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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,



9

170

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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