilateral orchidec-
tomy and at least three courses of chemotherapy. Between 2000 and 2008, these pa-
tients had participated in various prospective studies on cardiometabolic effects of 
TC treatment in the UMCG. Patients with age   years at chemotherapy, extragon-
adal TC, cardiovascular disease before chemotherapy, or testosterone replacement 
therapy before or within two years after chemotherapy were excluded. Patients were 
selected based on availability of stored serum obtained at start (after orchidectomy 
and before chemotherapy) and at one year after chemotherapy (    days); a 
serum sample at two years after chemotherapy (  days) was optional. The dif-
ferent study protocols were approved by the local medical ethical review committee, 
and each participant gave written informed consent.

6.2.2 Assessment of INSL3, gonadal endocrine function, and the
metabolic syndrome

Insulin-like factor 3 was measured in serum samples, stored at  C, using a com-
mercial enzyme immunoassay research kit (Phoenix Pharmaceuticals, Burlingame, 
United States of America). Serum was diluted . The serum samples used in 
the cross-sectional analysis were measured in duplicate; in our hands, intra- and
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interassay variation coefficients (over four assays) were and . Consider-
ing this low variation, INSL3 measurements in the longitudinal cohort were not du-
plicated. For INSL3 measurements below the detection threshold ( ngmL ),

ngmL was used for statistics. Low INSL3 was defined as below percentile
of INSL3 in the healthy men from the cross-sectional analysis ( ngmL ).

Measurements of total testosterone, LH, and follicle stimulating hormone in
morning blood samples were described previously.6 Primary hypogonadism was
defined biochemically as total testosterone nmol L and/or LH IUL .
For the last follow-up time point in the longitudinal cohort, hypogonadism was also
considered present if a patient had started testosterone replacement therapy (if star-
ted more than two years after chemotherapy).

From previous studies, history of cardiovascular disease, bodymass index (BMI),
and blood pressure were recorded. In the TC patients, the β subunit of human chor-
ionic gonadotropin (β-hCG, IUL ) was routinely measured during treatment and
follow-up. Triglycerides, total cholesterol, high density and low density lipoprotein
cholesterol, and glucose had been measured in fasting blood samples. The metabolic
syndrome was defined according to the NCEP-ATPIII criteria (2005 update)24 and
considered absent if criteria were not met.

6.2.3 Statistical analysis

We determined if data were normally distributed by graphical evaluation of the
distribution and by formal normality testing using Shapiro–Wilk test. In the cross-
sectional analysis, continuous variables were compared between all three groups
using Kruskal–Wallis tests (with additional comparison as indicated using
Dunn test), or between the two TC groups only using Mann–Whitney U tests. Dif-
ferences in categorical variables were tested with Fisher’s exact test. For correlations,
Spearman’s correlation coefficient was determined.

In the longitudinal cohort, given possible gonadal endocrine activity of β-hCG
similar to that of LH, TCpatientswere stratified between TC tumourswith orwithout
β-hCG production ( IUL ) pre-chemotherapy. Paired variables were compared
between the two time points using Wilcoxon signed ranks test or McNemar’s test.
For the subset of patients with INSL3 measurements at two years after chemother-
apy, differences in INSL3 between the three time points were compared using Fried-
man test. Spearman’s correlation coefficient was determined for correlation between
change in INSL3 and other variables. To test if INSL3, total testosterone and LH pre-
dict hypogonadism or the metabolic syndrome at long-term follow-up, univariate
logistic regression analysis was performed. All tests were two-sided and unadjusted
for multiple comparisons. A was considered significant. Patients with miss-
ing variables were excluded on a per test basis. Statistics were calculated with R 3.3.4
(R Foundation for Statistical Computing, Vienna, Austria).
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Figure 6.1. Insulin-like factor 3 (INSL3) (A), total testosterone (B), and luteinising hormone
levels (C) in the cross-sectional cohorts of patients after orchidectomy and chemotherapy
( ), orchidectomy-only patients ( ), and healthy men ( ). is for over-
all comparison over the three cohorts using Kruskal–Wallis test and for comparisons
with Dunn test. Grey areas mark INSL3 ngmL (below p in healthy men), total
testosterone nmol L , and luteinising hormone IUL .

6.3 Results

6.3.1 Cross-sectional cohort

The cross-sectional cohort consisted of patients treated with orchidectomy and
chemotherapy for disseminated TC, patients after orchidectomy alone for stage I
TC, and healthy men (table 6.1). The groups had comparable age ( ), and
time since treatment did not differ between TC patient groups ( ). Antihyper-
tensive drugs ( ), statins ( ), antidiabetic drugs ( ), and antiplatelet
agents (for stroke, , and myocardial infarction, ) were only reported in the
chemotherapy group.

Insulin-like factor 3 was lower in chemotherapy-treated compared to
orchidectomy-only patients ( , table 6.2 and figure 6.1), but there were
no differences between orchidectomy-only or chemotherapy-treated patients and
healthy men ( and , respectively). No correlation existed between
INSL3 and serum storage duration ( ). At follow-up, all β-hCG levels in
the chemotherapy-treated group were IUL . In all groups combined, INSL3
correlated with total testosterone ( , ), but not with LH ( )
or age ( ). In the TC patients, similar correlations between INSL3 and
total testosterone were found, with no correlation between INSL3 and time since
treatment ( ). INSL3 did not differ between TC patients with hypogonadism
( , median ngmL ; interquartile range [IQR] – ngmL ) or
without hypogonadism ( , ngmL ; IQR – ngmL ; ).



6

114

Table 6.1. Baseline characteristics of the cross-sectional and longitudinal patient cohortsa

Variable Cross-sectional cohorts Longitudinal
cohort ( )

Orchidectomy &
chemotherapy
( )

Orchidectomy-
only ( )

Age at therapyb(years) ( – ) ( – ) ( – )
Age at follow-upc(years) ( – ) ( – ) -
Duration of follow-up (years) ( – ) ( – ) , , ( – )
Histology ( , %)

Seminoma ( ) ( ) ( )
Non-seminoma ( ) ( ) ( )

Stage ( , %)
I ( ) ( ) ( )
II ( ) ( ) ( )
III ( ) ( ) ( )
IV ( ) ( ) ( )

IGCCCG prognosis group ( ,
%)

Good ( ) - ( )
Intermediate ( ) - ( )
Poor ( ) - ( )

Interval orchidectomy to
chemotherapy (days)

( – ) - ( – )

Chemotherapy ( , %)
BEP ( ) - ( )
EP ( ) - -
Otherd ( )
a Values shown are medians with interquartile range, unless stated otherwise. BEP denotes bleomycin,
etoposide, and cisplatin; EP, etoposide and cisplatin; IGCCCG, International Germ Cell Cancer Con-
sensus Group classification.

b Age is age at start of chemotherapy for groups treated with orchidectomy and chemotherapy, or age at
orchidectomy for the orchidectomy-only group.

c The cross-sectional cohort of healthy men had a similar median age of years (interquartile range
– years).

d Other chemotherapy regimenswere BEP followed by etoposide, ifosfamide, and cisplatin (VIP) in four
patients; bleomycin, vincristin, and cisplatin (BOP) followed byVIP in four patients; and BOP followed
by VIP and carboplatin, etoposide in one patient.
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Table 6.2. Gonadal endocrine function and cardiovascular risk factors in the cross-sectional cohortsa

Variable Orchidectomy &
chemotherapy ( )

Orchidectomy-only
( )

Healthy men ( )

Luteinising hormone (IUL ) ( – ) ( – ) ( – )
Total testosterone (nmol L ) ( – ) ( – ) ( – )
INSL3 (ngmL ) ( – ) ( – ) ( – )
Low INSL3b( , %) ( ) ( ) ( )
Follicle stimulating hormone (IUL ) ( – ) ( – ) ( – )
Hypogonadismc( , %) ( ) ( ) ( )

Body mass indexd(kgm ) ( – ) ( – ) ( – )
Total cholesterol (mmol L ) ( – ) ( – ) ( – )
HDL cholesterol (mmol L ) ( – ) ( – ) ( – )
LDL cholesterol (mmol L ) ( – ) ( – ) ( – )
Triglyceride (mmol L ) ( – ) ( – ) ( – )
Metabolic syndromee( , %) ( ) ( ) ( )

a Values shown are medians with interquartile range, unless stated otherwise, and were compared across the three groups. HDL denotes high density lipopro-
tein; INSL3, insulin-like factor 3; LDL, low density lipoprotein.

b Below p2.5 in healthy men ( ngmL ).
c Testosterone nmol L in one chemotherapy patient, all other patients had LH IUL with testosterone nmol L .
d Missing in eight chemotherapy patients and one healthy man.
e Missing in one chemotherapy patient and one healthy man.
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Table 6.3.Gonadal endocrine function at start of chemotherapy and one year after chemotherapy, and at long-term follow-up in the longitudinal
cohort, stratified by pre-chemotherapy β-hCG levela

Variable Time point Normal β-hCG ( IUL ) ( ) Elevated β-hCG ( IUL ) ( )

Median (IQR) Missing Median (IQR) Missing

Start - - -Pre-chemotherapy β-hCGb(IUL )
Luteinising hormone (IUL ) Start - -

One year -
Follow-upd -
Start - -
One year
Follow-upd -
Start - -
One year - -
Start - -
One year - -

Total testosterone (nmol L )

INSL3 (ngmL )

Low INSL3c( , %)

Hypogonadisme( , %) Start - -
One year
Follow-upd

( – )
( – )
( – )
( – )
( – )
( – )
( – )
( – )
( – )

( )
( )

( )
( )

( ) -

( – )
( – )
( – )
( – )
( – )
( – )
( – )
( – )
( – )

( )
( )

( )
( )

( )
FSH (IUL ) Start - ( – )

One year
Follow-upd

( – )
( – )

( – ) -
( – )
( – )

-

caption on the following page
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a is for pair-wise comparisons between start of chemotherapy and one year later (excluding cases with a missing value at either time point). β-hCG denotes
the β subunit of human chorionic gonadotropin; FSH, follicle stimulating hormone; INSL3, insulin-like factor 3; IQR, interquartile range; LH, luteinising
hormone.

b After chemotherapy, β-hCG levels were IUL for all patients.
c INSL3 below p2.5 in the cross-sectional cohort of healthy men ( ngmL ).
d Median follow-up years (range – years). One of the patients was excluded from analysis at the follow-up time point, because of acute myel-
oid leukaemia before two years of follow-up. Two patients were censored at six and ten years of follow-up because of an astrocytoma and TC recurrence,
respectively.

e Hypogonadism was based on testosterone replacement therapy in two patients at follow-up. Other hypogonadic patients had either low testosterone (
nmol L ; at start of chemotherapy, at one year, at follow-up) or normal testosterone with elevated LH ( IUL ; at start of

chemotherapy, at one year, at follow-up).

Table 6.3. (preceding page) 
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INSL3A B Luteinising hormoneC
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Figure 6.2. Insulin-like factor 3 (INSL3) (A), total testosterone (B), and luteinising hormone
levels (C) in the longitudinal chemotherapy cohort ( ), stratified by pre-chemotherapy
β-hCG level. Total testosterone and luteinising hormone were missing in patients. is for
paired comparisons between the two time points. Grey areas mark INSL3 ngmL
(below p in healthy men), total testosterone nmol L , and luteinising hormone

IUL . β-hCG denotes the β subunit of human chorionic gonadotropin.

6.3.2 Longitudinal cohort

All TC patients in the longitudinal cohort had been treated with orchidectomy
and chemotherapy. At start of chemotherapy, patients had a normal β-hCG (
IUL ) and patients had an elevated β-hCG ( IUL ). All patients were

treated with at least three cycles of chemotherapy; an additional fourth cycle was ad-
ministered to ( ) of the patients with normal β-hCG pre-chemotherapy and to

( ) in patientswith elevated β-hCGpre-chemotherapy. INSL3 at start of chemo-
therapy did not correlate with age ( ) or interval between orchidectomy and
chemotherapy ( ).

In the TC patients with elevated β-hCG pre-chemotherapy, testosterone was
high and LH suppressed at start of chemotherapy, with ( ) having a LH
below IUL (table 6.3 and figure 6.2). One year later, testosterone had decreased
with median nmol L (IQR to nmol L ; ) and LH levels had
increased with median IUL (IQR to IUL ; ). Contrary to
the decrease in testosterone, INSL3 increased with median ngmL (IQR –

ngmL ; ) in the patients with elevated β-hCG pre-chemotherapy.
In contrast, in the TC patients with normal β-hCG pre-chemotherapy, all LH

levels at start of chemotherapy were above IUL , and LH increased with me-
dian IUL (IQR – IUL ) between start of chemotherapy and one year
later ( ). However, testosterone and INSL3 did not change between start
of chemotherapy and one year later ( and , respectively).

For a subset of patients, an additional blood sample was available at two years
after chemotherapy. Within this subset, INSL3 increased between start of chemother-
apy and one year and two years later in the patients with elevated β-hCG pre-
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chemotherapy (Friedman test,   ), but not in the  patients with normal 
β-hCG pre-chemotherapy (   ) (supplementary table 6.1).

6.3.3 Longitudinal INSL3 and long-term gonadal endocrine function

Long-term follow-up after chemotherapy was available for  TC patients from the 
longitudinal cohort (median follow-up  years, IQR –  years) (table 6.3). At 
last follow-up,  patients ( ) had hypogonadism (of whom two on testosterone 
replacement therapy).

To explore if the risk of long-term hypogonadism can be predicted early during 
follow-up, the relation between INSL3, LH and testosterone at one year after chemo- 
therapy and hypogonadism at median -year long-term follow-up was analysed 
with univariate logistic regression. Higher LH at one year after chemotherapy in- 
creased the likelihood of hypogonadism at last follow-up in patients with normal β- 
hCG pre-chemotherapy (odds ratio [OR] ;  confidence interval [CI] – ), 
but not in patients with elevated β-hCG pre-chemotherapy (OR ;  CI – ). 
INSL3 and testosterone at one year after chemotherapy did not affect the likelihood 
of hypogonadism at last follow-up (supplementary table 6.2). In both patients with 
normal or elevated β-hCG pre-chemotherapy, LH at one year after chemotherapy was 
correlated with LH at last follow-up (   ,   , and   ,   , 
respectively). In the patients with elevated β-hCG at start of chemotherapy, the β- 
hCG level at start of chemotherapy did not affect the likelihood of hypogonadism at 
last follow-up (OR ,  CI – ).

6.3.4 INSL3, BMI, and the metabolic syndrome

In the 106 TC patients of the cross-sectional cohort with documented BMI, INSL3 did 
not correlate with BMI (   ). INSL3 did not differ between TC patients with 
( ; median  ng mL ; IQR –  ng mL ) versus without the meta- 
bolic syndrome (   ; median  ng mL ; IQR –  ng mL ;   ). 
In the longitudinal cohort, BMI at follow-up was median  kg m  (IQR – 

 kg m ) in patients with normal β-hCG and  kg m  ( –  kg m ) in 
patients with elevated β-hCG pre-chemotherapy. INSL3 at one year after chemo- 
therapy was inversely correlated with BMI at follow-up (   ;   ) in 
the patients with elevated β-hCG at start of chemotherapy, but not in the subgroup 
with normal β-hCG at start of chemotherapy (   ). At last follow-up, the meta- 
bolic syndrome was found in seven patients ( ) with normal β-hCG at start of 
chemotherapy and in  patients ( ) with elevated β-hCG at start of chemother- 
apy. INSL3 at one year after chemotherapy did not influence the odds of metabolic 
syndrome at follow-up in the patients with normal β-hCG (OR ;  CI – ) 
or in those with elevated β-hCG pre-chemotherapy (OR ;  CI – ).
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6.4 Discussion

We investigated INSL3 as a marker of Leydig cell function in relation to testosterone
and LH in TC patients following orchidectomy and chemotherapy. Chemotherapy in-
fluences gonadal endocrine function as shown by changes in LH but not INSL3 one
year after chemotherapy or at long-term follow-up. INSL3 one year after chemother-
apy was not related to the development of hypogonadism at long-term follow-up. In
the long-term TC survivors of the cross-sectional cohort – years after treatment,
INSL3 was clearly higher than in patients from the longitudinal cohort with INSL3
measurements at one year after treatment. This suggests that INSL3 in chemotherapy-
treated TC patients may return to (near) normal over the course of several years and
that Leydig cell recovery might be a prolonged process.

Insulin-like factor 3 is almost exclusively produced by the Leydig cells of the testes
and may, therefore, accurately indicate gonadal endocrine function. INSL3 levels re-
flect Leydig cell number and differentiation status.18,22 After unilateral orchidectomy,
the number of Leydig cells is halved and the remaining testis needs to compensate to
maintain adequate sex hormone levels. We hypothesised that early changes in INSL3
after orchidectomy reflect Leydig cell residual capacity, potentially indicating a pa-
tient’s long-term risk to develop hypogonadism, as defined by a total testosterone

nmol L and/or LH IUL . However, in our longitudinal analysis, INSL3
at one year after chemotherapy did not influence the odds of developing hypogon-
adism at amedian -year follow-up. Therefore, INSL3 does not seem to be a suitable
marker to predict hypogonadism as a late effect of chemotherapy in TC patients.

Interestingly, we also found interference of the tumour marker β-hCG with Ley-
dig cell function. We showed that elevated β-hCG levels affect the gonadal endocrine
axis and Leydig cell function, as demonstrated by high testosterone and suppressed
LH and INSL3 in patients with elevated β-hCG at start of chemotherapy. Changes
in INSL3, LH, and testosterone one year after chemotherapy likely result, for a large
part, from successful cancer treatment and elimination of the β-hCG stimulus in these
patients. In contrast, in patients who had not been exposed to elevated β-hCG levels,
INSL3 did not change between start of chemotherapy and one year later. However,
these patients did have a significantly higher LH one year after chemotherapy than
before chemotherapy, indicating gonadal endocrine dysfunction at one year after
chemotherapy without interference from high β-hCG levels.

Various explanations for the discrepant effect of β-hCG on gonadal hormones
may be suggested. Although TC produces the intact hCG molecule, serum assays
generally assess the β subunit of hCG, as the α subunit of hCG is also found in LH,
FSH, and thyroid stimulating hormone (TSH). Indeed, clinical hyperthyroidism due
to similarity of hCG and TSH has been reported in TC patients with hCG levels ex-
ceeding IUL .25 Likewise, similarity between hCG and LH likely resulted in
the upregulation of testosterone levels and subsequent downregulation of LH in the
patients with elevated β-hCG levels in the longitudinal cohort. Surprisingly and con-
trary to the high testosterone production by the hCG-stimulated Leydig cells in these
patients, INSL3 as a marker of Leydig cell number and differentiation was relatively
low at start of chemotherapy. Possible explanations may be that this low INSL3 re-
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flects the halved number of Leydig cells after orchidectomy, that hCG may not be a
full substitute for LH when it comes to Leydig cell multiplication and differentiation
and therefore INSL3 expression, that the low INSL3 reflects exhaustion of the Ley-
dig cells after prolonged hCG stimulation, or that the duration of the hCG stimulus
was too short to observe an increase in INSL3 secretion accompanying Leydig cell
multiplication and differentiation.

We did not find a clear association between INSL3 and BMI or the metabolic syn-
drome, although gonadal endocrine dysfunction has been associated with develop-
ment of cardiovascular risk factors and the metabolic syndrome in TC patients.6,12,13
In literature, data are scarce on the relationship between INSL3 and cardiovascular
morbidity. Obese men have been reported to have significantly lower INSL3 than
non-obesemen, in addition to lower total testosterone.26 Moreover, subnormal INSL3
levels were demonstrated in obese men with normal testosterone levels.26 Notably,
lower INSL3 levels have also been found in men with diabetes mellitus type 2 com-
pared to BMI-matched controls.27 However, low INSL3 did not prove to be a valuable
marker to distinguish between TCpatientswith andwithout themetabolic syndrome
in the present study.

To our knowledge, this is the first study measuring INSL3 in a large group of TC
patients. By chance, a large Australian general population study investigating INSL3
included 11 men after orchidectomy.20 They reported lower INSL3 in a single subject
after bilateral orchidectomy ( ngmL ) and in ten men after unilateral orchidec-
tomy (mean ngmL ; standard deviation [SD] ngmL ) compared to the
remaining study population ( ngmL ; SD ngmL , ).Within their
small sample after unilateral orchidectomy, the investigators found a negative correl-
ation between INSL3 and both LH and testosterone. The discrepancywith our results
may be simply due to differences in sample size.

This study investigated the role of INSL3 in relation to the clinically relevant issue
of hypogonadism in two well-defined cohorts of TC patients. Important strengths of
our study are the longitudinal measurements and the long-term clinical follow-up.
However, some limitations need to be addressed. First, the sample size is too small
to draw any definitive conclusions on the relation between INSL3 and long-term
outcome in terms of symptomatic hypogonadism or cardiovascular events. Second,
while storage duration did not correlate with INSL3, an effect of storage duration on
INSL3 cannot be excluded, although this effect is expected to have similar and equal
influence on INSL3 in all cross-sectional groups. Third, no serum was available be-
fore orchidectomy, making it difficult to confidently differentiate between low INSL3
due to orchidectomy, chemotherapy, or TC itself. Indeed, INSL3 has been implicated
in testicular descent and cryptorchidism,22 which is an established risk factor for TC.1
Furthermore, aberrant heterogeneous INSL3 expressionwas observed in histological
samples from hCG-producing testicular tumours.28

Finally, use of different measurement methods hinders comparisons between ab-
solute INSL3 levels in our and previous studies. However, our INSL3 measurements
fit into the ranges found by Ermetici (mean ngmL [SD ngmL ] in
diabetes mellitus patients and ngmL [SD ngmL ] in controls)27 and by
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Chong ( ngmL [SD ngmL ] and ngmL [SD ngmL ] in two
groups of and healthy men, respectively) using the same assay.23

In conclusion, changes in LH show that gonadal endocrine function is disturbed
before chemotherapy, one year later and at long-term follow-up in chemotherapy-
treated TC patients. Pre-chemotherapy, β-hCG-producing tumours affect the gon-
adal endocrine axis, demonstrated by increased testosterone and decreased LH. Re-
markably, INSL3 as a marker of Leydig cell activity and differentiation is simultan-
eously suppressed. INSL3 does not seem to be a suitable marker to predict hypogon-
adism as a late effect of chemotherapy in TC patients. After longer follow-up, INSL3
levels are comparable to levels in healthy men, implicating potentially ongoing Ley-
dig cell recovery more than two years after treatment.
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126Supplementary table 6.1.Gonadal endocrine function at start of chemotherapy, one year and two years after chemotherapy, and at follow-up in
a subset of the longitudinal cohort with available serum samples at two years after chemotherapy, stratified by pre-chemotherapy β-hCG level.a

Variable Time point Normal β-hCG ( IUL )
( )

Elevated β-hCG ( IUL )
( )

Median (IQR) Missing Median (IQR) Missing

Pre-chemotherapy β-hCGb(IUL ) start
( – )

- ( – ) -

LH (UL ) start ( – ) - ( – ) -
year ( – ) ( – ) 5
years - -

follow-upc ( – ) - ( – )
Total testosterone (nmol L ) start ( – ) - ( – ) -

year ( – ) ( – )
years - -

follow-upc ( – ) - ( – )
INSL3 (ngmL ) start ( – ) - ( – ) -

year ( – ) - ( – ) -
years ( – ) - ( – ) -

Low INSL3d( , ) start ( ) - ( ) -
year ( ) - ( ) -
years ( ) - ( ) -

Hypogonadisme( , ) start ( ) - ( ) -
year ( ) ( )
years - -

follow-upc ( ) - ( )
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Variable Time point Normal β-hCG ( IUL ) Elevated β-hCG ( IUL )

Median (IQR) Missing Median (IQR) Missing

FSH (UL ) start ( – ) - ( – ) -
year ( – ) ( – )
years - -

follow-upc ( – ) - ( – )
a INSL3 increases in the two years after start of chemotherapy in the patients with elevated β-hCG (Friedman test over three time points, ), both
between start of chemotherapy and one year later (Wilcoxon signed-rank test, ) and between one and two years after chemotherapy ( );
in contrast, INSL3 did not differ between the three time points in the patients with normal β-hCG (Friedman test, ). β-hCG, β-subunit of human
chorionic gonadotropin; FSH, follicle-stimulating hormone; INSL3, insulin-like factor 3; IQR, interquartile range; LH, luteinising hormone.

b After chemotherapy, β-hCG levels were IUL for all patients except for one patient with a β-hCG of IUL at two years.
c Median follow-up: years (range – years). Two patients were censored at six and ten years of follow-up because of an astrocytoma and TC recur-
rence, respectively.

d INSL3 below p2.5 in the cross-sectional cohort of healthy men ( ngmL ).
e Hypogonadism was based on low testosterone ( nmol L ; at follow-up) or normal testosterone with elevated LH ( UL ; at start of
chemotherapy, at year, at follow-up).
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Supplementary table 6.2. Gonadal endocrine function at one year after chemotherapy in re-
lation to hypogonadism at long-term follow-up in the longitudinal cohort, stratified by pre-
chemotherapy β-hCG level.a

Variable Normal β-hCG
( IUL ) ( )

Elevated β-hCG
( IUL ) ( )

INSL3 at one year after chemotherapy
(per ngmL )

( – ) ( – )

Total testosterone at one year after
chemotherapy (per nmol L )

( – ) ( – )

LH at one year after chemotherapy (per
UL )

( – ) ( – )

a Values are odds ratios per unit increase in univariate logistic regression with 95% confidence inter-
vals. β-hCG, β-subunit of human chorionic gonadotropin; INSL3, insulin-like factor 3; LH, luteinising
hormone.
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Netherlands; 2Department of InternalMedicine, UniversityMedical Centre, Groningen, University of Groningen, Gronin-
gen, The Netherlands; 3Medical Cell BioPhysics, University of Twente, Enschede, The Netherlands.

Abstract

Aims — Genetic variation may mediate the increased risk of cardiovascular dis-
ease (CVD) in chemotherapy-treated testicular cancer (TC) patients compared to
the general population. Involved single nucleotide polymorphisms (SNPs) might
differ from known CVD-associated SNPs in the general population. We performed
an explorative genome-wide association study (GWAS) in TC patients.
Methods — TC patients treated with platinum-based chemotherapy between 1977
to 2011, age years at diagnosis, and years relapse-free follow-up were gen-
otyped. Association between SNPs and CVD occurrence during treatment or follow-
up was analysed. Data-driven Expression Prioritized Integration for Complex Trait
(DEPICT) provided insight into enriched gene sets, i.e. biological themes.
Results — During a median follow-up of years (range – ), CVD occurred in
( ) of genotypedpatients. Based on SNPs associated at , inde-
pendent genomic loci were associated with CVD occurrence. Subsequently, DEPICT
found ten biological themes, with the RAC2/RAC3 network (linked to endothelial
activation) as the most prominent theme. Biology of this network was illustrated in a
TC cohort ( ) by increased circulating endothelial cells during chemotherapy.
Conclusion — The ten observed biological themes highlight possible pathways in-

https://doi.org/10.1038/s41397-020-00191-8
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volved in CVD in chemotherapy-treated TC patients. Insight into the genetic suscept-
ibility to CVD in TC patients can aid future intervention strategies.

7.1 Introduction

Testicular cancer (TC) is the most common malignancy in men between and
years of age. Over of patients with metastatic TC is cured with platinum-based
chemotherapy.1 Consequently, the number of TC survivors steadily increases. High
cure rates come at the trade-off of increased risk of cardiovascular disease (CVD), at-
tributed to chemotherapy. Compared to age-matched controls, patients treated with
bleomycin, etoposide and cisplatin chemotherapy have a hazard ratio for coronary
artery disease of ( confidence interval [CI] – ), and for atherosclerotic
disease of ( CI – ).2 Moreover, cardiovascular mortality is increased
after chemotherapy for TC with a standardised mortality ratio of ( CI –

).3 In these relatively young men, the burden of cardiovascular morbidity and
mortality due to chemotherapy is an important determinant of long-term outcome.

Genetic variation is thought to mediate in part the increased risk of CVD in
chemotherapy-treated TC patients. However, involved single nucleotide polymorph-
isms (SNPs) might differ from the currently known SNPs associated with increased
risk of CVD in the general population.

A limited number of studies reported on associations between SNPs and late com-
plications of TC treatment. These studies mostly focused on SNPs in specific genes
rather than using unbiased genome-wide approaches. SNPs in the glutathione S-
transferase genes GSTP1 and GSTM3 have been associated with neurotoxicity and
ototoxicity in platinum-treated TC patients.4–6 SNPs in the 5-α-reductase type II
(SRD5A2) gene were associated with prevalence of the metabolic syndrome in TC
survivors after platinum-based chemotherapy.7 This finding, however, could not be
replicated.8 A recent study in platinum-treated TC patients reported that a SNP
in solute carrier gene SLC16A5 was associated with cisplatin-induced ototoxicity.9
In the Platinum Study cohort of TC survivors, a SNP in the Wolframin ER trans-
membrane glycoprotein (WFS1) was associated with ototoxicity.10

To date, however, genetic variation has not been investigated in relation to CVD
after TC treatment. As with the reported associations between SNPs and neurotox-
icity, ototoxicity, and the metabolic syndrome, insight into genetic variation and bio-
logical pathways associated with cardiovascular toxicity may help to estimate the in-
creased risk for CVD and to guide preventive cardiovascular intervention strategies
in TC patients treated with platinum-based chemotherapy. We performed an explor-
atory genome-wide association study (GWAS) in TC patients treated with platinum-
based chemotherapy to gain insight into the SNPs underlying susceptibility to CVD
in this population.



7

GWAS of cardiovascular disease in testicular cancer 131

Excluded at quality control:

Quality 
control

n

n  
m  

n  
m  

n

n
m

P m

m

Genotyping

Figure 7.1. Patient selection and quality control. * years relapse-free follow-up after start
of first-line chemotherapy, or after second-line chemotherapy if given for early relapse within
three years after TC diagnosis. HW equilibrium: Hardy Weinberg equilibrium.

7.2 Methods

7.2.1 Patient selection and phenotype data

Patients were selected from the institutional data-biobank on TC patients treated at
the University Medical Centre Groningen between 1977 and 2011. Inclusion criteria
were (a) advanced seminoma or non-seminoma TC, Royal Marsden Hospital stage
II, III, or IV, (b) treated with platinum-based chemotherapy, (c) age years at
diagnosis, (d) years relapse-free follow-up after start of first-line chemotherapy,
or after second-line chemotherapy if given for early relapse within three years after
TC diagnosis, (e) no chemotherapy or malignancy prior to TC, and (f) no CVD prior
to TC.

The phenotype endpoint of the GWAS was the occurrence of a cardiovascular
event during treatment or follow-up, defined as any (1) coronary disease (myocar-
dial infarction, acute coronary syndrome), (2) cerebrovascular infarction or transi-
ent ischemic attack, (3) cardiomyopathy or heart failure, (4) thromboembolic event
(deep venous thrombosis, pulmonary embolism, venous access port-associated), (5)
peripheral artery disease, or (6) other cardiovascular events (e.g. intracerebral haem-
orrhage, cardiac arrhythmia, or cardiac valve regurgitation or stenosis). Follow-up
data were available through several prospective TC studies and medical records.
Follow-up was censored in case of late relapse (more than three years after chemo-
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therapy), except for teratoma treated by surgery alone. In addition, follow-up was 
censored in case of second malignancy, except for non-melanoma skin cancer. Study 
protocols were approved by the local medical ethical review committee and each par-
ticipant gave written informed consent.

7.2.2 Genotype data

Germline DNA was isolated from blood using a standard phenol-chloroform method 
or using the NucleoSpin Blood XL column (Macherey-Nagel, BIOKÉ, Leiden, The 
Netherlands). SNP array was performed according to suppliers’ protocol using an 
Illumina HumanCytoSNP-12 v2.1 BeadChip (Illumina, San Diego, United States of 
America) covering    SNPs. SNPs were called using Illumina GenomeStudio 
v2011.1 (Genotyping v1.9.4; Illumina Genome Viewer v1.9.0) and then exported 
(PLINK Input Report Plug-in v2.1.3 for GenomeStudio Software).

7.2.3 Genotyping quality analysis

Quality analysis was performed using PLINK 1.07,11 filtering out (1) SNPs with a 
call rate  , (2) samples with a SNP call rate  , (3) samples with mismatch 
between reported and predicted sex, (4) SNPs that have minor allele frequency  , 
and (5) samples with significant deviation from the Hardy-Weinberg equilibrium 
(   ).

7.2.4 Association analysis

Association between SNPs and the occurrence of CVD was assessed in PLINK by 
chi-squared test using the max(T) permutation procedure with    permutations. 
SNPs were clumped into independently associated loci based on linkage disequilib-
rium, using an empirical    as a threshold for association of index SNPs 
(PLINK parameters:        

 ).

7.2.5 Annotation of associated SNPs: genes

The loci found in the association analysis were annotated with genes known to be 
associated with these loci using the following three methods. First, we determined 
the nearest gene(s) for each SNP as reported in dbSNP build 150.12 Second, based on 
a publicly available large-scale mapping of cis and trans expression quantitative trait 
loci (eQTLs) in blood we determined for each SNP if that SNP has been reported to 
affect the expression of any gene.13 Third, the SNPs found in the association analysis 
were used as input for the Data-driven Expression Prioritized Integration for Com-
plex Trait (DEPICT) framework.14 At the core of DEPICT, genes are functionally char-
acterised by their membership probabilities across    gene sets. DEPICT takes 
genes in loci associated with the input SNPs and uses the shared gene set member-
ships of those genes to prioritise genes that have similar predicted functions. Genes
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were reported by HGNC gene symbol if possible (retrieved using R/Bioconductor 
package biomaRt 2.32.1), or alternatively by Ensembl identifiers.

7.2.6 Insight into associated SNPs: gene sets clustered into ’biological
themes’

Next, gene set enrichment analysis was performed to gain insight into the biology un-
derlying the associations between SNPs and the occurrence of CVD. To this end, 
DEPICT takes genes in loci associated with the input SNPs, and tests which of its 

   gene sets are enriched in those genes, at a threshold of nominal   . 
Since DEPICT is based on reconstituted gene sets of known molecular pathways 
from various sources, overlap between the reconstituted gene sets can be expected. 
Therefore, the enriched gene sets were clustered into ’biological themes’ using 
affinity propagation as described next.

The enriched gene sets were extracted from DEPICT resource file containing the 
gene-gene set matrix of -scores for    genes. Next, pairwise Pearson correlation 
coefficients were computed between all enriched gene sets, and similar gene sets were 
clustered into biological themes using affinity propagation clustering (using R pack-
age apcluster 1.4.4).15 Affinity propagation finds exemplar gene sets within the input 
gene sets that are representative for each of the clusters, and names the clusters after 
their exemplar gene set. As stated by the authors of DEPICT,14 the reconstituted gene 
sets should be interpreted in light of the genes that are mapped to them, since their 
identifiers are simply carried over from the predefined gene sets used in the devel-
opment of DEPICT. For the biological themes, we addressed this issue by renaming 
the biological theme, if necessary, after examining the main genes within each biolo-
gical theme (determined by the absolute weighted mean -score for each gene in the 
biological theme, using the multiplicative inverse of the nominal  of each gene set 
as a weight for each -score).

7.2.7 Circulating endothelial cells during chemotherapy as indicator of
endothelial activation

As a measure of cancer treatment-induced endothelial activation, the number of cir-
culating endothelial cells (CECs)16 were measured in  patients with metastatic TC 
before and during three consecutive cycles of chemotherapy with bleomycin, etopos-
ide, and cisplatin (BEP) using the CellSearch CEC Kit (Menarini Silicon Biosystems, 
Huntingdon Valley, United States of America) according to the supplier’s protocol. 
In short, blood was collected in Cell Save Preservative tubes, and CECs were immun-
omagnetically enriched targeting CD146 followed by staining of the enriched cell 
population for CD45, CD105, and DAPI. The CD146 enriched cells were classified 
as CECs when CD105+/CD45-/DAPI+ cells.
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7.3 Results
Of the  genotyped patients, genotypes of  TC patients and    SNPs passed 
quality analysis (figure 7.1). All  TC patients had been treated with platinum- 
based chemotherapy between 1977 and 2011 (table 7.1). Most chemotherapy regi- 
mens also contained bleomycin (   ). During a median follow-up of  years 
(range – ), CVD had occurred in  cases ( ). These cases were median four 
years older at start of chemotherapy than patients who had no CVD (   ). 
At follow-up, cases met the criteria for metabolic syndrome more often (  versus 

) and used more antihypertensive and lipid lowering drugs than controls (  
 for all).

In total,  SNPs were associated at    with the occurrence of any CVD 
during or after chemotherapy (supplementary table 7.1). Clumping based on linkage 
disequilibrium resulted in  independent loci containing a total of  SNPs. These 

 loci and corresponding SNPs were annotated by finding nearest gene(s), cis or 
trans eQTLs, or DEPICT gene prioritisation (table 7.2). Since DEPICT only includes 
autosomal loci that do not overlap with the major histocompatibility complex region, 
gene prioritisation resulted in  genes mapped to  loci.
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Table 7.1. Baseline patient and treatment characteristics and clinical follow-up data ( ).a

Variable Cases ( ) Controls ( )

Age at start chemotherapy (years) [ – ] - [ – ] -
Age at follow-up (years) [ – ] - [ – ] -
Follow-up duration (years) [ – ] - [ – ] -
Royal Marsden Hospital stage - ( )

Stage II ( ) ( )
Stage III ( ) ( )
Stage IV ( ) ( )

IGCCCG classification ( ) ( )
Good ( ) ( )
Intermediate ( ) ( )
Poor ( ) ( )

Chemotherapy regime - - -
BEP followed by EP ( ) ( )
BEP ( ) ( )
PVB followed by PV maintenance ( ) ( )
PVB followed by BEP ( ) ( )

PVB ( ) ( )
EP ( ) ( )
CEB ( )
Other platinum-based chemotherapy ( ) ( )
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Variable Cases Controls

Radiotherapy - -
Any radiotherapy ( ) - ( ) - -
Abdominal ( ) ( )
Cranial ( )
Thoracic ( )
Contralateral testicle ( )
No radiotherapy ( ) ( )

Cardiovascular events - - -
Any event ( )
Cardiomyopathyb ( ) -
Cerebrovascularb ( ) -
Coronaryb ( ) -
Thromboembolicb ( ) -
Otherc ( ) -
None ( )

Blood pressure at follow-up (mmHg) ( ) ( )
Systolic [ – ] [ – ]
Diastolic [ – ] [ – ]

BMI at follow-up (kgm ) [ – ] ( ) [ – ] ( )
Waist-hip ratio at follow-up [ – ] ( ) [ – ] ( )
Metabolic syndrome at follow-up ( ) ( )

Yes ( ) ( )
No ( ) ( )

Antihypertensive drugs at follow-up - ( )
Yes ( ) ( )
No ( ) ( )
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Variable Cases Controls

Lipid lowering drugs at follow-up - ( )
Yes ( ) ( )
No ( ) ( )

Antidiabetic drugs at follow-up - ( )
Yes ( ) ( )
No ( ) ( )

Testosterone suppletion at follow-up - ( )
Yes ( ) ( )
No ( ) ( )

Fasting glucose at follow-up (mmol L ) [ – ] ( ) [ – ] ( )
Total cholesterol at follow-up (mmol L ) [ – ] - [ – ] ( )
HDL cholesterol at follow-up (mmol L ) [ – ] ( ) [ – ] ( )
LDL cholesterol at follow-up (mmol L ) [ – ] ( ) [ – ] ( )
Triglyceride at follow-up (mmol L ) [ – ] - [ – ] ( )
Total testosterone at follow-up (nmol L ) [ – ] ( ) [ – ] ( )
eGFR at follow-up (mLmin m ) [ – ] - [ – ] ( )
Albuminuria in h urine at follow-up
(mg 24h)

[ – ] ( ) [ – ] ( ) -
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Chronic kidney disease stage at follow-up - ( )
Stage 4 ( )
Stage 3B ( ) ( )
Stage 3A ( ) ( )
Stage 2 ( ) ( )
Stage 1 ( ) ( )
a Characteristics of TC patients with and without cardiovascular events were compared with Fisher’s exact test and Mann-Whitney U test after removal of
missing values, with two-sided considered significant. Values are given as (%), or median [range]. BEP: bleomycin, etoposide, cisplatin; BMI:
body-mass index; CEB: carboplatin, etoposide, bleomycin; eGFR: estimated glomerular filtration rate; EP: etoposide, cisplatin; HDL: high density lipoprotein;
IGCCCG: International GermCell Cancer Collaborative Group; LDL: low density lipoprotein; PV: cisplatin, vinblastine; PVB: cisplatin, vinblastine, bleomycin.

b Patients with multiple cardiovascular events were counted in multiple categories.
c Intracerebral haemorrhage ( ), cardiac arrhythmia ( ), and cardiac valve regurgitation or stenosis ( ).
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Next, gene set enrichment analysis was performed in DEPICT to gain insight into 
the biology underlying the associations between SNPs and CVD, resulting in 
gene sets (   ; supplementary table 7.2). These  gene sets were 
subsequently clustered into ten distinct gene set clusters to highlight the 
biological themes that are underlying the associations between SNPs and CVD in 
chemotherapy-treated TC patients (figure 7.2 and supplementary table 7.3). These 
biological themes included the RAC2/RAC3 network, metabolism and adiposity, 
immune response, and caspase cascade/apoptosis.

Since the most enriched gene sets were the RAC2 and RAC3 subnetworks, 
clustered as the RAC2/RAC3 network, we explored a biological readout of this find- 
ing. RAC2 and RAC3 have been implicated in endothelial activation and dysfunc- 
tion.17,18 Therefore, as a measure of endothelial activation, the number of CECs were 
measured over time in 60 patients with metastatic TC treated with chemotherapy. 
A significant increase in CECs during three consecutive cycles of platinum-based 
chemotherapy was observed (figure 7.3).

Table 7.2. For the 141 identified candidate loci, related genes were found by proximity, cis or 
trans eQTLs, or by gene prioritization in DEPICT.a

Locus SNPs Genes

1 rs983098(*), rs1374038, rs10461655  PARP8(d)
2 rs1352436(*)  ENSG00000250546(d)
3 rs12692720(*), rs6432774,

rs1528431, rs6743187
 RND3(n,d), LINC01920(d)

4 rs199635(*), rs852937, rs543827,
rs473757, rs6918162

 LINC01626(n),
LINC00472(d), OGFRL1(ce)

5 rs34814294(*)  MMP28(n*,d), CCL5(d),
HEATR9(d), RDM1(d),
TAF15(d), LYZL6(d)

6 rs3849324(*)  MALL(n*,d), LINC00116(d),
NPHP1(d)

7 rs6538046(*), rs10858436,
rs4503615, rs2406250, rs2406254

 MGAT4C(n*,d)

8 rs4755718(*), rs7929359,
rs12273774, rs4755689, rs7929102,
rs10768008, rs7939586

 KIAA1549L(n*,d),
ENSG00000255207(d)

9 rs11874286(*), rs1025206,
rs16970618, rs12457667, rs8093155

 LOC105372076(n#),
MIR924HG(d)
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Locus SNPs Genes

10 rs6687976(*),  LINC01676(d)
11 rs2123269(*), rs2100346, rs6987013  MRPS28(n*,d), TPD52(d,ce)
12 rs7744306(*), rs9347666, rs9456798,

rs10945861
 PACRG(n*,d), PARK2(n,d)

13 rs10950657(*), rs6968554, rs1476080  AHR(n,d),
LOC101927609(n#),
ENSG00000237773(d#),
ENSG00000236318(d#)

14 rs9459964(*)  LOC105378150(n*#),
ENSG00000232197(d#)

15 rs4466027(*), rs7673254, rs13121254  LINC02261(n*), STIM2(d)
16 rs6988639(*), rs1433393, rs2656118  SNTB1(d), HAS2(d)
17 rs12439991(*), rs7163517,

rs11857756
 LOC105370777(n*),

ENSG00000259450(d)
18 rs10932020(*), rs7591187  CD28(d,ce)
19 rs6813846(*), rs9997501, rs892836  STOX2(n*,d)
20 rs7748814(*), rs7742883, rs6914805,

rs6459467
 GMPR(d,ce), ATXN1(d,ce)

21 rs2331545(*)  OVAAL(n*,d)
22 rs676740(*)  AFDN(n*,d),

ENSG00000235994(d)
23 rs1263635(*), rs943888  TRAC(d)
24 rs755535(*), rs12108497, rs2130392,

rs4069938
 PRIMPOL(n,d,ce),

CENPU(n,d,ce), ACSL1(n),
CASP3(d,ce)

25 rs11164896(*), rs2783499  CCDC18(n,d,ce), DR1(d,ce),
TMED5(d,ce), MTF2(d),
FNBP1L(d),
CCDC18-AS1(d)

26 rs9324446(*), rs3887806, rs7837472  FAM135B(d)
27 rs3934720(*)  EIF2B5(d)
28 rs7702793(*)  LOC105379160(n*#),

GRAMD3(d)
29 rs10034996(*)  ENSG00000251199(d)
30 rs1826613(*), rs1227842  DLG2(n*,d)
31 rs4757245(*), rs4756786, rs2970335,

rs11023194, rs11023197, rs6486191,
rs11023210, rs3923294, rs12295888,
rs11023223, rs2575825, rs10832275

 SPON1(n,d), PDE3B(d),
RRAS2(d), COPB1(d,ce)

32 rs1387092(*), rs1488745, rs6802020  CNTN4(d)
33 rs17790008(*), rs6584652  SORCS3(n*,d)
34 rs10828065(*), rs12355916  PLXDC2(d)
35 rs596557(*)  TMX3(d)
36 rs17377955(*)  DGKB(d)
37 rs11582429(*), rs2168951  LINC01732(d)
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Locus SNPs Genes

38 rs9949956(*), rs8095771,
rs12966370, rs7236288, rs10871565

 LINC01029(n), GALR1(d)

39 rs6816525(*)  IRF2(n*,d)
40 rs4896501(*), rs7753475  CLVS2(d)
41 rs2554728(*)  CSMD1(n*,d)
42 rs10503759(*), rs969456  LOC101929294(n*#),

ADAM7(d),
ENSG00000253643(d#),
ADAMDEC1(ce)

43 rs4858795(*), rs6794875  SHISA5(n*,d),
PLXNB1(n,d), CCDC51(d),
FBXW12(d), PFKFB4(d,ce),
TREX1(ce), ATRIP(ce),
NME6(ce), NCKIPSD(ce)

44 rs4662553(*)  LRP1B(d)
45 rs17756443(*), rs16959991  CDH13(n*,d)
46 rs5931289(*), rs5929883, rs5931353  -
47 rs12920637(*), rs7198542  CDH13(n*,d)
48 rs7745485(*), rs12524966,

rs12198618
 LOC105374974(n#),

HDGFL1(d)
49 rs6692(*), rs9555784  ARHGEF7(n*,d,ce)
50 rs6467607(*)  SLC13A4(d)
51 rs10902531(*)  SFSWAP(d)
52 rs2215375(*)  SPP2(d)
53 rs7101204(*)  SVIL(n*,d)
54 rs1555145(*)  BTBD3(d)
55 rs13243936(*)  EPDR1(d), NME8(ce),

GPR141(ce)
56 rs11772261(*), rs11770352,

rs6462776, rs4723679, rs6462780
 EPDR1(d)

57 rs4432837(*), rs6864394  RGS7BP(n*,d)
58 rs11736162(*), rs1439381,

rs1439382, rs7684647
 GUF1(d,ce), GNPDA2(ce)

59 rs9459963(*), rs9366130, rs4540249  ENSG00000232197(d),
DLL1(ce), FAM120B(ce)

60 rs4676617(*)  LOC102724104(n*#),
CX3CR1(d,ce), WDR48(ce)

61 rs11025878(*), rs4644637, rs7941875  NELL1(n*,d)
62 rs2040664(*)  DNAH11(n*,d)
63 rs11066610(*), rs16942882,

rs11066638
 LHX5(d), LINC01234(d)

64 rs1366906(*), rs6485532  CD82(d)
65 rs3866223(*), rs11241999  ADAMTS19(n*,d)
66 rs2275696(*), rs3892248  NFASC(n*,d), DSTYK(ce)
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Locus SNPs Genes

67 rs12688573(*), rs5936239,
rs2341921, rs758439

AFF2(n*)

68 rs2027469(*) CRP(d), DUSP23(ce)
69 rs11800877(*), rs4657327,

rs1415439, rs12076657
PBX1(d)

70 rs2070584(*) TIMP1(n*)
71 rs28890299(*) LIPI(n*)
72 rs11643432(*), rs10514583 CDH13(n*,d)
73 rs4237648(*), rs10742717,

rs4237647, rs1665150
TSPAN18(n,d)

74 rs4689203(*), rs13123841,
rs10937629, rs13121492

STK32B(n*,d)

75 rs9530423(*), rs1359500, rs9573531 TBC1D4(n*,d)
76 rs7143719(*), TSHR(n*,d)
77 rs10822863(*), rs2894011,

rs2894015, rs4143863
CTNNA3(n*,d)

78 rs7610664(*), rs7609933 FGF12(n*,d)
79 rs6558831(*), rs12680491,

rs11136689
CSMD1(n*,d)

80 rs4751878(*), rs4752666,
rs10887101, rs6585804, rs11592039

TACC2(n*,d)

81 rs12965155(*) MIR924HG(d)
82 rs760150(*) PCP4(n*,d), TMPRSS3(d)
83 rs239953(*) POR(n*,d,ce),

RHBDD2(d,ce)
84 rs10182928(*) SATB2(d), SATB2-AS1(d)
85 rs617459(*), rs657426 SETBP1(n*,d)
86 rs12165104(*), rs12954590 TNFRSF11A(n*,d),

ZCCHC2(d)
87 rs11688528(*) LOC100506474(n*#),

TRIB2(d)
88 rs6966799(*) HDAC9(d)
89 rs6759648(*), rs7593846, rs9941639 LINC01798(n*), MEIS1(d)
90 rs2973419(*) PRR16(d)
91 rs10456118(*), rs10948172,

rs857601, rs3799977, rs4714828,
rs10948197, rs6919813

SUPT3H(n,d,ce), RUNX2(d)

92 rs4795934(*), rs990510, rs12944367 TMEM132E(d)
93 rs7831168(*), rs13269649, rs907991 FAM135B(d)
94 rs9880546(*) LINC00578(n*),

TBL1XR1(d)
95 rs1375547(*), rs9861237, rs9822731,

rs12498010, rs9880919
CADM2(n*,d)
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Locus SNPs Genes

96 rs6557678(*), rs6988938, rs7824718,
rs7009973, rs7008867

 SLC25A37(d,ce),
ENTPD4(ce),
AC051642.5(ce#)

97 rs16993897(*)  VAV1(d), ADGRE1(ce)
98 rs16999330(*), rs4434196  FSTL5(n*,d)
99 rs16880318(*), rs16880352  KCNV1(d)
100 rs4947522(*), rs28633916, rs9642409  COBL(d)
101 rs17078840(*)  LINC00327(d)
102 rs40566(*)  C5orf67(n*), MAP3K1(d)
103 rs4528743(*)  SLC16A14(n*,d)
104 rs13249135(*)  MIR2052HG(n*,d)
105 rs747925(*), rs11236683  LOC105369395(n*#),

THAP12(d)
106 rs10505371(*), rs17803964  ENPP2(n*,d), TAF2(ce)
107 rs3911618(*)  RGS7(n*,d)
108 rs7691972(*)  ACSL1(n*,d), CASP3(ce)
109 rs6507498(*), rs9807753, rs8093542  CABLES1(d)
110 rs7722584(*), rs11948927  NLN(d)
111 rs3812278(*), rs10255837  CNOT4(n*,d), NUP205(d)
112 rs6773957(*), rs6444175  ADIPOQ(n*,d), LYST(te)
113 rs10858680(*), rs10777082,

rs11104704, rs11104713
 C12orf50(n*,d)

114 rs4577099(*)  LOC102724084(n*#),
DYNLRB2(d)

115 rs8030490(*)  AKAP13(n*,d,ce)
116 rs11610234(*), rs4334084  TMEM132B(n*,d)
117 rs4762060(*)  KRT80(n*,d), C12orf80(d)
118 rs6673313(*)  LOC105378764(n*#),

NFIA(d)
119 rs2506145(*)  NRP1(n*,d)
120 rs898918(*), rs12100703  LINC01550(d)
121 rs4607409(*), rs300121, rs777573,

rs9356411, rs9348092
 LINC00473(n,d),

LOC105378117(n#), T(d),
MPC1(ce)

122 rs2147866(*), rs6891675  CCDC192(n*),
LINC01184(d)

123 rs8178838(*)  APOH(n*,d), CEP112(d)
124 rs13406850(*), rs10172452,

rs1628975
 LRP1B(d)

125 rs745247(*), rs7739748  CD83(d)
126 rs6934819(*)  ENPP3(d)
127 rs7916162(*)  TACC2(n*,d), PLEKHA1(ce)
128 rs10764344(*), rs11013053  PIP4K2A(n*,d),

PIP5K2A(ce)
129 rs3003177(*)  ENSG00000223786(d#)
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Locus SNPs Genes

130 rs949719(*), rs1516651  ATP10B(n*,d)
131 rs938025(*)  LINC00616(d),

SLC7A11-AS1(d)
132 rs11640395(*)  ZFHX3(n*,d)
133 rs2201369(*), rs10481102,

rs13439041
 BAALC(n*,d),

BAALC-AS2(d)
134 rs4521178(*)  CPB1(n*,d), CPA3(d,ce)
135 rs1400438(*), rs1516893  LINC01505(d)
136 rs9864293(*)  IL1RAP(d)
137 rs2236570(*), rs613089  BCL9(n*,d,ce), ACP6(d)
138 rs10868152(*), rs7022329  SLC28A3(n*,d)
139 rs10501827(*) SESN3(d)
140 rs8064765(*), rs11656652,

rs11079045, rs1032070, rs8069972,
rs2292755, rs4792992, rs4793253,
rs7224577

ATP6V0A1(n,d),
CAVIN1(n,d),
LOC102725238(n#),
EZH1(d), CCR10(d),
PLEKHH3(d),
RETREG3(n,d), MLX(n,d),
TUBG1(d), COASY(d,ce),
CNTNAP1(d), TUBG2(d),
HSD17B1(d), NAGLU(d),
PSMC3IP(d), STAT3(ce),
BECN1(ce)

141 rs12750904(*) ABCD3(n*,d,ce), F3(d)
a Loci are ranked by , which is the empirical for association of the index SNP with cardiovascular
events. Reference SNP cluster IDs are reported for the index SNP (marked with an asterisk) and non-
index clumped SNPs in the locus. For all SNPs in the locus, relevant genes were identified by proximity
to the index or non-index SNPs (annotated with n in parenthesis, with an asterisk denoting genes in
proximity to the index SNP). Additional relevant genes are reported based on cis and trans eQTLs
(annotated with ce and te, respectively), and based on gene prioritization in DEPICT (annotated with
d). Genes are reported by HGNC gene symbol if possible, or alternatively by Ensembl identifiers if no
HGNCgene symbol exists. DEPICT:Data-drivenExpression-Prioritized Integration forComplex Traits;
eQTL: expression quantitative trait loci; HGNC: Human Genome Organisation Gene Nomenclature
Committee; SNP: single nucleotide polymorphism.



7

G
W
A
S
ofcardiovasculardisease

in
testicularcancer

145

Reconstituted gene set (source) [P x 10-4]

RAC3 subnetwork (ENSG) [0.12]
RAC2 subnetwork (ENSG) [0.13]

RAF1 subnetwork (ENSG) [0.52]

Biological themePearson r

Figure 7.2.
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Figure 7.2. The gene sets that were enriched according to DEPICT were
clustered into ten biological themes. The reconstituted gene sets were named after the pre-
defined gene sets used in the development of DEPICT, and source databases are reported in
brackets. The nominal enrichment for each reconstituted gene set as reported by DEPICT is
reported in brackets, with emphasis added for gene sets with . Clustering into
biological themes was performed using affinity propagation clustering after calculating pair-
wise Pearson correlation between all enriched gene sets, as depicted in the bubble chart. CE-
BPB: CCAAT/enhancer binding protein beta; CTNNB1: catenin beta 1; DAG: diacylglycerol;
EGFR: epidermal growth factor receptor; ENSG: Ensembl gene; ERBB2: erb-b2 receptor tyr-
osine kinase 2; GO: gene ontology; IP3: inositol triphosphate; KEGG: Kyoto Encyclopedia of
Genes and Genomes; MAP: mitogen-activated protein kinase; MAP2K1: MAP kinase kinase 1;
MP: mammalian phenotype ontology; NAT9: N-acetyltransferase 9; NGF: nerve growth factor;
NOD1: nucleotide binding oligomerization domain containing 1; PLCG1: phospholipase C,
gamma 1; RAC2: ras-related C3 botulinum toxin substrate 2; RAC3: ras-related C3 botulinum
toxin substrate 3; RAF1: Raf-1 proto-oncogene, serine/threonine kinase; TCR: T cell receptor;
TGOLN2: trans-golgi network protein 2; TRKA: tropomyosin receptor kinase A.

7.4 Discussion

In this explorative GWAS using a contemporary strategy in TC patients treated with
platinum-based chemotherapy, we determinedwhich SNPswere associatedwith the
occurrence of CVD after start of chemotherapy in these patients. Subsequent gene
set enrichment analysis resulted in ten biological themes that highlight pathways
that may be involved in the occurrence of CVD in chemotherapy-treated TC patients.
These themes include the RAC2/RAC3 network, metabolism and adiposity, immune
response, and caspase cascade/apoptosis.

Of special interest is the RAC2/RAC3 network that was identified as a promin-
ent biological theme. Several recent reports link RAC2 and RAC3 to chemotherapy
toxicity. Rac2 deficiency protected Rac2-/- mice from bleomycin-induced pulmonary
fibrosis and resulted in lower mortality compared to wildtype mice.19 In a rat model,
differential Rac2 methylation was found in animals with acute lung injury induced
by lipopolysaccharide compared to controls.20 Although bleomycin-induced pneu-
monitis was not the endpoint of the current GWAS, it is a well-known side-effect of
bleomycin in TC patients that originates from endothelial activation and is linked to
endothelial dysfunction.21,22 Indeed, RAC2 has been implicated in endothelial activa-
tion and neovascularization,17 as well as leucocyte adhesion to the endothelial cell.23
In an atherosclerosis model, Rac2 prevented plaque calcification by suppressingmac-
rophage IL-1β expression. Furthermore, decreased RAC2 expression and increased
IL-1β expression were found in calcified coronary arteries from patients.24 Rac1/2
pathways were involved in vascular injury in diabetic mice.25 RAC3 has been sugges-
ted to inhibit senescence,26 and RAC3 expression is involved in the inflammatory re-
sponse after TNF stimulation.27 Moreover, Rac3modifies the induction of endothelial
dysfunction by oxidised low-density lipoprotein in human umbilical vein endothelial
cells.18 Thus, the RAC2/RAC3 network may play a role in atherosclerosis and senes-
cence – pathophysiologic processes that have been implicated in the progress of CVD
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A

B

Figure 7.3. The number of circulating endothelial cells (CEC) rises during three cycles of BEP
chemotherapy, based on measurements in 665 blood samples in TC patients. Depicted are
(A) the mean number of CECs per patient during each cycle, and (B) all CEC measurements
with a locally estimated scatterplot smoothing (LOESS) curve. During the three consecut-
ive cycles of chemotherapy the mean number of CECs per patient were median mL (in-
terquartile range [IQR] – ), mL (IQR – ), and mL (IQR – ), respectively.
Compared to the first cycle, the mean number of CECs was increased in the second and third
cycle of chemotherapy (Wilcoxon signed rank test ). BEP: bleomycin, etoposide, cis-
platin; CEC: circulating endothelial cell.

in TC patients – as well as bleomycin-induced pneumonitis. Interestingly, SNPs in
RAC2 have also been found associated to cardiotoxicity due to anthracycline chemo-
therapy,28 suggesting that the RAC2/RAC3 network is a common denominator in car-
diovascular toxicity of multiple chemotherapeutic agents. The occurrence of patho-
physiological processes in which the RAC2/RAC3 network is involved, is illustrated
in a cohort of TC patients with the observation that the number of CECs increases
during consecutive cycles of platinum-based chemotherapy as sign of endothelial ac-
tivation.

The biological themes of metabolism and adiposity, immune response, and cas-
pase cascade/apoptosis are of particular interest, because these processes have been
linked in literature to cardiovascular toxicity of platinum chemotherapy. The role of
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metabolism, adiposity, and endocrine dysfunction in the development of CVD has
beenwell described in TC patients.29–31 Besides this, the role of inflammation and im-
mune response has been established in murine and cell models of platinum-induced
nephrotoxicity, evidenced by upregulation of TNF-α and a direct mediating role of
T lymphocytes.32–36 The biological theme involving caspase activation and apoptosis
is illustrated by murine and in vitro experiments indicating the role of caspase 1 and
caspase 3 in platinum-induced nephrotoxicity,37,38 as well as endothelial cell apop-
tosis in response to cisplatin administration.21

The low absolute incidence of TC and of CVD in chemotherapy-treated TC pa-
tients poses a challenge to perform meaningful GWAS on toxicity. Therefore, the
current exploratory GWAS aimed to find relevant gene sets and possible biological
themes rather than specific SNPs. To this end, the study was designed to minimise
type II statistical errors whilst accepting a higher probability of type I statistical er-
rors: in the trade-off between false positives and negatives, we avoided false negat-
ives. Consequently, the current study should be regarded as hypothesis-generating
and the highlighted biological themes should be regarded as providing a promising
base for future studies on genetic susceptibility and relevant biomarkers in CVD in
TC patients. In this regard, results from the ongoing trials on genetic variation in TC
survivors in relation to renal and cardiovascular toxicity (NCT02303015), as well as
ototoxicity and neurotoxicity (NCT02890030, NCT02677727) are awaited.

The need to study SNPs associated with CVD in the specific population of TC
patients derives from the notion that involved SNPs might differ from the currently
knownSNPs associatedwith increased risk ofCVD in the general population. Indeed,
only two of the SNPs associatedwith CVD in the current GWASwere recorded to
be associated with any cardiovascular phenotype in the NHGRI-EBI Catalog of pub-
lished GWAS (catalogue release 11 December 2017): rs2130392 and rs6773957 were
associated with Kawasaki syndrome and adiponectin levels, respectively.39 Never-
theless, future research should not only aim at exploring and validating results from
genetic studies in TC cohorts, such as the biological themes highlighted in the cur-
rent analysis, but also investigate the value of genetic risk scores derived from CVD
GWAS in the general population.

The major strengths of this GWAS are the well-defined cohort, the completeness
of follow-up, and the clinical relevance of addressing susceptibility to CVD in TC pa-
tients. Two additional remarks should be made on the study design. First, a broad
definition of CVD (both venous and arterial) was used to define cases, because a
stricter definition of only arterial events would unwarrantably compromise statist-
ical power. Second, as we included patients treated from 1977 to 2011, follow-up dur-
ation variedwidely, although selection bias in this regardmay be considered unlikely
given only a one year longer median follow-up duration for the cases compared to
the control group, and equal ranges of follow-up duration for both groups.
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7.5 Conclusion

In this exploratory GWAS, ten biological themes were linked with the occurrence of
CVD in platinum-treated TC patients. These biological themes include metabolism
and adipositas, immune response, apoptosis, andmost prominently the RAC2/RAC3
network. This network has been implicated in bleomycin-induced lung injury, vascu-
lar oxidative stress, premature senescence, and endothelial activation. The biology of
the RACnetworkwas illustrated by observedCEC induction as sign of endothelial ac-
tivation during consecutive courses of cisplatin-based chemotherapy in a TC cohort.
Insight into the genetic variants determining susceptibility to CVD in TC patients
can aid in the development of intervention strategies to prevent long-term sequelae
of chemotherapy in often young cancer survivors.
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Supplementary information

Supplementary tables

Supplementary table 7.1.Overviewof the SNPs that
were associated at with the occurrence of any
cardiovascular event during or after chemotherapy.a

SNP

rs12692720  
rs1352436  
rs983098  
rs199635  
rs34814294  
rs3849324  
rs4755718  
rs7939586  
rs6538046  
rs1025206  
rs16970618  
rs11874286  
rs6687976  
rs7744306  
rs10950657  
rs2123269  
rs10768008  
rs10932020  
rs4466027  
rs9459964  
rs6988639  
rs12439991  
rs2331545  
rs6813846  
rs10461655  
rs7748814  
rs676740  
rs12273774  
rs4755689  
rs11164896  
rs3934720  
rs13121254  
rs10034996  
rs755535  
rs7702793  
rs9324446  
rs1826613  
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SNP

rs1263635  
rs943888  
rs1387092  
rs4756786  
rs4757245  
rs11582429  
rs4858795  
rs6816525  
rs4896501  
rs17377955  
rs2554728  
rs10503759  
rs10828065  
rs17790008  
rs596557  
rs9949956  
rs4662553  
rs7745485  
rs17756443  
rs12920637  
rs5931289  
rs2215375  
rs4432837  
rs11772261  
rs13243936  
rs6467607  
rs7101204  
rs7929359  
rs10902531  
rs6692  
rs1555145  
rs4676617  
rs11736162  
rs2130392  
rs9459963  
rs2040664  
rs6462780  
rs11025878  
rs11066610  
rs11066638  
rs2027469  
rs11800877  
rs2275696  
rs3866223  
rs1366906  
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SNP

rs12688573  
rs12198618  
rs4237648  
rs11643432  
rs28890299  
rs2070584  
rs10182928  
rs7610664  
rs4689203  
rs239953  
rs6558831  
rs10822863  
rs2894011  
rs4751878  
rs9530423  
rs7143719  
rs12965155  
rs760150  
rs2341921  
rs758439  
rs617459  
rs12165104  
rs11688528  
rs6759648  
rs2973419  
rs10456118  
rs6966799  
rs4644637  
rs4795934  
rs2168951  
rs1375547  
rs9880546  
rs16999330  
rs6557678  
rs7831168  
rs16993897  
rs4528743  
rs13121492  
rs40566  
rs4947522  
rs13249135  
rs16880318  
rs747925  
rs16942882  
rs17078840  
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SNP

rs12457667  
rs3911618  
rs9822731  
rs7691972  
rs7722584  
rs3812278  
rs10505371  
rs6507498  
rs6673313  
rs6773957  
rs4762060  
rs10858680  
rs11610234  
rs8030490  
rs4577099  
rs1415439  
rs7593846  
rs2147866  
rs4607409  
rs4723679  
rs2506145  
rs898918  
rs12100703  
rs13406850  
rs7837472  
rs8178838  
rs6432774  
rs7673254  
rs949719  
rs745247  
rs3003177  
rs6934819  
rs11136689  
rs10764344  
rs7916162  
rs9555784  
rs2236570  
rs4521178  
rs9864293  
rs938025  
rs2201369  
rs10868152  
rs1400438  
rs11640395  
rs8095771  
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SNP

rs12750904
rs2100346
rs907991
rs4143863
rs10501827
rs8069972
rs8064765

a Reference SNP cluster IDs are reported for each SNP. is the
empirical for association using the permutation procedure.
SNP: single nucleotide polymorphism.
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Supplementary table 7.2. DEPICT reported enriched gene sets.a

# Gene set description (DEPICT gene set
source)

Gene set ID provided by DEPICT Nominal log(nominal )

1 RAC3 subnetwork (ENSG) ENSG00000169750   
2 RAC2 subnetwork (ENSG) ENSG00000128340   
3 Non-small cell lung cancer (KEGG) KEGG_NON_SMALL_CELL_LUNG_-

CANCER
  

   
   
  

4 RAF1 subnetwork (ENSG) ENSG00000132155   
5 NAT9 subnetwork (ENSG) ENSG00000109065  
6 Acute myeloid leukemia (KEGG) KEGG_ACUTE_MYELOID_LEUKEMIA  
7 Protein serine/threonine/tyrosine kinase

activity (GO)
GO:0004712  

   
   
   
  

8 CTNNB1 subnetwork (ENSG) ENSG00000168036  
9 Abnormal osteoclast differentiation (MP) MP:0008396  
10 CEBPB subnetwork (ENSG) ENSG00000172216  
11 MAP kinase kinase activity (GO) GO:0004708  
12 Signalling by NGF (Reactome) REACTOME_SIGNALLING_BY_NGF  
13 Increased percent body fat (MP) MP:0005458  
14 Prolonged estrous cycle (MP) MP:0009006  
15 Downstream TCR signaling (Reactome) REACTOME_DOWNSTREAM_TCR_-

SIGNALING
 

   
   
   
   
   
   
   
  

16 Downstream signal transduction (Reactome) REACTOME_DOWNSTREAM_SIGNAL_-
TRANSDUCTION

   

17 DAG and IP3 signaling (Reactome) REACTOME_DAG_AND_IP3_SIGNALING  
18 Phosphoric ester hydrolase activity (GO) GO:0042578  
19 TGOLN2 subnetwork (ENSG) ENSG00000152291  
20 EGFR interacts with PLCG1 (Reactome) REACTOME_EGFR_INTERACTS_WITH_-

PHOSPHOLIPASE_C:GAMMA
 

   
   
   
  

21 TCR signaling (Reactome) REACTOME_TCR_SIGNALING    
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# Gene set description (DEPICT gene set
source)

Gene set ID provided by DEPICT Nominal log(nominal )

22 PLCG1 events in ERBB2 signaling (Reactome) REACTOME_PLCG1_EVENTS_IN_ERBB2_-
SIGNALING

   

23 MAP2K1 subnetwork (ENSG) ENSG00000169032  
24 NGF signalling via TRKA from the plasma

membrane (Reactome)
REACTOME_NGF_SIGNALLING_VIA_-
TRKA_FROM_THE_PLASMA_MEMBRANE

 
   
  

25 Enlarged lymph nodes (MP) MP:0000702  
26 NOD1 subnetwork (ENSG) ENSG00000106100  
27 Activation of immune response (GO) GO:0002253  
28 Phosphoprotein phosphatase activity (GO) GO:0004721  
29 NGF receptor signaling pathway (GO) GO:0048011  
30 Phosphatase activity (GO) GO:0016791  
31 Reduced female fertility (MP) MP:0001923  
32 Protein kinase binding (GO) GO:0019901  
33 Kinase binding (GO) GO:0019900  

   
   
   
   
   
   
   
   
  

a ENSG: Ensembl gene; GO: gene ontology; HGNC: Human Genome Organisation Gene Nomenclature Committee; KEGG: Kyoto Encyclopedia of Genes and
Genomes; MP: mammalian phenotype ontology.
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Supplementary table 7.3. Representative genes for the biological themes.

Anoverviewof all representative genes for the biological themesmay be found online
at doi:10.1038/s41397-020-00191-8.

https://doi.org/10.1038/s41397-020-00191-8
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Chapter 8

Summary

This thesis focussed on the determinants and predictors of long-term outcome and
long-term (cardiovascular) toxicity in early breast cancer and testicular cancer pa-
tients. After a review of the current state of the field of cardio-oncology, the first
part of the thesis described research in women with early breast cancer treated with
anthracycline-based chemotherapy and the second part described research in men
with testicular cancer treated with platinum-based chemotherapy. After successful
completion of therapy, many of these patients have a long residual lifespan without
cancer recurrence, providing the incentive to focus on these specific patient popula-
tions.

In Chapter 2 we reviewed the pathophysiology and treatment of drug-induced
cardiac dysfunction in cancer treatment. Cardiovascular toxicity may present itself
as cardiac dysfuction, structural abnormalities of the heart (e.g. valvular disease or
dysrhythmias), or as vascular or thrombotic disease. The risk of cardiovascular tox-
icity of cancer treatment is influenced by therapy-related as well as patient-related
factors, such as age, sex, comorbidity and genetic susceptibility. Focussing on the
pathophysiology of cardiac damage, we also provided an overview of single nucle-
otide polymorphisms (SNPs) related to anthracycline and trastuzumab cardiotox-
icity. Although various methods have been proposed to detect early/acute or late
cardiotoxicity, there is an ongoing need for better evidenced-based strategies to find
and target patients at risk. When looking at cardioprotective therapies from onset
of potentially cardiotoxic cancer treatment or started at early signs of cardiotoxicity,
there is no straightforward evidence of long-term benefit. The timing, type of drug
or intervention, and the target population need further research. Adequate risk as-
sessment before cancer drug administration to identify patients highly susceptible to
develop cardiotoxicity and early detection of cardiovascular damage during or after
treatment seem key to reduce early and late cardiovascular adverse effects.

The long-term prevalence of myocardial dysfunction after anthracycline-based
chemotherapy in breast cancer survivors is not clearly known. Chapter 3 provided
the results of a cross-sectional cohort study in breast cancer patients conducted
in the University Medical Center Groningen and the Netherlands Cancer Institute -
Antoni van Leeuwenhoek. Women were invited for inclusion when they had early
invasive breast cancer or ductal carcinoma at to years of age, and were
now to ( ) or to years ( ) after breast cancer treatment. In over
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half of patients, treatment included anthracycline-based chemotherapy. Cardiac as-
sessment at study visit included echocardiographic left ventricular ejection fraction,
global longitudinal strain of the left ventricle, and N-terminal pro-brain natriuretic
peptide (NT-proBNP)measured in serum. Anthracycline-treated patients ( ),
compared to the non-anthracycline group ( ), more often had decreased LVEF
( versus ), impaired GLS ( versus ) and elevated NT-proBNP (
versus ). Moreover, GLS and LVEF declined in a linear fashion with increasing
cumulative anthracycline dose. The risk of NT-proBNP ngL was higher for
patients with higher anthracycline doses. We concluded that impaired GLS and in-
creased NT-proBNP levels are present in a substantial proportion of breast cancer
survivors treated with anthracyclines.

In addition,we studied vascular health in the same cross-sectional cohort of breast
cancer survivors.Chapter 4 reported on an analysis of blood biomarkers of cardiovas-
cular health, advanced glycation end-products (AGEs), and vascular ultrasound ex-
amination of intima-media thickness (IMT) and local pulse-wave velocity (PWV).
These non-invasive measurements of vascular health may help discern patients at
risk for cardiovascular disease. The prevalence of abnormal IMT, PWV, AGEs (meas-
ured by skin autofluorescence), aswell as traditional cardiovascular risk factors, were
determined. Contrary to the analysis in chapter 3, the main comparison was between
the two follow-up duration groups ( to versus to years) and not between
treatment groups, since the link between anthracycline (dose) and vascular health
was less apparent than in the study on anthracycline-related cardiotoxicity. Note that
the patients with to years of follow-up were younger (median years of age)
than patients with to years of follow-up ( years of age). This is inherent to
study design, since one of the inclusion criteria was that patients had been treated
between 40 and 50 years of age. Visceral obesity ( versus , ), hyper-
tension ( versus , ), and the metabolic syndrome ( versus ;

) were highly prevalent in both the - to - and - to -year follow-up
groups, respectively. Half of patients had a body-mass index above kgm . AGEs
were similar between - to - and - to -year follow-up groups. Measured by ul-
trasound at the common carotid artery, IMT mm or a plaque were found in
versus of patients with to and to years of follow-up, respectively. In a sub-
group with PWV measurements at the common carotid artery, PWV ms was
measured in ( ) versus ( ) of patients with to and to years
of follow-up, respectively. Thus, abnormal IMT, local PWV, or AGEs were uncom-
mon at long-term follow-up, yet obesity, hypertension, and the metabolic syndrome
were highly prevalent. The metabolic syndrome coincided with higher AGEs, IMT,
and local PWV. We inferred that (components of) the metabolic syndrome should
be studied as targets for screening and intervention in breast cancer survivors.

Earlier studies on adjuvant high-dose chemotherapy (HDCT) failed to showbene-
fit in unselected stage III breast cancer patients, but long-term follow-up was lacking.
In chapter 5, we investigated the 20-year efficacy and safety outcomes of the largest
randomised phase 3 study on HDCT in stage III breast cancer that had spread to

axillary lymph nodes. This study was conducted in ten hospitals in The Neth-
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erlands. To provide this update, we collected follow-up data from medical records,
general practitioners, Netherlands Cancer Registry, the nationwide network and re-
gistry of histopathology and cytopathology in the Netherlands (PALGA) and Stat-
istics Netherlands. Between 1993 and 1999, a total of patients were randomised

to HDCT ( ) or to conventional-dose chemotherapy (CDTC, ).
CDCT consisted of five cycles 5-fluorouracil, mgm , epirubicin, mgm ,
and cyclophosphamide, mgm . In the HDCT group, the first four cycles were
identical, but the fifth cycle was replaced by cyclophosphamide, mgm , thi-
otepa, mgm , and carboplatin, mgm , followed by autologous haema-
topoietic stem cell transplantation. With years median follow-up (interquartile
range [IQR] – ), the -year overall survival was withHDCT and
with CDCT (hazard ratio [HR] ; confidence interval [CI] – ). The
absolute improvement in -year overall survival was (HR 0.72; CI –

) for patients with or more involved axillary lymph nodes and (HR
; CI – ) for patients with triple-negative breast cancer. The cumulat-

ive incidence risk of a second malignant neoplasm at years or major cardiovascu-
lar events was similar in both treatment groups ( -year cumulative incidence risk
for second malignant neoplasm was in the HDCT group versus in the
CDCT group; ), although patients in the HDCT group more often had hy-
pertension ( versus ; ), hypercholesterolaemia ( versus

; ), and dysrhythmias ( versus ; ). In conclusion,
HDCT provided no long-term survival benefit in unselected patients with stage III
breast cancer but did provide improved overall survival in the subgroup of patients
with involved axillary lymph nodes. Although not statistically significant, the
subgroup with triple-negative breast cancer may have a survival benefit from HDCT.
With regard to safety, HDCT did not affect long-term risk of a second malignant neo-
plasm or major cardiovascular events.

The next two chapters in this thesis concerned testicular cancer patients. The ma-
jority of these patients can be cured, even in case of disseminated testicular cancer.
After curative treatment, patients are expected to have a long residual lifespan, es-
pecially since most patients are relatively young at diagnosis. As such, long-term
adverse effects of treatment are of importance in these patients. Two factors were
addressed in this thesis: hypogonadism, and genetic susceptibility to cardiovascular
events.

After curative treatment, primary hypogonadism is described in up to of
testicular cancer survivors after orchidectomy with or without chemotherapy. In
chapter 6, we investigated insulin-like factor 3 (INSL3), a novel marker of Leydig
cell function, in relation to luteinising hormone, testosterone, and β-hCG in testicular
cancer patients. Two cohorts were analysed: first, a cross-sectional cohort of testicu-
lar cancer patients after orchidectomy with or without chemotherapy (1988–1999) at
long-term follow-up (median and years of age at follow-up, respectively) and
healthy men of similar age; second, a longitudinal cohort of chemotherapy-treated
testicular cancer patients (2000–2008), analysed before and one year after chemother-
apy (median years of age at chemotherapy). In the cross-sectional cohort, the
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testicular cancer patients at median seven years after orchidectomy and chemother-
apy had higher luteinising hormone, lower testosterone, but similar INSL3 as the
controls. After orchidectomy only ( ), higher luteinising hormone, but no dif-
ferences in testosterone or INSL3 were observed compared to controls. In the longit-
udinal cohort, patients with normal pre-chemotherapy β-hCG ( IUL , )
had increased luteinising hormone one year after chemotherapy compared to pre-
chemotherapy, and no change in testosterone or INSL3. In contrast, patients with
high β-hCG pre-chemotherapy ( IUL , ) had suppressed luteinising hor-
mone, markedly elevated testosterone, and low INSL3 at start of chemotherapy, with
increased luteinising hormone, decreased testosterone, and increased INSL3 one year
later. We concluded that pre-chemotherapy, β-hCG-producing tumours affect the
gonadal endocrine axis, demonstrated by increased testosterone and decreased LH.
However, the marker under investigation, INSL3, did not uniformly follow the pat-
tern of testosterone.

Chemotherapy-treated testicular cancer patients have an increased risk of cardi-
ovascular disease compared to the general population. In part, genetic variation may
mediate a patient’s risk for cardiovascular disease after chemotherapy. In chapter 7,
we reported an explorative genome-wide association study (GWAS) on the oc-
curence of cardiovascular disease in testicular cancer patients. These patients
were treated with platinum-based chemotherapy between 1977 and 2011, were age

years at diagnosis, and had years relapse-free follow-up. Median follow-up
was years (range – ). In this time period, cardiovascular events had occurred
in ( ) of the genotyped patients. First, the association between SNPs and the
occurrence of cardiovascular disease during treatment or follow-up was analysed.
Based on SNPs associated at , independent genomic loci were
found associatedwith cardiovascular disease. Next, we used Data-driven Expression
Prioritized Integration for Complex Trait (DEPICT) for a higher level of abstraction,
searching for enriched gene sets and clustering these gene sets into groups, which
we called ’biological themes’. DEPICT analysis resulted in ten of these biological
themes, with the RAC2/RAC3 network as the most prominent theme. From literat-
ure we connected this RAC2/RAC3 network to endothelial activation. In search of a
biological read-out, in a longitudinal cohort of testicular cancer patients treated
with cisplatin-based chemotherapy, we found increased circulating endothelial cells
during chemotherapy. In conclusion, this explorative GWAS found ten biological
themes that may point to genetic pathways involved in cardiovascular disease in
chemotherapy-treated testicular cancer patients.
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Chapter 9

Discussion and future perspectives

The outcome of a cancer treatment depends on far more factors than merely anti-
cancer efficacy of the treatment. The chapters in this thesis addressed several of these
patient-related and treatment-related factors in women with early breast cancer and
men with testicular cancer. Following the summary in chapter 8, this chapter dis-
cusses the findings in a broader context. Possible clinical implications and promising
future research topics will be addressed throughout the chapter, and summarised at
the end.

First, the opportunities and challenges for long-term follow-up are discussed.
Next, the findings of chapters 3, 4 and 6 are used to discuss cardiovascular disease and
gonadal endocrine function after breast and testicular cancer treatment. Themethods
that were used in this thesis to measure long-term adverse (cardiovascular) effects
are discussed, as well as alternative or additional methods, and how these interme-
diary endpoints could be used in approaches to screen and monitor for adverse (car-
diovascular) effects of cancer treatment. Genetic susceptibility to adverse effects of
cancer treatment is discussed, especially in relation to chapter 7. Next, the findings
from chapter 5 on high-dose chemotherapy in breast cancer treatment are discussed.
Finally, the use patient-derived cells to learn from extreme toxicity phenotypes

is briefly touched upon as an alternative approach to study cancer treatment-
related toxicity.

9.1 Opportunities and challenges for long-term follow-up

The follow-up duration of randomised clinical trials typically is determined based
on the primary efficacy end-point of the trial. Extended follow-up is restricted by
logistic and financial constraints. Consequently, most trials in oncology report a me-
dian follow-up duration up to five or ten years, whereas few trials report follow-up
beyond years.1 Longer follow-up data of trials offers obvious benefits. Good es-
timates of the long-term benefits of an intervention help to better inform patients and
clinicians. Some long-term negative effects of an intervention may only become ap-
parentwith longer follow-up, such as secondprimarymalignancies or cardiovascular
disease. Consequently, long-term follow-up of trials in oncology may be informative
for ultimate outcome and guide real-world survivorship care.

Certainly, the end of a trial is not a true event horizon. Extended follow-up after
the scheduled closure of a trial can be organised, as demonstrated in chapter 5. Pos-
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sible resources are data abstracted from the patient’s medical records, but also data
requested from general practitioners or patients themselves. In addition, valuable
follow-up data can be obtained from record linkage with health administrative data,
cancer registries, pathology registries, other dedicated medical registries or mortal-
ity registries.1 By combining follow-up data from the Netherlands Cancer Registry
(NCR), the nationwide network and registry of histopathology and cytopathology
in the Netherlands (PALGA), the Personal Records Database, and Statistics Neth-
erlands, long-term follow-up years regarding vital status, cause of death, and
secondmalignancies could be achieved for of participants of a 1990s trial on high-
dose chemotherapy in high-risk breast cancer (chapter 5). Frommedical records and
questionnaires to general practitioners and other involved health professionals, long-
term follow-up on cardiovascular events could be completed for of patients. This
kind of post-trial follow-up using record linkages and registries is typically less ex-
pensive than extended in-trial follow-up.2

Observational studies in cancer survivors can also provide a plethora of long-term
follow-up data, as demonstrated in chapters 3, 4, 6 and 7. Unfortunately, when cancer
survivor cohorts include participants months or years after treatment, pre-treatment
data are often unavailable or limited. As an example, a comprehensive baseline car-
diac ultrasound examination before cancer treatment would have been of great value
in the study of cardiac function presented in chapter 3 inwomenwhowere treated for
breast cancer at least five years before study visit. Complementary to larger epidemi-
ological registry-based studies, cancer survivor cohort or case-control studies can be
harnessed to obtain more in-depth, clinically relevant measurements from patients
in person.

Attention to patient privacy and informed consent are a prerequisite for all med-
ical research. In long-term follow-up of clinical trials or observational studies in can-
cer survivors these items require extra attention.1,3 For example, if a patient consents
to participate in a clinical trial with five year follow-up, this provides no consent for
linkage to other data sources in a long-term follow-up analysis. Likewise, after treat-
ment outside of a trial and long after discharge from regular oncological follow-up,
a patient may not expect to be approached for participation in a cancer survivorship
study. The easiest approach to this issue seems up-front patient consent. This em-
phasises the need for a long-term scientific view, asking the patient at diagnosis and
before start of treatment for consent to obtain future long-term follow-up within a re-
search setting. True informed consent should be both broad and specific, for example
specifying consent (a) for future linkage of data with disease or mortality registries,
(b) for future collection of follow-up data from the patient’s general practitioner and
other health care providers, or (c) to be approached for participation in long-term
follow-up studies. This up-front consent approach to follow-up studiesmay also limit
survival bias when studying long-term cancer survivors.

With the advent of new classes of anti-cancer therapy like the immune checkpoint
inhibitors, it is not unperceivable that patients with a durable response may exper-
ience late immune-related toxicity beyond or years after start of treatment.4
Long-term follow-up research may therefore prove especially important for such rel-
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atively new categories of anti-cancer drugs. Here, too, up-front consent for long-term
follow-up may appreciably ease the design and data collection of future long-term
follow-up studies. Research on long-term outcomes starts right at the introduction of
promising new medicines and therapies.

Modern technologymay be deployed as an asset in long-term cancer survivorship
care and research.3 For a long time, the survivorship field has emphasised the need
for cancer survivorship plans. Mobile platform applications have been developed
that can provide cancer survivors such individualised health information in a con-
temporary way.5 In a research setting, digital technology can also be harnessed to
collect long-term follow-up at relatively low cost, for example requesting patients to
fill in short questionnaires every two to five years through a secured internet environ-
ment to obtain relevant follow-up data. This form of follow-up research may prove a
practical addition to linkage to national registries when it comes to long-term follow-
up of clinical trials.3

Beside the challenges in obtaining long-term follow-up data, other methodolo-
gical challenges may arise. In long-term survival analysis, caution is needed when
using a Cox proportional hazards model. The assumption of proportional hazards
(over time) may not hold true for many treatments given a long enough follow-up
duration. Other summary contrast measures may be considered, such as the differ-
ence in -year survival rates (for a predefined follow-up duration ), the difference in
median survival times (or other percentiles than the th percentile of the survival
curve), or differences in restricted mean survival times.6

Another methodological challenge, in ’cross-sectional’ cohort studies like those
reported on breast and testicular cancer survivors (chapters 3 and 6), is that selec-
tion of an appropriate control group may be difficult. Chapter 3 compared cardiac
function in women who had been treated for breast cancer, either with or without
anthracyclines, to years before. A third group might have been considered: a
control group of women who have simply aged for to years without breast can-
cer and without the need for radiation therapy or chemotherapy. However, such a
control group would have less risk factors for breast cancer (e.g. less obesity, more
physical activity) than the breast cancer groups. This poses an important caveat: such
a control group may very well have a better cardiovascular risk profile from the start
(regardless of exposure to cancer treatment) due to partial overlap in risk factors for
cardiovascular disease and breast cancer. Alternatively, if detailed data is available
on the background population (e.g. the Lifelines cohort/biobank for the northern
population of the Netherlands)7 this could be used as an external reference group.
For some of the vascular parameters in chapter 4, this could have provided addi-
tional information, for example on the background prevalence of hypertension and
the metabolic syndrome – although the Lifelines project too may have an initial selec-
tion bias, as health-minded people (with a healthier lifestyle) may be more inclined
to participate. However, in chapter 3, the focuswas on the cardiac effects of anthracyc-
lines, and for the cardiac ultrasound parameters that were essential in that analysis,
no comparative data from Lifelines are readily available. Nevertheless, although the
primary analysiswas aimed at differences between patients treatedwith andwithout
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anthracyclines, we did find and reported on worse global longitudinal strain (GLS)
in patients who received left breast irradiation. In contrast, when we measured gon-
adal endocrine function (including INSL3) in testicular cancer survivors (chapter 6),
a control group of healthy men of similar age was fortunately available. This com-
parison of gonadal endocrine function carries a similar caveat: the testicular cancer
patients were not only exposed to cancer treatment as a possible injury to gonadal
endocrine function, but may have had a higher baseline risk of gonadal endocrine
dysfunction as well, through a theorised ’testicular dysgenesis’ that also predisposed
the patient to the development of testicular cancer.

9.2 Cardiovascular disease after breast or testicular cancer
treatment

Breast cancer patients are at increased risk of cardiovascular disease after treatment.8
Many are treated with anthracycline-based chemotherapy. When comparing women
after breast cancer treatment with and without anthracyclines (chapter 3), anthra-
cycline dose was linearly correlated with a decrease in left ventricular ejection frac-
tion (LVEF), an increase (i.e. worsening) in GLS and an increase in NT-proBNP.
All three measurements point to cardiac dysfunction: LVEF is a volumetric estima-
tion of cardiac contractility, GLS estimates deformation of the myocardium during
the cardiac cycle, and NT-proBNP is typically released in the blood in response to
myocardial stretch and elevated in cardiac dysfunction. The findings in chapter 3
complemented previous studies that had shown a link between anthracyclines and
LVEF at long-term follow-up, or smaller studies that had measured GLS during and
shortly after anthracycline treatment. The strength of this new analysis came from
combining detailed treatment data (including anthracycline doses) with sensitive in-
patient measurements of cardiac function (including myocardial deformation) and
blood biomarkers, within a large cohort of women that had a low cardiovascu-
lar baseline risk. The absolute effect of anthracycline dose on LVEF, GLS, and NT-
proBNP was small, but suggests there is no ’safe’ dose threshold for anthracyclines
when it comes to cardiac damage. To establish the clinical relevance of these find-
ings, further follow-up of cardiac function and the actual incidence of cardiovascular
disease in these patients is needed. Longer follow-up within the cohort will reveal if
LVEF, GLS, and NT-proBNP can identify breast cancer patients at particularly high
risk of cardiovascular events.

Radiation therapy, too, can increase the risk of cardiovascular events. Darby
reported a linear relationship between the mean heart radiation dose in breast

cancer treatment and the risk of a major coronary event in a case–control study in
women treated between 1958 and 2001: the relative risk increased with

per gray; again, without a clear ’safe’ dose threshold.9 This dose–toxicity relation-
ship was confirmed in a Dutch cohort study of irradiated breast cancer patients,
but now based on concurrent radiotherapy technology (i.e. patients treated between
2005 and 2008) and estimating mean heart radiation dose from individual CT-based
three-dimensional radiation plans instead of reconstructing from two-dimensional
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imaging.10 Furthermore, van den Bogaard endeavored to delineate cardiac sub-
structures from the CT planning scans and then use dose-distribution parameters
for these substructures. They found that the volume percentage of the left ventricle
of the heart that received Gy (labeled ’LV-V5’) appeared a better predictor for
acute coronary events than the mean heart dose.10 Mean heart dose or, when val-
idated, LV-V5 may prove to be helpful parameters to identify breast cancer patients
that are at an increased risk of cardiovascular events following radiation therapy. It
seems likely that these parameters derived directly from three-dimensional planning
would perform better in predicting cardiac events than previously proposed rather
crude surrogate risk factors like breast cancer side or whether the internal mammary
lymph nodes are included in the radiation field. Selected patients may benefit from
adapted radiation techniques that reduce exposure of the heart (e.g. proton therapy).

In the multimodal treatment of breast cancer, radiation and anthracycline dose
may have amultiplicative rather than additive effect on cardiovascular risk. The dose–
toxicity relationships and the apparent absence of safe thresholds for both radiation
therapy and anthracycline-based chemotherapy emphasizes that the vast majority
of early breast cancer patients is potentially exposed to increased cardiovascular risk
after treatment. As such, it underscores the need to identify patients at truly high risk
of treatment-related toxicity within the large group of women treated for breast can-
cer. In figure 2.1 we summarised treatment-related and patient-related factors that
could be considered in determining ’upfront’ cardiovascular risk at start of breast
treatment. Besides anthracycline dose and radiation dosimetry, HER2-targeted ther-
apy is an important treatment-related factor in breast cancer patients. Many patient-
related factors are likely of importance, including age, comorbidity and genetic sus-
ceptibility. Determining coronary artery calcification scores from routineCT scans for
radiation therapy planningmay provide an additional tool in determining cardiovas-
cular status before breast cancer treatment and if patients are at risk of cardiovascular
events following breast cancer treatment.11

The implications for daily practice of a dose–response relationship for anthra-
cycline cardiotoxicity are not straight-forward. For many patients, adapting cancer
treatment without potentially compromising efficacy may not be feasible. For pa-
tients with HER2-positive breast cancer, adjuvant regimens without anthracyclines
(docetaxel/carboplatin/trastuzumab or paclitaxel/trastuzumab) or neo-adjuvant re-
gimens without anthracyclines (docetaxel/carboplatin/trastuzumab/pertuzumab)
may be preferable,12–14 although the HER2-targeted therapy also carries a risk of car-
diotoxicity in these patients.

In addition to the adverse cardiac effects of breast cancer treatment discussed
in chapter 3, chapter 4 reports on other parameters of (cardio)vascular health in
the same breast cancer cohort, including advanced glycation end-products (AGEs),
intima-media thickness (IMT) and local pulse-wave velocity (PWV), and othermore
traditional parameters of vascular health. There was a high prevalence of obesity, hy-
pertension and the metabolic syndrome at long-term follow-up in these breast can-
cer survivors treated at ages 40 to 50 years. However, abnormal AGEs, IMT, and local
PWVwere uncommon.No clear pattern of association could be found betweenAGEs,
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IMT, or local PWV and breast cancer treatment modalities (anthracyclines, radiother-
apy) or follow-up duration. For now, these findings do not provide specific target
groups of breast cancer patients that are at particular risk for cardiovascular disease
after treatment; optimal management of obesity, hypertension and other criteria for
the metabolic syndrome is advised in all patients. Longer follow-up may elucidate
whether parameters like the metabolic syndrome, AGEs, IMT, and PWV may help
identify breast cancer patients at particular risk of (long-term) cardiovascular dis-
ease.

In testicular cancer treatment, which includes platinum chemotherapy, adverse
vascular effects of chemotherapy are already well-known, and are in part supported
by changes in circulating vascular biomarkers, a high prevalence of themetabolic syn-
drome, as well as ultrasound parameters as IMT and PWV.15–18 After testicular can-
cer treatment with bleomycine, etoposide and cisplatin, patients have an increased
risk of myocardial infarction and cerebrovascular accidents compared to the general
population.19

The occurrence of cardiovascular events (and other normally ’age-related’ dis-
eases) at relatively early age in cancer survivors has led to the concept of premature
ageing in cancer survivors.20 Studying the biological construct of cancer treatment-
induced senescence as a pathogenic factor in accelerated ageing in cancer patients
may provide new opportunities to identify patients at high risk of adverse events of
cancer treatment and offer them screening or other interventions.21

9.3 Gonadal endocrine consequences of breast and testicular
cancer treatment

In breast cancer patients, the hypothalamic–pituitary–gonadal axis plays a role in
pathogenesis, in treatment, and in the side-effects of treatment. Regarding pathogen-
esis, life-time oestrogen exposure is an important risk factor for breast cancer.22 In
treatment, disrupting the effect of oestrogen on the breast cancer cells is effective
in hormone receptor-positive breast cancer. Such endocrine therapy, however, can
result in significant side-effects. Finally, as seen in chapter 5, the treatment of breast
cancer may result in (earlier) induction of the menopause. In the trial reported in
chapter 5, fewer patients in the breast cancer group treated with high-dose chemo-
therapy compared to conventional-dose chemotherapy remained pre-menopausal at

months after randomisation ( versus ).23 This endocrine effect of high-dose
chemotherapymaywell contribute to the efficacy of high-dose chemotherapy, but the
induction of menopause can not explain the absolute difference in -year over-
all survival in high-dose versus conventional-dose chemotherapy seen in the triple-
negative subgroup. Long-term endocrine effects could not be reliably assessed in our
long-term update in chapter 5. New trials with high-dose chemotherapy in women
should gather data on endocrine status throughout the trial and address possible
effects of early menopause on quality of life and long-term cardiovascular health.

In testicular cancer, gonadal endocrine dysfunction may result from (unilat-
eral) orchidectomy and chemotherapy. Gonadal endocrine dysfunction is associ-
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ated with cardiovascular risk factors and the metabolic syndrome in testicular can-
cer patients.16,24,25 Measurement of testosterone to diagnose gonadal endocrine dys-
function has a few pitfalls. Importantly, testosterone levels can fluctuate substan-
tially between days and have a diurnal rhythm - necessitating repeated (morning)
sampling. Insulin-like factor 3 (INSL3) is a peptide that men almost exclusively pro-
duce in the Leydig cells, and INSL3 is thought to be a marker of Leydig cell function
with less fluctuation than testosterone.26 INSL3 could therefore be of interest in testic-
ular cancer patients. However, we found that levels of INSL3 early after treatment
appear to be unsuitable to predict hypogonadism in the long term (chapter 6). Other
biomarkers than INSL3 need to be considered to study the role of hypogonadism
in testicular cancer survivorship. Current ESMO Consensus Conference Guidelines
show consensus on testosterone suppletion therapy in symptomatic testicular cancer
survivors with testosterone levels below normal range.27 A six-month randomised
controlled trial of testosterone replacement in to year old men after testicular
cancer, lymphoma or leukaemia with borderline low testosterone ( to nmol L )
showed improvement in parameters of body composition, but not quality of life,
and did not investigate cardiovascular outcome.28 The effects of testosterone sup-
pletion therapy on quality of life, cardiovascular risk, and overall outcome are still
unclear and warrant further research, preferably in a randomised trial. Although
testicular cancer patients with symptomatic hypogonadism are often treated with
long-term or life-long testosterone suppletion therapy, it is worth considering if a
shorter period of testosterone suppletion can help counter the increased cardiovas-
cular risk in testicular cancer survivors. A placebo-controlled randomised pilot study
in the UMCG studies short-term testosterone treatment in overweight ( kgm )
testicular cancer survivors with low total testosterone ( nmol L ) (ClinicalTri-
als.gov NCT03339635). The rationale is that such a short term testosterone ’boost’
(to normal testosterone values) may help to lower fat mass and ultimately reduce
cardiovascular risk. This intervention may interrupt the hypothesised bidirectional
relation or vicious circle where hypogonadism can result in obesity and obesity can
result in hypogonadism.

9.4 Early measurements of long-term cardiovascular adverse
effects of cancer treatment

One of the challenges of cancer survivorship research is the selection of surrogate
endpoints that reflect relevant long-term clinical outcomes such as cardiovascular
morbidity or death. Such intermediary endpoints are a necessity; for example, study-
ingmajor adverse cardiovascular events in cancer survivors would require impractic-
ally long follow-up time and large sample sizes. Proven intermediary endpoints may
guide surveillance/screening in cancer survivors for early signs of adverse effects of
treatment.

In chapter 3, cardiac function was assessed by measuring cardiac deformation
(strain) in addition to the LVEF, which is frequently used in clinical practice. In the
same breast cancer patients, in chapter 4, parameters as IMT, local PWV, and ad-
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vanced glycation end-products were used to assess vascular health. We measured
IMT at both the carotid and femoral artery. Systematic use of carotid IMT to improve
risk screening in clinical practice is currently not recommended as the added value of
IMT compared to the FraminghamRisk Score has not been demonstrated.29 However,
in the setting of survivorship research IMT may be considered a valuable intermedi-
ary endpoint. IMT at the femoral artery has been studied less, although a single study
has suggested that IMT or plaque at the femoral artery may be a better indicator of
cardiovascular risk than at the carotid artery.30

In future studies on cardiovascular toxicity of breast cancer treatment, other in-
termediary endpoints could be considered. Cardiac magnetic resonance imaging
(cMRI) may provide a more comprehensive assessment of cardiac function than car-
diac ultrasound,31 and may be less impeded by breast implants after mastectomy.
Recent attempts32 to map prior local radiation dosimetry within a patient to cardiac
dysfunction may benefit from cMRI instead of ultrasound. In contrast to the local
PWV described in chapter 4, other methods to determine arterial stiffness are avail-
able; for example, reference values are more readily available for carotid-to-femoral
PWV.33 Interestingly, Vallerio reported higher carotid to radial PWV at the ip-
silateral side in breast cancer patients after radiation therapy, suggesting increased
arterial stiffness at the irradiated side.34 The utility of both aterial stiffness and car-
diac strain warrants further study, especially since reports have suggested the use of
the ratio of PWV and GLS as a surrogate of cardiovascular morbidity.35,36 Another
intermediary cardiovascular endpoint that may be considered is coronary artery cal-
cium scoring,29 as has already been studied in breast cancer patients - although the
effect of chemotherapy or radiotherapy on coronary calcification is yet unknown.11

9.5 Toward tailored screening and monitoring for cardiovascular
adverse effects in cancer patients

Observing cardiovascular health through intermediary endpoints before, during and
after cancer treatment is one thing, but subsequently getting to useful interventions
that reduce cardiovascular risk is another. One major challenge is that without a
proper strategy to identify patients at risk for cardiovascular adverse effects of their
cancer treatment, the number needed to screen would be unacceptably high and
screening and monitoring may not be cost-effective. One strategy could be to meas-
ure subclinical cardiovascular damage before and during treatment to implement a
more patient-tailored approach to monitoring: stringent cardiovascular monitoring
in patients with high a priori risk for cardiovascular toxicity, and scaled-downmonit-
oring in patients with low risk. A second strategy is to screen for subclinical damage
later on during follow-up of treated cancer patients, and use this screening to select
a subgroup of cancer survivors that may benefit from targeted intervention. Such
approaches are likely more efficacious and cost-effective than a one-size-fits-all ap-
proach for all testicular cancer patients or all early breast cancer patients, in whom
the absolute prevalence of overt cardiovascular disease due to cancer treatment is
relatively low.
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As an example of screening before and during treatment, consider a woman
between and years of age with no history of cardiovascular disease who will be
treated with anthracyclines (four cycles of doxorubicin mgm ) for early HER2-
negative breast cancer. The differences in clinical practice guidelines regarding sur-
veillance and prevention of cardiovascular toxicity and the use of cardioprotective
drugs, as described by Levis in 2017, persist today.37 The current Dutch breast
cancer guideline does not specify any cardiovascular screening before, during or after
treatment in this case;38 the current early breast cancer guideline of the European So-
ciety of Medical Oncology (ESMO) states that pre-treatment evaluation of cardiac
function with cardiac ultrasound or a multigated acquisition (MUGA) scan is ”es-
sential”, but does not specify further cardiac follow-up.39 In contrast, the 2020 ESMO
consensus paper on cardio-oncology recommends a comprehensive approach using
both cardiac biomarkers (i.e. troponin, NT-pro-BNP) and periodic reassessment of
cardiac function using imaging.40 For the patient in our example, if she remains
asymptomatic during treatment and five years of follow-up, strict implementation
of these recommendations would result in four echocardiograms (at baseline, after
treatment, at to months and at two years post-treatment) and at least four meas-
urements of troponin and NT-proBNP (each cycle). Such vigilant surveillance in pa-
tients with a relatively low a priori probabilty to develop cardiovascular disease from
cancer treatment needs to be carefully weighted and evaluated. In chapter 3 (with
patients treated in the same decade of life as the patient in our example), of
anthracycline-treated patients had a LVEF , had a GLS and
had a NT-proBNP ngL at five to twelve years after treatment. The data in
chapters 3 and 4 suggest that large-scale implementation of cardiovascular screening
at a single long-term follow-up time-point would aid in the detection of subclinical
cardiovascular damage, but would likely have a large number needed to screen. The
current cross-sectional data can not be used to discern a preference for a five or ten
year follow-up time-point for any cardiac screening. Even for the patients with evid-
ence of subclinical cardiovascular damage during study visit, it is yet unclear if earlier
recognition and/or intervention during cancer treatment would have provided bene-
fit to the patient. In chapter 2, drug interventions for cardiac dysfunction in (breast)
cancer patients were reviewed, but no definitive advice on the use of cardioprotect-
ive drugs could be given. Screening and surveillance in cardio-oncology is clearly
a field in progress: refinement of screening strategies may provide better targeting
and render screening for subclinical damage more valuable, and limit the extra dia-
gnostic burden to patients and the health care system. Clinics that have specialised
cardio-oncology services should implement a reviewing process to evaluate inwhich
patients it would be appropriate to ’downscale’ with screening and monitoring. For
example, it has been shown that cardiac screening to prevent heart failure in child-
hood cancer survivors is not cost-effective in patients at low-risk of cardiomyopathy
(i.e. low doses of anthracycline).41 Chapter 3 confirms that cummulative anthracyc-
line dose is an important factor when considering cardiovascular risk in breast cancer
patients.

Chapter 4 illustrates that traditional cardiovascular risk factors such as obesity,
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hypertension, and the metabolic syndrome should not be forgotten in cancer surviv-
ors. Considering that lifestyle factors like smoking, obesity, and physical inactivity
are common risk factors for cancer and cardiovascular disease, lifestyle factors could
and should be addressed in all cancer survivors. The best way and timing to provide
this ’basic’ lifestyle advise is unknown. For specific patient groups, such as child-
hood cancer survivors and adolescents and young adults, follow-up in specialised
outpatient services seems sensible. For most cancer survivors, including most breast
and testicular cancer patients that did not need specialised cardio-oncology care dur-
ing treatment, lifestyle factors should be embedded in regular follow-up visits at the
oncology outpatient clinic using at least a very brief advice approach (signalling to
the patient that lifestyle factors matter).42 The possibility of increased cardiovascu-
lar risk should be communicated to the primary physician in the end-of-treatment
handover, especially since the cardiovascular risk management guideline for Dutch
primary care provides the possibility for more strict risk management in cancer pa-
tients.43

9.6 Germ-line genetic variants and individual susceptibility to
adverse effects of cancer treatment

Germ-line genetic variation may partially explain why some patients have a higher 
risk of adverse effects of cancer treatment than other patients. Hanna & Einhorn 
designated understanding the genetic basis of long-term risks of chemotherapy as 
one of the key remaining challenges in testicular cancer survivorship.44 Our explor-
ative genome-wide association study (GWAS) in a cohort of testicular cancer patients 
(chapter 7) gave insight into genetic variation associated with cardiovascular risk in 
chemotherapy-treated testicular cancer patients. The results need to be interpreted 
with caution, given the risk for false-positive findings due to the relatively small 
sample size and the chosen cut-off points in the statistical analysis.45 The sample size 
was simply constrained by the low absolute incidence of testicular cancer and cardi-
ovascular events within these patients. Other trials on genetic variation in testicular 
cancer survivors are ongoing (e.g. ClinicalTrials.gov NCT02303015, NCT02890030, 
NCT02677727). However, it seems unlikely that sufficiently large cohorts of  

  –    testicular cancer patients can ever be accumulated to perform a 
GWAS using a large amount of markers without concerns about statistical power.46

Instead, finding the RAC2/RAC3 network at the top of the biological themes in 
our exploratory GWAS should be interpreted as an unbiased hint that biological path-
ways surrounding RAC2 and RAC3 may be involved in (cardiovascular) toxicity of 
testicular cancer treatment. Pre-clinical reports that associate RAC2 with bleomycin-
induced pulmonary damage,47 endothelial activation,48,49 and atherosclerosis,50 and 
reports that associate RAC3 with senescence51 and endothelial dysfunction52 sup-
port this hypothesis. One should bear in mind that the reported ’RAC2/RAC3 net-
work’ is not simply interchangeable with the RAC2 or RAC3 gene (which play a role 
in a variety of cellular processes). How should we approach and substantiate this 
finding of the ’RAC2/RAC3 network’ going forward? One way is to look at putat-
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ive read-outs where the functions of the RAC2/RAC3 network overlap with
known pathophysiology of cardiovascular disease. As an example, we reported the
fluctuation of the number of circulating endothelial cells throughout chemotherapy
in chapter 7 as a distant read-out of the endothelial dysfunction linked with the
RAC2/RAC3 network. Alternatively, one can stay closer to the RAC2 and RAC3 genes
and examine if certain nearby single nucleotide polymorphisms (SNPs) are predict-
ive of cardiovascular toxicity of chemotherapy. For example, it may be worthwhile
to focus on the SNP rs13058338 located in the RAC2 gene in the broader context of
chemotherapy-related cardiovascular toxicity (including such toxicity in testicular
cancer), especially since this specific SNP has previously been reported in GWAS
studies of anthracycline cardiotoxicity (see chapter 2 and for example Linschoten

).53 Another approach is to test the effect of chemotherapeutic agents on
downstream targets of the RAC2 and RAC3 proteins, to identify biomarkers of the
RAC2 and RAC3 network. These biomarkers could then be measured prospectively

.
Pharmacogenetic studies in patients treated with anthracyclines or trastuzumab

have found a number of genetic variants associated with cardiotoxicity from these
drugs (table 2.1).53,54 Interpretation of these studies is limited by the number of in-
cluded patients, varying patient populations, differences between treatments used,
and limited adjustment for confounders. Besides a single 2016 position paper from
Aminkeng recommending testing for three variants in RARG (rs2229774),
SLC28A3 (rs7853758) andUGT1A6*4 (rs17863783) in childhood cancer patientswith
an indication for doxorubicin or daunorubicin,55 genetic testing before anthracyc-
line treatment is currently not routine clinical practice. studies have sug-
gested increased sensitivity to doxorubicin of cardiomyocytes with a missense vari-
ant in RARG (rs2229774).56 Validation of genetic variants that increase the odds for
anthracycline-induced cardiotoxicity in breast cancer cohorts may help to ultimately
identify women at high risk for cardiotoxicity from breast cancer treatment. Post-
GWAS approaches such as the DEPICT analysis in chapter 7 may help unravel the
biological mechanisms of cardiotoxicity, by not focussing on specific SNPs or genes
but rather gene sets and pathways.57 Susceptibility to cardiotoxicity from anthracyc-
lines or trastuzumab is likely best viewed as a complex trait: many genetic variants
together result in a small increase or decrease in susceptibility to cardiotoxicity. There-
fore, rather than looking at specific SNPs, susceptibility to cardiotoxicity may be best
captured using a polygenic risk score: an estimator composed of the weighted effects
of many involved genetic variants (for example taken from a GWAS).58 However, the
sample sizes needed to derive clinically relevant polygenic risk scores could exceed

   subjects, and ultimately the explained phenotypic variance may prove too 
small for clinically relevant risk prediction of treatment-induced toxicity.59

Future studies into genetic susceptibility to anthracycline or trastuzumab cardi-
otoxicity would benefit from choosing a relevant intermediate endpoint (e.g. GLS
or LVEF) and combining data from multiple observational studies to attain larger
sample sizes. When studying anthracycline cardiotoxicity, it should be strongly con-
sidered to combine data from all patient categories treated with anthracyclines, re-
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gardless of cancer type (e.g. childhood cancer, breast cancer, and hodgkin lymph-
oma) instead of focussing on only breast cancer patients treated with anthracyclines.
A large number of cancer patient needs to be included in such genomic studies to gain
enough statistical power. Therefore,when designing studies into cancer survivorship,
incorporating a secondary research aim to study the role of genetics and asking pa-
tients for their consent to use their data in larger genomic analyses should be strongly
considered. This creates the opportunity to answer genetic questions within the field
of cancer survivorship by combining smaller datasets into larger ’data warehouses’.
The women with breast cancer who participated in the study described in chapters 3
and 4 were genotyped to enable analysis of genetic susceptibility to cardiovascular
damage of cancer treatment.

9.7 Consideration of high-dose chemotherapy regimes in breast
cancer treatment

The use of high-dose chemotherapy with autologous bone marrow transplantation
(ABMT) in the setting of high-risk and metastatic breast cancer was a hot-debated
field of research in the 1980s and 1990s. The central hypothesis was that higher doses
of cytostatic drugswould providemore anti-cancer activity and therefore better treat-
ment results, and that the use of ’rescue’ ABMT would help overcome the chemo-
therapy dose limits imposed by haematologic toxicity. Although earlier published
non-randomised trials were encouraging, this approachwas all but abandoned at the
dawn of the twenty-first century when large randomised controlled trials could not
confirm the survival benefit that was previously suggested.60,61 The advent of high-
dose chemotherapy with ABMT may ultimately serve as a warning that high-level
evidence from rigorously designed trials is critical before standard practice should be
changed. Some earlier claims of effectiveness of high-dose chemotherapy proved to
be the result of scientificmisconduct.62 In theUnited States ofAmerica,manypatients
were treated outside clinical trials with high-dose chemotherapy regimens based on
initially promising scientific results.63,64

Since then, systemic treatment of breast cancer has changed substantially, with –
among other improvements – the recognition of HER2 overexpressing tumours and
the introduction of HER2-targeted therapy, third generation chemotherapy regimens
with the addition of taxanes, and more endocrine treatment options. Obviously, the
current standard of care in stage III breast cancer is different than the control arm
in the nationwide high-dose chemotherapy trial that was conducted between 1993
and 1999 in the Netherlands.23 Nevertheless, the long-term follow-up of the trial in
chapter 5 provides valuable information almost three decades after its inception.

Foremost, our long-term analysis further substantiates the notion that subgroups
of patients may benefit from high-dose chemotherapy. Although the 2003 analysis
(with median months of follow-up) did not find statistically significant improve-
ment in relapse-free or overall survival in the high-dose versus conventional-dose
chemotherapy groups, better relapse-free survival (but not overall survival) was
noted in the predefined subgroup with ten or more affected axillary lymph nodes
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(hazard ratio [HR] ; confidence interval [CI] to ), and in the non-
predefined subgroup of patients with HER2-negative tumours (HR ; CI

to ). An update at median months of follow-up showed similar res-
ults.65 In chapter 5, after a median follow-up time of years, the risk of death
did again not differ between high-dose and conventional-dose chemotherapy groups
(HR ; CI – ). However, breast cancer-specific survival was signific-
antly better with high-dose compared to conventional-dose chemotherapy (HR ;

CI – ), signifying a better anti-tumour of with the high-dose chemother-
apy. Moreover, overall survival was better with high-dose compared to conventional-
dose chemotherapy in the subgroup of patients with ten or more affected axillary
lymph nodes (HR ; CI – ), as well as (not statistically significant) in
the subgroup with triple-negative breast cancer (HR , CI – ). This
translates in absolute improvements of -year overall survival rates for high-dose
instead of conventional-dose chemotherapy of around in either of these two
subgroups. Overall survival did not differ between treatment groups for the sub-
group of ER-positive and HER2-negative breast cancer (HR , CI – ).
Taken together (both triple-negative and ER-positive/HER2-negative tumours), pa-
tientswithHER2-negative tumours had better overall survivalwith high-dose versus
conventional-dose chemotherapy (HR , CI – ) – although this effect
may be mainly driven by the results in the triple-negative tumours. These results are
in line with a 2011 large meta-analysis with individual participant data of pa-
tients with high-risk primary breast cancer, which reported a reduction in risk of
death for the subgroup of patients with HER2-negative tumours treated with high-
dose compared to conventional-dose chemotherapy.60 However, HER2-status was
known for only of cases in the meta-analysis, and the authors concluded at that
time they were not ”able to identify subsets of patients who may benefit from [high-
dose chemotherapy]”. That conclusion may be reappraised given the long-term over-
all survival reported in chapter 5 for HER2-negative and especially triple-negative
tumours.

What couldwe learn from this? The high-dose chemotherapy regimen used in the
Dutch trial, or components of the regimen, may have merit in early HER2-negative
breast cancer, especially in triple-negative tumours. The carboplatin in the high-
dose regimen may contribute to these results: in the neoadjuvant treatment of triple-
negative breast cancer with anthracyclines and taxanes, the addition of carboplatin
has shown to increase the number of pathological complete responses.66,67 The role
of platinum in standard neoadjuvant chemotherapy in triple-negative breast cancer
is still debated.68 Within the Dutch trial, an exploratory analysis in of the
HER2-negative patients (of the total patients) classified tumours ( ) as
BRCA1-like using a comparative genomic hybridisation classifier (based on earlier
work in BRCA1-mutated breast cancers).69 Such BRCA1-like tumours are thought
to harbour impaired or deficient homologous recombination, and may be more sus-
ceptible to drugs that induce double-strand DNA breaks such as alkylating agents
and platinum salts, or to poly-ADP-ribose-polymerase (PARP) inhibitors that inhibit
repair of single-strand DNA breaks. When comparing high-dose and conventional-
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dose chemotherapy in this selection of patients, patients with a BRCA1-like tu-
mour seemed to benefit more from the high-dose chemotherapy than patients with
a non-BRCA1-like tumour ( for interaction). Note that ( ) of
these BRCA1-like tumours had a BRCA1 mutation or methylation.

Derived from the earlier Dutch high-dose chemotherapy trial, the SUBITO trial
(ClinicalTrials.gov Identifier: NCT02810743) is a (neo)adjuvant randomised phase
III study specifically targeted at stage III, HER2-negative, BRCA-like breast can-
cer patients. The subgroup analyses in the earlier Dutch trial support the SUBITO
strategy to investigate high-dose myeloablative chemotherapy with autologous stem
cell transplantationwithin this specific target patient population. In the SUBITO trial,
the ’conventional’-dose chemotherapy consists of four cycles of dose-dense doxorubi-
cin and cyclophophamide, followed by four -day cycles of carboplatin (AUC ; day
) and paclitaxel ( mgm ; day , and ), followed by one year olaparib ( mg

twice daily). The high-dose arm consists of three cycles of dose-dense doxorubicin
and cyclophophamide, followed by two cycles of cyclophosphamide ( mgm ),
carboplatin ( mgm , or AUC ), and thiotepa ( mgm ) with autologous
peripheral stem cell transplantation. In both arms, patients without complete patho-
logical response after neoadjuvant therapy are treated with adjuvant capecitabine;
and all patients receive radiotherapy and endocrine therapy if indicated. The myelo-
ablative part of the high-dose arm is different from the – study (one cycle
cyclophosphamide mgm , thiotepa mgm , carboplatin mgm ) in
that it is split in two cycles to aim for reduced toxicity. Of note, total carboplatin
dose in the SUBITO trial is higher in the conventional-dose than in the high-dose
chemotherapy arm. Furthermore, the total carboplatin dose in the SUBITO high-dose
arm is lower than in the – trial. Consequently, it is difficult to predict out-
comes of the SUBITO trial using the long-term analysis of overall survival of the
HER2-negative patients in the – trial provided in chapter 5. Nevertheless,
it is encouraging that novel approaches to high-dose myeloablative chemotherapy
with autologous stem cell transplantation are investigated – despite some of the neg-
ative connotations from the past – especially in stage III breast cancer where better
outcomes are still much needed.

The median twenty year follow-up of the trial in chapter 5 also provides a rare
insight into long-term toxicity after (then) conventional chemotherapy, and after
high-dose chemotherapy with autologous stem cell transplantation. Breast cancer-
specific survival but not overall survivalwas better after high-dose than conventional-
dose chemotherapy. The excess non-breast cancer mortality in the high-dose versus
conventional-dose chemotherapy group cannot be readily explained by second non-
breast cancers ( versus , respectively) or by cardiovascular disease ( versus

, respectively). Of note, myelodysplasia or leukaemia occurred equally in high-
dose and conventional-dose chemotherapy groups ( versus , respect-
ively). Treatment-related death within six months of randomisation occurred in five
patients, all in the high-dose chemotherapy group. The rest of the excess deaths in
the high-dose chemotherapy group were in the category of ’other causes’ of death,
occurred mostly over ten years after treatment, and consisted of various causes of
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death that could not be readily linked to the trial treatment. Nevertheless, the pos- 
sibility of excess non-cardiovascular, non-cancer death as an effect of the high-dose 
chemotherapy should be considered. It may be worthwhile to investigate if the hypo- 
thesised chemotherapy-associated accelerated senescence (discussed earlier) is more 
pronounced in patients after high-dose chemotherapy than after conventional-dose 
chemotherapy.

9.8 Modelling and replicating extreme toxicity  

Some patients seem more susceptible to cancer treatment-related toxicity than others. 
However, severe acute cardiovascular toxicity of cancer treatment is rare in breast 
and testicular cancer patients. Extreme toxicity cases could provide valuable insight 
into the mechanisms underlying cancer treatment-related toxicity. A promising way 
to replicate   toxicity   with patient-specific cells is by creating induced 
pluripotent stem cells (iPSCs), which can be obtained by ’reprogramming’ somatic 
cells (taken from blood, skin punch biopsy or urine)70 to a pluripotent state,71 and 
then differentiate these iPSCs to gain tissue-specific characteristics. Burridge   
demonstrated the potential of this iPSC approach as a way to study anthracycline 
toxicity: patient-specific iPSC-derived cardiomyocytes from four patients who had 
experienced clinical cardiotoxicity seemed more sensitive to doxorubicin than con- 
trol cells from patients without overt cardiotoxicity.72 Likewise, Kitani   showed 
decreased contractility after trastuzumab in iPSC-derived cardiomyocytes in those 
of seven breast cancer patients with the strongest decline in LVEF.73 Studying ex- 
treme toxicity this way may prove valuable to (1) understand the pathogenesis of 
cancer-treatment related toxicities by identifying relevant involved pathways, (2) se- 
lect future patients at risk of extreme toxicity and weigh alternative treatment options, 
and (3) aid selection of larger subsets of patients at risk for non-extreme, long-term 
treatment-related morbidity. In addition, future large-scale iPSC collections possibly 
enable the cellular equivalent of population-based genome-wide association studies, 
by correlating   cellular phenotypes to genome-wide genetic variants.74

9.9 In synopsis: clinical recommendations and future perspectives

This thesis focussed on the determinants and predictors of long-term outcome and 
long-term cardiovascular toxicity after curative treatment in breast and testicular can- 
cer patients. Outcomes for cancer survivors are determined by far more factors than 
merely the anti-cancer effect of treatment. As a striking example of the life-long ef- 
fects of cancer and cancer treatment, 5-year survivors of childhood and adolescent 
cancer will have a shorter lifespan as adults compared to peers from the general pop- 
ulation.75 This thesis provided a few clues – although not yet crystallised or valid- 
ated – how to develop meaningful screening and intervention strategies for cancer 
treatment-related toxicity.

The discussion above contained a few advices for current clinical practice. For as- 
sessing cardiac damage after chemotherapy in breast cancer, a clinician may utilise
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NT-proBNP or echocardiography (including strain measurements) as suggested in
recent ESMO consensus recommendations.40 Cancer survivorswith an increased car-
diovascular risk will likely benefit from (stringent) adherence to cardiovascular risk
management guidelines for the general population. The increased cardiovascular risk
and the importance of lifestyle factors (healthy weight, physically activity, cessation
of smoking) should be discussed with all long-term cancer survivors. For specific
groups this survivorship care may perhaps best be provided in specialist outpatient
services, but for many patients a discussion of lifestyle factors can perhaps best be
embedded in regular outpatient follow-up visits (even if only in the same manner as
the very brief advice intervention for smoking cessation). The current cardiovascular
risk management guideline for Dutch primary care is still largely based on the ten-
year risk of cardiovascular death in the general population stratified by age group,43
andmay therefore underestimate the true (life-time) risk of cardiovascular disease in
relatively young cancer survivors. Therefore, the possibility of increased cardiovas-
cular risk should be clearly communicated to the primary physician in the end-of-
treatment handover, especially since cardiovascular riskmanagement guideline does
provides the possibility for more strict risk management in cancer patients.43

Future research opportunities have been addressed throughout this chapter. For
long-term follow-up research, I advocated obtaining up-front patient consent at dia-
gnosis and before start of treatment for future linkages with registries, collection of
long-term follow-up data, or to be approached for participation in long-term follow-
up studies. The success of translating future cancer survivorship research to clinical
practice hinges on accurate estimation of the patient’s individual risk of toxicity of a
certain treatment, as well as the development of meaningful intervention strategies.
Research should address how patients can be best stratified in toxicity risk groups
before treatment, considering for example planned anthracycline dose, 3D radiation
dosimetry, comorbidity, genetic susceptibility, lifestyle factors like smoking status,
and a pre-treatment cardiovascular assessment (e.g. coronary artery calcification, car-
diac strain on echocardiogram or cMRI, AGEs, IMT, PWV). After chemotherapy for
testicular cancer, medical oncologists may consider treating patients with sympto-
matic or even asymptomatic hypogonadism with androgen suppletion to restore the
metabolic setpoint within the context of a clinical trial. The high-dose chemotherapy
regimen (or components thereof) studied in chapter 5 may have merit in high-risk
early breast cancer, and the results of the SUBITO trial using high-dosemyeloablative
chemotherapy with autologous stem cell transplantation in stage III, HER2-negative,
BRCA-like breast cancer may provide a step forward. In a more pre-clinical, transla-
tional setting, the concept of premature/accelerated ageing and senescence should
be further investigated in the context of cancer survivorship, and iPSC techniques
provide an opportunity to model and replicate extreme toxicity from cancer treat-
ment . Ultimately, long-term outcome and long-term cardiovascular toxicity
after curative treatment in breast and testicular cancer patients can be improved by
a better understanding of two basic concepts: which patients will have long-term be-
nefit from a treatment, and which patients are at risk for treatment-related toxicity.
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Chapter 10

Dutch summary
Nederlandse samenvatting

Dit proefschrift richtte zich op enkele factoren die bij patiënten met borstkanker en
zaadbalkanker bepalend kunnen zijn voor langetermijnuitkomsten en -schade (met
name hart- en vaatschade). Nadat een overzicht gegeven werd van de stand van za-
ken in de cardio-oncologie, besloeg het eerste deel van het proefschrift onderzoek bij
vrouwen met borstkanker behandeld met anthracycline-bevattende chemotherapie
en besloeg het tweede deel onderzoek bij mannenmet zaadbalkanker behandeldmet
platinum-bevattende chemotherapie. De focus op deze specifieke patiëntenpopula-
ties komt voort uit de verwachting dat veel van deze patiënten een lange resterende
levensspanne zullen hebben zonder terugkeer van kanker nadat de behandeling suc-
cesvol is afgerond.

Hoofdstuk 2 was een overzicht van de pathofysiologie en behandeling van
medicatie-gerelateerde hartschade bij kankerbehandeling. Cardiovasculaire schade
kan zich openbaren als verminderde hartfunctie, structurele afwijkingen aan het hart
(zoals kleplijden of ritmestoornissen) of als vasculaire of trombotische aandoenin-
gen. Het risico op cardiovasculaire schade door kankerbehandeling wordt beïnvloed
door behandelings- én patiëntgerelateerde factoren, zoals leeftijd, geslacht, comorbi-
diteit en erfelijke aanleg.We gingen in op de pathofysiologie van hartschade en gaven
een overzicht van (SNPs) gerelateerd aan hartschade
door anthracyclines en trastuzumab. Hoewel meerdere manieren zijn beschreven om
vroege/acute of late hartschade te kunnen opsporen, is er nog altijd behoefte aan be-
tere, beproefde strategieën om risicopatiënten te kunnen opsporen en behandelen.
Wanneer we kijken naar behandelingen ter bescherming van het hart (die worden
gestart vanaf begin van een potentieel voor het hart schadelijke kankerbehandeling
dan wel bij vroege tekenen van hartschade), dan zien we onvoldoende eenduidig
bewijs dat dergelijke behandelingen op de lange termijn baat geven. Er is meer on-
derzoek nodig naar de timing, de behandelingen en de exacte doelgroep voor boven-
genoemde strategieën. Zowel adequate risicoscreening vóór start van kankerbehan-
deling ompatiënten te identificeren die een hoog risico lopen op het ontwikkelen van
hartschade alsook vroege opsporing lijken essentieel om vroege en late cardiovascu-
laire schade te kunnen verminderen.

De prevalentie van myocardiale dysfunctie op lange termijn na behandeling met
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anthracycline-gebaseerde chemotherapie bij borstkankerpatiënten is niet goed duide-
lijk. Hoofdstuk 3 gaf de resultaten van een crosssectioneel cohortonderzoek bij
borstkankerpatiënten uitgevoerd in het Universitair Medisch CentrumGroningen en
het Nederlands Kankerinstituut - Antoni van Leeuwenhoek. Vrouwen werden uit-
genodigd wanner zij niet-gemetastaseerde borstkanker of ductaal carcinoom
hadden op - tot -jarige leeftijd en nu tot ( ) of tot jaren ( )
na borstkankerbehandeling waren. Meer dan de helft van de patiënten was ook met
anthracycline-bevattende chemotherapie behandeld. Tot de metingen aan het hart
bij het studiebezoek behoorden echocardiografisch bepaalde ejectiefractie van de lin-
kerventrikel (LVEF), globale longitudinale (myocardiale deformatie) van de
linkerventrikel (GLS) en in het bloed gemeten
(NT-proBNP). De anthracycline-behandelde patiënten ( ) hadden ten op-
zichte van de niet-anthracycline-groep ( ) vaker een verminderde LVEF (
versus ), verstoorde GLS ( versus ) en vaker een verhoogd NT-proBNP
( versus ). Daarnaast namen GLS en LVEF op een lineair af met het toenemen
van de cumulatieve anthracyclinedosis. De kans op een NT-proBNP ngL
was hoger bij patiënten met hogere anthracyclinedoses. We concludeerden dat ver-
stoorde GLS en verhoogde NT-proBNP-niveaus aanwezig zijn bij een substantieel
deel van de borstkankerpatiënten behandeld met anthracyclines.

In hetzelfde crosssectionele cohort van borstkankerpatiënten hebben we de vas-
culaire gezondheid onderzocht. Hoofdstuk 4 beschrijft een analyse van biomarkers
gerelateerd aan hart-/vaatziekterisico in het bloed,
(AGEs), en echografische vaatmetingen van intima-media-dikte (IMD) en lokale
polsgolfsnelheid (PGS). Deze niet-invasieve metingen van vaatgesteldheid zouden
kunnen helpen om patiënten met risico op hart- en vaatziekten vroegtijdig op te
sporen. We bepaalden de prevalentie van abnormale IMD, PGS, AGEs (gemeten
met huidautofluorescentie) naast traditionele cardiovasculaire risicofactoren. An-
ders dan bij de analyse in hoofdstuk 3 was hier de belangrijkste vergelijking op basis
van follow-upduur ( tot versus tot jaren) en niet zozeer op basis van be-
handeling, aangezien de link tussen anthracycline (dosis) en vasculaire gezondheid
minder voor de hand liggend was dan bij de studie naar anthracycline-gerelateerde
cardiotoxiciteit. De patiëntenmet tot jaren aan follow-up jonger (mediaan jaar)
dan patiëntenmet tot jaren aan follow-up ( jaar). Dit was inherent aan het on-
derzoeksontwerp, aangezien een van de inclusiecriteria was dat patiënt behandeld
waren tussen 40- en 50-jarige leeftijd. Viscerale obesitas ( versus , ),
hypertensie ( versus , ) en hetmetabool syndroom ( versus ;

) hadden een aanzienlijke prevalentie in zowel de groep met tot als de
groepmet tot jaren follow-up. De helft van de patiënten had een
boven kgm . AGEs waren gelijk in beide follow-upgroepen. Een IMD mm
of een plaque, echografisch gemeten aan de arteriae carotis communis, werden ge-
vonden bij versus van de patiënten met tot en tot jaren follow-up,
respectievelijk. In een subgroep van patiënt waarbij ook PGS-metingen aan de arte-
riae carotis communis waren verricht, werd een PWV ms gevonden bij
( ) versus ( ) van de patiënten met tot en tot jaren follow-up,
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respectievelijk. Al met al leken abnormale IMD, lokale PGS of AGEs daarmee wei-
nig frequent voor te komen bij langetermijnfollow-up, in tegenstelling tot de relatief
vaak voorkomende obesitas, hypertensie en metabole syndromen. Bij patiënten met
het metabool syndroom werden hogere AGEs, IMD en lokale PGS gemeten. Hier-
uit leidden we af dat (componenten van) het metabool syndroom mogelijke doelen
zouden kunnen zijn voor screening en interventie bij borstkankerpatiënten.

Eerdere onderzoeken naar adjuvante hoge-dosis-chemotherapie (HDCT) konden
geen winst aantonen voor niet-voorgeselecteerde patiënten met stadium III borst-
kanker. Langetermijnuitkomsten waren echter niet bekend. In hoofdstuk 5 onder-
zochten we over een periode van twintig jaar de werkzaamheid en veiligheid bin-
nen de grootste gerandomiseerde fase-3-studie naar HDCT bij stadium III borst-
kanker waarbij oksellymfeklieren waren aangedaan. Deze studie was uitge-
voerd in tien Nederlandse ziekenhuizen. Om deze update te kunnen geven, verza-
melden we follow-upgegevens vanuit de medische dossiers, via huisartsen, vanuit
het Nederlands Kankerregister, vanuit het Pathologisch-Anatomisch Landelijk Ge-
automatiseerd Archief (PALGA) en vanuit het Centraal Bureau voor de Statistiek.
Tussen 1993 en 1999 werden patiënten gerandomiseerd tussen HDCT
( ) of conventionele-dosis-chemotherapie (CDTC, ). CDCT bestond
uit vijf cycli 5-fluoro-uracil, mgm , epirubicine, mgm , en cyclofosfamide,

mgm . In de HDCT-groep waren de eerste vier cycli identiek, maar de vijfde cy-
clus was vervangen door cyclofosfamide, mgm , thiotepa, mgm en car-
boplatine, mgm , gevolgd door een autologe hematopoëtische stamceltrans-
plantatie. Na jaren mediane follow-up (interkwartielafstand [IKA] – )
was de -jaarsoverleving na HDCT en na CDCT ( -ratio [HR]

; -betrouwbaarheidsinterval [BI] – ). De absolute verbetering in -
jaarsoverleving was (HR 0,72; -BI – ) voor patiënten met of
meer aangedane oksellymfeklieren en (HR ; -BI – ) voor pa-
tiënten met triple-negatieve borstkanker. Het cumulatieve incidentierisico voor een
twee maligniteit na jaar of een ernstige cardiovasculair aandoening was gelijk tus-
sen de behandelgroepen ( -jaars cumulatieve incidentierisico voor een tweede ma-
ligniteit van na HDCT versus na CDCT; ), hoewel patiënten
in de HDCT-groep vaker hypertensie ( versus ; ), hypercho-
lesterolemie ( versus ; ) en hartritmestoornissen ( versus

; ) hadden. Samenvattend gaf HDCT geen langetermijnoverlevings-
winst in de niet-voorgeselecteerde groep van patiënten met stadium III borstkanker,
maar verbeterde de overleving wel in de subgroep met aangedane oksellymfe-
klieren. Hoewel er statistisch geen significant verschil werd gezien, lijkt de subgroep
met triple-negatieve borstkanker mogelijk een overlevingswinst te hebben bij HDCT.
Wat betreft veiligheid werd na HDCT geen verandering in het langetermijnrisico op
een tweede maligniteit of een ernstige cardiovasculair aandoening.

De volgende twee hoofdstukken van dit proefschrift onderzochten patiënten met
zaadbalkanker. Het overgrote deel van deze patiënten kan worden genezen, zelfs
wanneer er sprake is van uitzaaiingen. Het merendeel van de patiënten heeft na be-
handeling nog een lang leven voor zich, vooral gezien veel patiënten relatief jong zijn
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opmoment van diagnose en behandeling. Daaruit volgt ook het belang van negatieve
langetermijneffecten van de behandeling. Twee factoren hierin werden in dit proef-
schrift behandeld: hypogonadisme en erfelijke aanleg voor het krijgen van hart- of
vaatziekten.

Primair hypogonadisme wordt gezien bij van de zaadbalkankerpatiënten na
curatieve behandeling met orchidectomie met of zonder chemotherapie. In hoofd-
stuk 6 onderzochten we (INSL3), een nieuwe biomarker om Ley-
digcelfunctie te kunnen meten, in relatie tot luteïniserend hormoon, testosteron en
β-hCG bij zaadbalkankerpatiënten. Twee cohorten werden onderzocht. Het eerste
cohort is een crosssectioneel cohort bestaande uit zaadbalkankerpatiënten na orchi-
dectomie met of zonder chemotherapie (1988–1999) bij langetermijnfollow-up (me-
diane leeftijd en jaar bij follow-up, respectievelijk) en gezonde mannen van
gelijke leeftijd. In dit crosssectionele cohort hadden de zaadbalkankerpatiënten
op mediaan zeven jaar na orchidectomie en chemotherapie een hoger luteïniserend
hormoon, lager testosteron, maar gelijke waarden voor INSL3 als de gezonde con-
trolepersonen. Na behandeling met alleen orchidectomie ( ) werd ten opzichte
van de gezonde controlepersonen wel een hoger luteïniserend hormoon, maar geen
verschillen in testosteron of INSL3 gemeten. Het tweede cohort is een longitudinaal
cohort van chemotherapie-behandelde zaadbalkankerpatiënten (2000–2008) geana-
lyseerd voor en één jaar na chemotherapie (mediane leeftijd jaar bij chemothera-
pie). In dit longitudinaal cohort hadden patiënten met een normaal β-hCG vooraf-
gaand aan chemotherapie ( IUL , ) een verhoogd luteïniserend hormoon
één jaar na chemotherapie vergeleken met de waarde vóór chemotherapie, en geen
verschil in testosteron of INSL3. In tegenstelling hiertoe werd bij patiënten met een
hoog β-hCG voorafgaand aan chemotherapie ( IUL , ) een onderdrukt
luteïniserend hormoon, beduidend verhoogd testosteron en laag INSL3 gevonden
bij start van chemotherapie, met één jaar later toename van luteïniserend hormoon,
afname van testosteron en toename van INSL3. We concludeerden dat voorafgaand
aan chemotherapie de β-hCG-producerende tumoren een effect hebben op de go-
nadale hormonale as, zoals af te lezen is in het verhoogde testosteron en verlaagde
luteïniserend hormoon. Het INSL3, waarnaar in de analysis specifiek werd gekeken,
volgende het beloop van het testosteron niet uniform.

Vergelekenmet de algehele populatie hebben zaadbalkankerpatiënten behandeld
met chemotherapie een verhoogd risico op hart- en vaatziekten. Dit verhoogde risico
wordt mogelijk deels gemedieerd door genetische variatie. In hoofdstuk 7 beschre-
ven we een explorerende genoombrede associatiestudie (GWAS) naar het voorko-
men van hart- en vaatziekten bij zaadbalkankerpatiënten. Deze patiënten waren
behandeld met platinum-bevattende chemotherapie tussen 1977 en 2011, met een
leeftijd jaar bij diagnose en met jaren zonder terugkeer van de zaadbalkan-
ker. De mediane follow-upduur was jaren (bereik – ). In deze follow-up was bij

( ) van de gegenotypeerde patiënten een cardiovasculaire aandoening opgetre-
den. Als eerste stap werden de associaties onderzocht tussen SNPs en het al dan niet
voorkomen van een cardiovasculaire aandoening tijdens behandeling of gedurende
de follow-up. Uit de SNPs die geassocieerd waren met volgenden
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onafhankelijke genomische loci die geassocieerd waren met hart- en vaatziekten.
Als vervolgstap gebruikten we

(DEPICT) om een hoger niveau van abstractie te bereiken door te zoeken
naar verrijkte genensets en deze genensets vervolgens te clusteren tot groepen, diewe
”biologische thema’s”noemden. DEPICT-analyse resulteerde in tien van deze biolo-
gische thema’s, waarbij het RAC2/RAC3-netwerk als meest prominente thema naar
voren kwam. Vanuit de literatuur lijkt dit RAC2/RAC3-netwerk verbonden met en-
dotheelactivatie. We konden endotheelactivatie ook aantonen in een longitudinaal
cohort van zaadbalkankerpatiënten behandeld met cisplatine-gebaseerde chemo-
therapie, waarwe verhoogde aantallen van circulerende endotheelcellen aantoonden
gedurende de chemotherapie. Samenvattend toonde deze exploratieve GWAS tien bi-
ologische thema’s die kunnen duiden op genetische die een rol spelen bij
hart- en vaatziekten bij zaadbalkankerpatiënten die met chemotherapie werden be-
handeld.
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