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Cardiotoxicity After Childhood
Cancer Treatment

Kelley K. Hutchins, Rudolf Steiner,
Emma R. Lipshultz, Stephen E. Sallan,
and Steven E. Lipshultz

1.1 Introduction

Childhood cancer survivorship has become a
great success story over the past few decades.
More than 80% of patients with childhood cancer
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are surviving longer than 5 years in some devel-
oped nations, whereas these malignancies were
nearly universally fatal prior to the 1960s.
Unfortunately, with this amazing success has
come appreciation of the adverse late effects of
cancer therapies. Survivors of childhood cancer
have markedly higher rates of morbidity and
mortality than those of their healthy
counterparts.

One important adverse effect is cardiotoxic-
ity. Heart failure, myocardial disease, valvular
disease, hypertension, and early cardiac death are
among the adverse cardiac outcomes that affect
an increasing number of childhood cancer survi-
vors. Cancer treatment, especially chemotherapy
and radiation, as well as several additional risk
factors, puts survivors at substantially increased
risk of cardiotoxicity. Extensive screening guide-
lines have been developed to identify and treat
these patients as early and effectively as possible.
Current position papers and guidelines, how-
ever, are consensus-based, and their ability to
prevent cardiotoxicity or improve long-term out-
comes needs to be validated. Several treatment
modalities have also been proposed to reduce
therapy-induced cardiotoxicity, but many are not
evidence-based. One effective cardioprotectant is
dexrazoxane. Further research is needed to deter-
mine the best means of preventing, screening for,
and treating cardiotoxicity among childhood can-
Cer survivors.

J. D. Beck et al. (eds.), Late Treatment Effects and Cancer Survivor Care in the Young,
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1.2  Cardiotoxicity Among

Cancer Survivors

Cardiotoxicity is the third leading cause of mor-
bidity and mortality after cancer recurrence and
secondary malignancies among survivors of child-
hood cancer [1, 2]. Cardiotoxicity decreases qual-
ity of life and can lead to premature death [3].
Several large, multicenter studies, such as the
Childhood Cancer Survivor Study and the British
Childhood Cancer Survivor Study, found signifi-
cantly higher mortality rates among survivors than
among age-matched controls, and the differences
are largely related to adverse cardiac outcomes [1].

Cardiotoxicity has a variety of forms and
ranges in severity. Many survivors never become
symptomatic, whereas others experience severe,
debilitating disease that can lead to premature
death. This great variation in the severity of tox-
icity may be attributed to several risk factors, as
well as to possible genetic differences.

Survivors have substantially higher rates of heart
failure, dysrhythmias, valvular disease, pericardial
disease, and coronary artery disease than those of
healthy control subjects [2, 4-6]. By 30 years after
diagnosis, the number of cardiac-related deaths
exceeds the number of deaths from cancer recur-
rence in this patient population [1]. Thus, in addi-
tion to continuing to seek curative treaments for
the 20% of children who die from cancer, there has
been an intense effort to focus on improving the
overall quality of life of long-term survivors.

1.3  Cancer Therapy Contributing

to Cardiotoxicity

Treating and curing cancer involves multimodal-
ity approaches, all of which are associated with
toxicities, including cardiotoxicity.

1.3.1 Anthracycline Treatment

Anthracyclines, such as doxorubicin, daunorubicin,
and epirubicin, are among the chemotherapeutic
agents commonly used to improve the outcomes of
both hematologic and solid tumor malignancies,
and they have greatly improved outcomes in patients

with cancers such as acute lymphoblastic leukemia
(ALL) and sarcomas [7—11]. Anthracycline therapy
is also among the most cardiotoxic of therapies and
is often dose limiting when cardiotoxicity develops
[7, 12]. Anthracycline-induced cardiomyopathy
may be acute or subacute, occurring within 1 year
of treatment, or late, occurring several years post
administration [13, 14].

Many long-term follow-up studies have docu-
mented the cardiac effects of anthracyclines. For
example, among 755 patients with localized osteo-
sarcoma treated with doxorubicin (median age,
15 years; range, 3—40 years), the incidence of heart
failure (New York Heart Association Functional
Heart Failure Classification System’s moderate
to severe heart failure classes II-IV) was 1.7%
(13/755) at a median follow-up of 8.5 years. Of
these 13 patients, 6 died and 3 needed a heart trans-
plant [8]. The incidence was higher in females and
in those treated with a higher cumulative anthra-
cycline dose. A retrospective longitudinal study
of children less than 17 years old with Ewing sar-
coma found a high incidence of cardiotoxicity as
detected by echocardiography [15]. Of 71 patients,
cardiac function, as assessed by left ventricular
ejection fraction, declined in 17 after completing
therapy. Anthracycline exposure also reduces left
ventricular wall thickness and mass, which in turn
decreases left ventricular fractional shortening [4].

A longitudinal study of 22 survivors with malig-
nant bone tumors treated with anthracyclines found
that adverse cardiac structural changes resulted in
marked and progressive cardiac dysfunction [16].
The risk of heart failure, valvular disease, and peri-
cardial disease in survivors was five times as high
as that of healthy siblings, and cardiac dysfunction
developed in up to half of survivors within 20 years
after anthracycline treatment [2]. Despite the
adverse cardiac effects of doxorubicin and other
anthracyclines, these drugs have remained critical
components of therapy for many years.

1.3.2 Radiation Therapy

Radiation therapy has also long been known to
increase cardiovascular toxicity. Chest irradiation
can cause pericardial disease, myocardial fibrosis,
coronary artery disease, cardiomyopathy, and val-
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vular disease [17-20]. In the 1970s and 1980s, of
three young adults with Hodgkin lymphoma who
experienced acute myocardial infarctions, two
had received mediastinal irradiation [21]. Pihkala
and co-workers studied 91 Finnish patients who
were treated with doxorubicin, radiation therapy,
or both (median cumulative dose of radiation to
the thorax was 24 Gy when used in combination
with doxorubicin and 40 Gy when used alone).
Types of malignancies treated with anthracycline
and/or radiation included Hodgkin lymphoma,
non-Hodgkin lymphoma, Wilms tumor with pul-
monary nodules, soft tissue sarcoma, spinal cord
glioma, intrathoracic sarcoma, and Askin tumor.
Their findings showed an additive effect on
anthracycline cardiotoxicity by noting abnormal
systolic and diastolic function on echocardiogra-
phy and radionuclide cineangiography [22].
Cardiac disease secondary to radiation has been
a significant problem for patients with Hodgkin
lymphoma [23]. In the early 1990s, Hancock
and co-authors studied 635 patients younger than
21 years with Hodgkin lymphoma treated between
1961 and 1991, all of whom received treatment
that included radiation. At a median follow-up of
10.3 years, 12 patients had died of cardiac disease,
and 106 non-fatal cardiac events had been reported
[23]. Although therapy had changed greatly since
the earliest patients in this analysis were diagnosed,
the relative risk of death was 29.6 (95% CI 16.0—
49.3). An increased risk of death from coronary
artery disease was highest among patients who
received between 40 and 45 Gy of radiation [23].
More recent long-term follow-up studies of
survivors of Hodgkin lymphoma treated with
mediastinal irradiation also reported clinically
relevant cardiotoxicity [24, 25]. Adams stud-
ied 48 patients (median age 16.5 years old at a
median of 14.3 years after diagnosis) who had
received an average radiation dose of 40 Gy
(range, 27-51.7 Gy). Resting and 24-h electrocar-
diograms, exercise stress tests, and echocardiog-
raphy screening tests detected subclinical cardiac
abnormalities in 47 [25]. Abnormalities included
valvular dysfunction, arrhythmias, and decreased
oxygen consumption. Another review of 1279
patients with Hodgkin lymphoma (median age,
21 years; range, 3-93 years) treated between
1969 and 1998 with a median, mid-mediastinal

dose of 40 Gy (range, 15-53 Gy) found that 187
patients had had a cardiac event that led to 129
surgical interventions after a median follow-up of
14.7 years (Galper et al. 2011). Although these
patients were treated between 20 and 50 years
ago and radiation exposure and dosing have
changed, these results are important for current
survivors who may have received these higher
doses or extended-field radiation, as well as for
current and future patients who will continue to
receive radiation as part of their treatment, with
or without other potentially cardiotoxic therapy.

1.3.3 Other Cardiotoxic
Chemotherapeutic Drugs

Many other chemotherapeutic drugs are cardio-
toxic. Alkylating agents, such as cyclophospha-
mide and ifosfamide, have been associated with
heart failure [26]. Fluorouracil can cause cardiac
ischemia, often early in therapy [27]. Newer tar-
geted therapies, such as monoclonal antibodies,
tyrosine kinase inhibitors, and vascular endothe-
lial inhibitors, have been studied in adults. The
cardiotoxicity of trastuzumab, a monoclonal anti-
body against human epidermal receptor-2 used to
treat breast cancer, can cause left ventricular dys-
function and heart failure [7, 20]. Vascular endo-
thelial growth factor inhibitors, such as the
monoclonal antibody, bevacizumab, have been
associated with myocardial infarction [27].
Bortezomib, a proteasome inhibitor, causes left
ventricular dysfunction in up to 5% of patients
[26]. Recent reports of fulminant myocarditis
with these new medications show that clinicians
need to be vigilant for cardiovascular toxicities
when using these newer therapeutic agents [28].

Risk Factors for Cardiac
Damage

14

For decades, investigators have tried to determine
which patients are at highest risk for heart failure
and other forms of cardiotoxicity [29-31].
Several factors have been identified, such as sex
and age, choice of therapy, and lifestyle
behaviors.
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1.4.1 Therapy-Related Risk Factors

A critical risk factor for anthracycline cardiotox-
icity is the total cumulative anthracycline dose. A
cumulative lifetime dose of doxorubicin greater
than 300 mg/m? is a significant risk factor for
late-occurring anthracycline-induced cardiotox-
icity. Lower cumulative doses, however, have
also been associated with adverse effects, sug-
gesting that any dose may be potentially harmful
[32, 33]. Higher bolus doses of anthracycline
impart more risk than lower doses [31].

The radiation field and type of radiation
involved also affect the severity of toxicity [27].
In addition to thoracic irradiation, cranial spinal
irradiation also potentiates the development of
cardiotoxicity when used in combination with

anthracyclines, possibly because of its effects
on the hypothalamic-pituitary pathway [5, 34
35D).

1.4.2 Non-Modifiable Risk Factors

Many non-modifiable risk factors put certain sur-
vivors at increased risk of anthracycline-related
cardiotoxicity, especially female sex, younger age
at diagnosis, black race, trisomy 21, treatment
with additional chemotherapeutic agents, and a
longer time since completing anthracycline ther-
apy ([29, 31, 36, 37]; Table 1.1). Females are at
higher risk than males for both acute and chronic
cardiotoxicity [29, 31]. The pathophysiology of
this difference is not completely understood, but it

Table 1.1 Risk factors for anthracycline-related cardiotoxicity

Risk factors

Comment

References

Cumulative
anthracycline dose

Cumulative doses >300 mg/m? are associated with
significantly elevated long-term risk

Lipshultz et al. [37]
Lipshultz et al. [6]
Krischer et al. [29]
Lipshultz et al. [31]
van der Pal et al. [38]

Time after therapy The incidence of clinically important cardiotoxicity Lipshultz et al. [37]
increases progressively over decades Lipshultz et al. [39]
Lipshultz et al. [6]
Lipshultz et al. [31]
Rate of anthracycline Continuous infusion not cardioprotective in children Lipshultz et al. [40]
administration Lipshultz et al. [39]
Individual Higher individual doses are associated with increased Lipshultz et al. [6]
anthracycline dose late cardiotoxicity, even when cumulative doses are Lipshultz et al. [40]
limited; no dose is risk-free Lipshultz et al. [31]

Type of anthracycline Liposomal encapsulated preparations may reduce Wouters et al. [41]
cardiotoxicity. Date on anthracycline analogues and van Dalen et al. [42]
differences in cardiotoxicity are conflicting Barry et al. (2007)

Radiation therapy Cumulative cardiac radiation dose >30 Gy before or Lipshultz et al. [39]

concomitant with anthracycline treatment; as little as
5 Gy increased the risk

Adams and Lipshultz [19]

van der Pal et al. [38]
Giantris et al. [13])

Concomitant therapy

Trastuzumab, cyclophosphamide, bleomycin, vincristine,
amsacrine, and mitoxantrone, among others, may
increase susceptibility or toxicity

Barry et al. (2007)
Giantris et al. [13]

Preexisting cardiac risk
factors

Hypertension; ischemic, myocardial, and valvular heart
disease; prior cardiotoxic treatment

Barry et al. (2007)

Personal health habits

Smoking; consumption of alcohol, energy drinks,
stimulants, prescription, and illicit drugs

Lipshultz et al. [39]
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Table 1.1 (continued)

Risk factors

Comment

References

Comorbidities

Diabetes, obesity, renal dysfunction, pulmonary disease,
endocrinopathies, electrolyte and metabolic
abnormalities, sepsis, infection, pregnancy, viruses, elite
athletic participation, low vitamin D concentrations

Lipshultz et al. [39]
Lipshultz et al. [34]
Landy et al. [35]
Miller et al. [43]
Barry et al. (2007)

Age Young (<1 year) and advanced age at treatment are Lipshultz et al. [37]
associated with elevated risk Lipshultz et al. [31]
Lipshultz et al. [39]
van der Pal et al. [38]
Sex Females are at greater risk than males Lipshultz et al. [40]
Lipshultz et al. [31])
Complementary More information needs to be collected to assess risk Lipshultz et al. [39]
therapies

Additional factors

Trisomy 21; African American ancestry

Krischer et al. [29]

With permission from Lipshultz SE, Alvarez JA, Scully RE (2008). Anthracycline associated cardiotoxicity in survivors

of childhood cancer. Heart 94: 525-533

may involve multiple factors, such as increased
body fat composition with decreased anthracy-
cline clearance and different expression of the
multidrug resistance gene [29, 31]. Survivors
diagnosed at a younger age are at higher risk for
late cardiotoxicity than those diagnosed at older
ages [31, 37]. Cardiac function was assessed in
115 patients with ALL treated with doxorubicin.
Mean age at diagnosis was 6.2 years. At a median
follow-up of 6.4 years (range, 1-15 years) after
treatment, left ventricular afterload was higher in
patients less than 4 years old at diagnosis than in
older patients [37].

Genetic mutations also affect cardiotoxic-
ity among survivors. Specific genotype variants
are associated with both increased and decreased
risks of cardiotoxicity. Children with ALL treated
with doxorubicin who have an A-1629 T geno-
type variant of the ABCCS5 gene (an ATP-binding
cassette transporter gene) have significantly
lower left ventricular ejection and shortening
fractions [44]. Others, with the G-894T genotype
variant of the NOS3 gene (an endothelial nitric
oxide synthase gene), tend to have higher left
ventricular ejection fractions [44]. Doxorubicin-
associated myocardial injury is also more com-
mon in patients with high-risk ALL carrying the

C282Y hemochromatosis gene mutation [45].
The variants of this gene, including homozygos-
ity for the C282Y mutation, are present in almost
all patients with hereditary hemochromatosis and
can lead to iron overload. One effect of doxoru-
bicin is that it forms complexes with iron, lead-
ing to free radical injury and ultimately to cardiac
damage.

1.4.3 Modifiable Risk Factors

Several behaviors and health conditions place the
general population at an increased risk of heart
disease, such as atherosclerosis, hypertension,
and heart failure. Activities such as the excessive
consumption of tobacco, illicit drugs, alcohol,
and salt, as well as physical inactivity, predispose
individuals to heart disease. The association
between cardiovascular disease and obesity and
diabetes mellitus is well established. These risk
factors may be present among survivors of child-
hood cancer and must be considered in their care
[46]. Not only may survivors be at increased risk
of cardiotoxicity from cancer therapy, these
potentially modifiable risk factors can further
increase their risk of cardiovascular disease.
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1.5 Identifying Cardiotoxicity

Early

Identifying survivors at risk of cardiotoxicity is
of utmost importance. Early, close surveillance
for those who need it most may avoid unneces-
sary follow-up or assessments of survivors at
lower risk [7].

Measuring biomarker concentrations during
therapy may help identify patients at increased
risk of cardiotoxicity [7, 40]. Cardiac troponin
T (cTnT), a biomarker of myocardial injury,
and N-terminal pro-brain natriuretic peptide
(NT-proBNP), a marker of myocardial stress that
is elevated in the presence of cardiomyopathy
or heart failure, were associated with echocar-
diographic findings 4 years after therapy among
patients with high-risk ALL treated with doxoru-
bicin [40]. Abnormally elevated cTnT concentra-
tions during the first 90 days of treatment with
doxorubicin were associated with reduced left
ventricular mass and end-diastolic posterior wall
thickness [40]. Elevated NT-proBNP concentra-
tions were associated with an abnormal left ven-
tricular thickness-to-dimension ratio, suggesting
pathologic ventricular remodeling [40]. Although
cardiac biomarkers have been validated as sur-
rogate endpoints for late cardiac abnormalities,
such biomarkers should not be used to deter-
mine sensitivity or specificity or to establish
cutoffs to guide clinical decisions. Rather, these
results should inform prospective randomized
clinical trials assessing the trade-off between
conventional cancer management and cardiac
biomarker-guided therapy to see which results
in the highest quality of life over time, balancing
both oncological efficacy and cardiac toxicity/
late effects [40].

New ways to detect early, subclinical cardiac
damage induced by anthracyclines are being
developed. In a mouse model of cardiotoxicity, in
which mice were treated with either doxorubicin
alone or in combination with dexrazoxane [47],
pathologic cardiac changes were associated with
451 mitochondrial-related genes, differentially
expressed with the maximum doxorubicin dose
without dexrazoxane. Of these, the effects of 127
were markedly attenuated by pre-treatment with

dexrazoxane. Of these 127 genes, 37 were asso-
ciated with cardiac energy metabolism, apopto-
sis, and steroid biosynthesis [47]. Although how
these 127 genes cause cardiac toxicity is unclear,
transcriptional changes of particular genes may
be useful as early biomarkers of subclinical,
anthracycline-related cardiotoxicity.

Several guidelines have been proposed to help
care for long-term survivors of childhood can-
cers. Groups such as the Children’s Oncology
Group created such guidelines based on con-
sensus, expert opinion, and a comprehensive
literature review [48]. These guidelines remain
to be validated, however, and need to be reas-
sessed and modified to maximize efficacy and
cost-effectiveness [49]. In addition, evidence-
based guidelines are needed as survivors age and
increase in number.

1.6  Preventing Cardiotoxicity
Preventive medications, such as dexrazoxane and
liposomal formulations of doxorubicin, can
reduce anthracycline-induced cardiotoxicity, as
can addressing the lifestyle risk factors for
anthracycline-induced cardiotoxicity [40]. The
potential for developing new and improved
mechanisms to treat individual patients based on
their specific genetic traits and risk factors should
be considered when possible.

1.6.1 Protecting Against
Anthracycline-Induced

Cardiotoxicity

Cardioprotectant medications have been a pri-
mary focus for preventing anthracycline-induced
cardiotoxicity. Dexrazoxane, first studied in bea-
gles in the early 1980s [50], prevents cardiotoxic-
ity among women with advanced breast cancer
and has been approved by the US Food and Drug
Administration for this indication [51-54].
Dexrazoxane is believed to act in part by chelat-
ing iron and ultimately interfering with iron-
mediated free radicals (Fig. 1.1) [5, 55-57]. Lyu
and co-authors showed that dexrazoxane shifts
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Fig. 1.1 Potential opportunities for cardioprotection.
Doxorubicin chemotherapy has a range of effects on car-
diomyocytes. It induces lipid peroxidation at the cell and
mitochondrial membranes by way of complexing with
Fe?* and induces apoptosis, mitochondrial DNA damage,
and energy depletion through its production of
ROS. Furthermore, it impairs Ca** processing in the sar-
coplasmic reticulum and inhibits the transcription of
important muscle elements, weakening the heart muscle.
It also downregulates adrenergic receptors and interrupts
cell signaling. (1) Administration of dexrazoxane can pre-
vent Fe?* complex formation. (2) Intravenous immuno-

Top2’s configuration to a close-clamp form by
tight binding to Top2’s ATP-binding sites, pre-
venting anthracyclines from binding to the Top2
complex [58, 59].

Since these initial studies in adults, several
studies have been conducted in children and
adolescents with cancer treated with anthra-
cyclines. In an open-label, randomized trial of
children and adolescents with sarcomas treated
with  doxorubicin-containing  chemotherapy,
with or without dexrazoxane, those receiving

globulin therapy can reduce the number of inflammatory
cytokines. (3) L-carnitine can bolster mitochondrial func-
tion. (4) Anti-heart-failure therapies, such as angiotensin-
converting-enzyme inhibitors and beta-blockers, can
prevent further damage. Abbreviations: ¢Tn Cardiac tro-
ponin, MLC2 Myosin light chain 2, MM-CK Myofibrillar
isoform of the CK enzyme, ROS Reactive oxygen species,
TOPII Topoisomerase 2. (From: Lipshultz S.E, Cochran
TR, Franco VI, Miller TL. 2013a. Treatment related car-
diotoxicity in survivors of childhood cancer. Nat Rev Clin
Oncol, 10, 697-710)

dexrazoxane had less subclinical cardiotoxicity
and smaller decreases in left ventricular ejection
fraction and received higher cumulative doses
of doxorubicin with no difference in event-free
or overall survival rates [11]. The Dana-Farber
Cancer Institute’s Childhood ALL Consortium
Protocol 95-01 determined that dexrazoxane
was associated with decreased myocardial injury
among children with ALL treated with doxorubi-
cin and that event-free survival was unchanged
after a median follow-up of 8.7 years [40, 60, 61].



10

K. K. Hutchins et al.

Also, in comparing 5-year event-free survival in
patients on Pediatric Oncology Group Protocol
POG 9404, there was no difference between
patients randomly assigned to treatment with or
without dexrazoxane [40, 60]. Additionally, the
Children’s Oncology Group trials for localized
and metastatic osteosarcoma who received both
doxorubicin and dexrazoxane showed no clinical
evidence of cardiotoxicity [62, 63].

Does dexrazoxane reduce the efficacy of
anthracycline therapy? To date, no studies suggest
that dexrazoxane decreases survival. In addition
to the ALL studies above, children and adoles-
cents with non-metastatic osteosarcoma who
were treated with both dexrazoxane and doxoru-
bicin showed that dexrazoxane did not compro-
mise response to induction chemotherapy [64].

Is dexrazoxane associated with an increased
incidence of secondary malignant neoplasms
(SMNs)? Tebbi and co-authors reported that
dexrazoxane increased the risk of SMNs among
children with Hodgkin lymphoma treated with
doxorubicin, bleomycin, vincristine, and eto-
poside, with or without prednisone and cyclo-
phosphamide and radiation [65]. These findings
ultimately led the European Medicines Agency
contraindicating the use of dexrazoxane among
children with cancer treated with anthracyclines
[66]. Tebbi’s conclusion has been disputed,
however, particularly because the study was not
intended to determine whether SMNs were asso-
ciated with dexrazoxane [67]. Since then, mul-
tiple studies have found that dexrazoxane is not
associated with an increased risk of SMNs and
has no adverse effect on overall long-term sur-
vival [3, 68-70]. In fact, dexrazoxane may even
help protect against SMNs associated with doxo-
rubicin [71].

In a meta-analysis of randomized trials and
non-randomized observational studies with a
pooled sample of 4639 children with cancer
treated with an anthracycline, with or without
dexrazoxane, dexrazoxane was associated with
a statistically significant reduction in most car-
diotoxic outcomes [72]. The authors also noted
that the slightly higher risk of SMNs in patients
receiving dexrazoxane was more likely to be
related to the concurrent therapies than to the

dexrazoxane. Among the 5 randomized trials
analyzed, SMNs occurred in 17 of 635 patients
receiving dexrazoxane and 7 of 619 patients not
receiving it. Importantly, only the two trials that
treated patients with both etoposide and dexra-
zoxane found an increased rate of acute myelog-
enous leukemia (AML). When these two studies
were removed from analysis, the rate of AML
was equivalent among all remaining patients.
One trial of treatment for ALL using cranial
radiation reported an increased risk of second-
ary brain tumors among patients also receiving
dexrazoxane. No brain tumors developed in any
of the 717 patients in the other studies [72].

The preponderance of the evidence sup-
ports the conclusion that dexrazoxane prevents
cardiotoxicity without adverse outcomes in a
wide range of cancers. Dexrazoxane has been
endorsed by the American Heart Association and
the American Academy of Pediatrics for use as a
cardioprotectant among children and adolescents
undergoing anthracycline-containing protocols
[57]. The drug has been used as the standard of
good clinical care on all DFCI Childhood ALL
Consortium protocols involving anthracycline
therapy since 2000 and since 2015 has been man-
dated for inclusion on all new COG protocols
involving treatment with >150 mg/m? doxorubi-
cin or anthracycline administration at any dose
with planned radiation treatment portals that may
impact the heart [3].

Changes in the anthracycline delivery sys-
tem, such as liposomal formulations, have been
approved in the USA and Europe for use in adults
[27]. Their effectiveness in preventing toxicity
in children, however, has not been determined.
Medications such as angiotensin-converting
enzyme inhibitors and beta-blockers, both used to
treat heart failure and hypertension, among other
disorders, can improve left ventricular function in
adults but have not provided long-term improve-
ments in children. In 18 children with cancer
treated with doxorubicin and enalapril, enalapril
delayed but did not prevent left ventricular wall
thinning [73]. Carvedilol, a non-selective beta
antagonist, is currently being studied in survivors
of childhood cancer treated with anthracyclines
(NCT02717507).
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1.6.2 Changes in Radiation Therapy

Different modalities and techniques have been
developed to prevent the adverse effects of radia-
tion, primarily those related to cardiotoxicity. For
example, dosing in children is limited when pos-
sible, ideally to less than a cumulative dose of
25 Gy [25]. Delivering conformal radiation rather
than extended-field or mantle irradiation also
decreases toxicity by delivering radiation directly
to the tumor and avoiding normal, healthy sur-
rounding tissues [25] (Galper et al. 2011). New
studies of patients with Hodgkin lymphoma may
also eliminate radiation altogether, depending on
stage and response of disease [74]. In the ran-
domized phase III study to evaluate response-
adapted therapy utilizing PET imaging, Radford
and co-workers suggested that radiation may be
able to be avoided in patients with stage A and
ITA Hodgkin lymphoma without mediastinal
bulk disease who have negative PET findings
after three cycles of doxorubicin, bleomycin, vin-
blastine, and dacarbazine based on very good
prognosis compared to patients who received the
addition of radiation ([74]; NCT00943423).
Longer follow-up is required to determine

whether this strategy reduces long-term
cardiotoxicity.
1.7 Can We Tailor Therapy?

More research continues to support the need for
patient-specific adaptations to therapy based on
risk stratification, which supports the need for
precision medicine. Additional risk factors for
cardiotoxicity should be taken into account when
patients begin therapy. As noted, female sex, spe-
cific gene variants, significant familial cardiac
history, and younger age at diagnosis, among
other factors, increase the risk of cardiotoxicity
and should be considered in treatment decisions
(Table 1.1).

Imaging studies, such as echocardiography,
are also often used during and after chemother-
apy because a large percentage of survivors expe-
rience reduced LV function such as LV fractional
shortening within just a few years after complet-

ing therapy [37]. Unfortunately, echocardiogra-
phy during therapy does not detect early subtle
cardiac damage or dysfunction that is associated
with late cardiotoxicity in long-term survivors
[3, 5]. Additionally, the frequency of screening
and the best treatment options if an abnormality
occurs are still debated [55].

1.7.1 Other Preventive Options
Changing the administration and dosing of che-
motherapy to reduce cardiotoxicity has also been
investigated. For example, continuous intrave-
nous infusions of doxorubicin reduced peak
plasma levels and ultimately resulted in reduced
cardiotoxicity among adults [30]. Unfortunately,
this finding was not replicated in children treated
with anthracyclines in terms of reducing late car-
diotoxicity in long-term survivors [75].

1.7.2 A Heart-Healthy Lifestyle

Living a heart-healthy lifestyle is important for
everyone, but it is probably even more important
for survivors of childhood cancer. Survivors
should be encouraged to maintain a well-balanced
diet and to exercise medically tailored to safe
capabilities [76]. These patients should also be
monitored, given the potential of diminished car-
diac reserve caused by disease-related therapies
[46]. Minimizing traditional cardiovascular risk
factors, such as smoking, obesity, illicit drug use,
heavy drinking, and inactivity, is also of utmost
importance for survivors.

1.8 Treatment Options

for Cardiotoxicity

Unfortunately, there is no established, evidence-
based treatment for anthracycline-related cardio-
toxicity. No specific therapy has been established
as the standard of care for cardiac disease sec-
ondary to chemotherapy or radiation. Beta-
blockers and ACE inhibitors, for example, are
standard-of-care medications for treating and
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managing heart failure, but their effects on
progression-free or overall survival, or even qual-
ity of life among survivors, have not been estab-
lished [57], and the beneficial effect of the
ACE-inhibitor enalapril in this population with
either asymptomatic left ventricular dysfunction
or heart failure was transient, delaying but not
preventing progression [73].

19 EconomicImpact

In an era when people are living longer than ever,
the financial aspects of medical care need to be
considered. Cost-effective strategies for prevent-
ing and treating disease should be developed and
implemented when possible. A cost-effectiveness
analysis in France among patients with aggres-
sive non-Hodgkin lymphoma estimated the
potential economic costs of treatment with dexra-
zoxane or liposome-encapsulated doxorubicin
[77]. The analysis, which included direct medical
costs of providing cardioprotection and treating
heart failure, suggested that cardioprotective
therapies were both clinically and financially
effective. Because the number of patients at any
given institution is too small for meaningful and
broadly applicable results, the establishment of
pediatric cardio-oncology as a subspecialty will
encourage collaborative clinical research and
foster patient transition to adult care to study
long-term outcomes and provide critical
expertise.

1.10 Conclusion

The progress in curing childhood cancer is one of
the greatest advances in pediatric medicine dur-
ing the past several decades. With continued suc-
cess in finding cures and improving survival, we
must also make improvements in preventing and
treating the long-term adverse effects of cancer
therapy. In addition, improving quality of life
must also be a priority as more and more patients
survive their disease. Survivors should be cared

for by a multidisciplinary team that considers all
aspects of their care. Given the large population
of survivors, preventing the late effects of treat-
ment should be at a forefront of research with a
primary emphasis on cardiotoxicity.
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Roderick Skinner and Lars Hjorth

2.1 Introduction

Chronic kidney disease (CKD) is common in
childhood cancer survivors (CCS). Although it
may represent a legacy of the initial malignancy,
more commonly it is a consequence of the treat-
ment received, especially systemic chemotherapy
or radiotherapy or surgery, involving the kidney.
Additional treatment-related causes include
immunotherapy or supportive treatment (e.g.
aminoglycoside antibiotics). The prevalence of
CKD in CCS varies greatly according to the
treatment received by the study population and
the renal outcome measures employed.

A cohort of 1442 CCS was studied with each
survivor being evaluated once at a median age of
19 years and median follow-up of 12.1 years
from initial diagnosis. Blood pressure, serum
magnesium, serum phosphate and urine albumin
concentrations were measured and glomerular
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filtration rate (GFR) calculated using the
Schwartz (in children) or CKD-EPI (Chronic
Kidney Disease Epidemiology Collaboration) (in
adults) formula [1]. Overall, 28.1% of survivors
had at least one abnormality, including hyperten-
sion in 14.8%, albuminuria in 14.5%, reduced
GFR (<90 mL/min/1.73 m?) in 4.5%, hypomag-
nesaemia in 8.8% and hypophosphataemia in
3.0%. Risk factor analysis found associations
between low GFR and nephrectomy with or with-
out nephrotoxic chemotherapy (cisplatin, carbo-
platin, ifosfamide) and/or radiotherapy, higher
cumulative ifosfamide doses and high-dose
cyclophosphamide (>1 g/m?/course). In addition,
hypomagnesaemia was associated with cisplatin
dose and/or nephrectomy, albuminuria with ifos-
famide dose and hypertension with abdominal
radiotherapy [1].

In another large cohort study, GFR was calcu-
lated with the CKD-EPI formula in 1122 5-year
CCS seen in a single long-term follow-up
(LTFU) clinic, with longitudinal data (median of
6 GFR measurements) available in 920 survi-
vors. The median follow-up from diagnosis was
21 years, and all survivors were at least 18 years
old at study [2]. Glomerular dysfunction was
defined as GFR <90 mL/min/1.73 m? and poten-
tially nephrotoxic treatment as ifosfamide, cis-
platin, carboplatin, high-dose methotrexate,
high-dose cyclophosphamide, radiotherapy to
the kidneys or nephrectomy. In survivors previ-
ously given potentially nephrotoxic treatment,
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compared to survivors who had not, GFR was
lower (mean 95.2 [95% CI, 92.2-97.9] versus
100.2 [98.1-102.3] mL/min/1.73 m?; p < 0.001)
and the likelihood of glomerular dysfunction
higher (mean 26.4 [20.6-33.0] versus 6.6%
[4.4-9.6]; p < 0.001), up to 35 years post-treat-
ment. GFR continued to fall with time. The high-
est risks were observed with larger cumulative
doses of ifosfamide and of cisplatin (especially
>500 mg/m?) and with nephrectomy (especially
in survivors who were older at the time of
nephrectomy) [2].

The prevalence of nephrotoxicity is higher in
studies that focus on CCS who have received
potentially nephrotoxic chemotherapy, with
20-50% suffering CKD after ifosfamide [3, 4]
and 40% after cisplatin [3]. Likewise, historical
data has shown that 46% of adults with peptic
ulcers treated with radiotherapy that included
the left kidney developed evidence of chronic
nephrotoxicity within 19 years, including 10%
with severe hypertension or glomerular impair-
ment [5]. Glomerular hyperfiltration is well
documented as a long-term consequence of
nephrectomy [6]. However, a recent study found
a mildly reduced GFR (CKD stage 1, 60-89 mL/
min/1.73 m?) in 23% and chronic albuminuria in
9% of 35 adult-aged, long-term (>5 years) sur-
vivors of childhood non-syndromic unilateral
renal tumours (83% Wilms’ tumour) treated by
unilateral nephrectomy, some of whom received
additional chemotherapy (31 survivors) and
radiotherapy (8) [7]. Malignant disease itself
may occasionally cause CKD by direct tumour
infiltration or the long-term consequences of
urinary tract obstruction or tumour lysis
syndrome.

Data from the Childhood Cancer Survivor
Study of over 10,000 CCS, treated in the 1970s
and 1980s, found that 0.5% had developed renal
failure or were requiring dialysis by a mean age
of 27 years (mean 18 years from initial cancer
diagnosis), representing a ninefold increased risk
compared to their siblings [8]. Although current
treatment protocols seek to reduce chronic renal
toxicity, the greater use of potentially nephro-

toxic chemotherapy since the 1970s and the ever-
increasing intensity of treatment regimens for
many poor prognosis malignancies make it likely
that chronic nephrotoxicity will remain prevalent
in contemporary CCS cohorts.

The consequences of nephrotoxicity are not
restricted to the immediate sequelae of renal
impairment. Significant glomerular impairment
may limit further chemotherapy options available
to the patient, during both first-line and subse-
quent relapse treatment, and may ultimately have
an adverse effect on the patient’s outcome by pre-
venting use of optimum chemotherapy agents
and schedules. Furthermore, potentially nephro-
toxic treatments are also highly effective at treat-
ing cancer so it is important to enable their
continued use to maximise the chances of cure
for as many children as possible. It remains
important to learn how to use existing potentially
toxic treatments more safely until we find better
alternatives [9].

2.2  Chemotherapy

Several cytotoxic drugs may cause chronic neph-
rotoxicity, frequently with an acute or subacute
presentation followed by incomplete recovery
and sometimes with a later onset or deterioration
even after the causative treatment has been dis-
continued. The chemotherapy agents most fre-
quently associated with severe chronic
nephrotoxicity are ifosfamide and cisplatin. Less
frequently, carboplatin, methotrexate (especially
in high doses) and the nitrosoureas (especially
semustine) can cause chronic nephrotoxicity
which may occasionally be severe. Although sev-
eral other cytotoxic agents, including actinomy-
cin D, anthracycline agents, melphalan and
vincristine, have been associated with chronic
renal damage, they are rarely recognised as the
principle cause of chronic nephrotoxicity in
CCS. Whilst cyclophosphamide has been impli-
cated as a contributing factor in CKD, its rele-
vance in the absence of other nephrotoxic
treatments is uncertain.
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2.3  Ifosfamide
Ifosfamide causes both acute and chronic glo-
merular and tubular damage. Acute glomerular
damage manifesting as severe acute kidney injury
(AKI) is uncommon in children but is recognised
in adults [10]. AKI may resolve, or incomplete
recovery may cause CKD, which may also occur
even in the absence of previous overt acute toxic-
ity [11, 12]. Stage 2 and 3 CKD (GFR 30-89 mL/
min/1.73 m?) have been reported in 20-50% of
children and adolescents and may only become
apparent months after completion of ifosfamide
treatment [13, 14]. Acute proximal tubular toxic-
ity occurs in up to 25% of children given ifos-
famide, most commonly causing phosphaturia
and hypophosphataemia [14], leading to hypo-
phosphataemic rickets (HR) in children [15] or
osteomalacia in adults [16] if severe and pro-
longed. Additional characteristic features of
proximal tubular impairment are often present
including renal glycosuria (in the absence of
hyperglycaemia), aminoaciduria and proximal
renal tubular acidosis (RTA). In severe cases gen-
eralised proximal tubular reabsorptive impair-
ment presents as the Fanconi syndrome [14, 15].
Much less commonly, distal tubular nephrotoxic-
ity causes nephrogenic diabetes insipidus, pre-
senting with severe polyuria, and distal RTA has
also been described [15]. Tubular toxicity may
persist for years, necessitating continued oral
electrolyte and mineral supplementation, but
long-term studies have suggested that it improves
over a period of several years [4], although simi-
lar recovery is not usually seen in glomerular
function. Significant chronic ifosfamide nephro-
toxicity is also common in adults, with 53% of
5-year survivors suffering from CKD stage 3 or
greater (GFR <60 mL/min/1.73 m?) in a large
cohort study of 154 survivors [17]. Chronic neph-
rotoxicity may also cause hypertension, albeit
uncommonly, and untreated HR may impair
growth [15, 18].

Studies of the very long-term outcomes of
ifosfamide nephrotoxicity have shown improve-
ments in tubular toxicity but persistence of

CKD. A cross-sectional study of 183 children
and adolescents previously treated with a median
dose of 54 g/m? at a median age of 9.3 years, and
studied once at a median follow-up of 10 (5-20.7)
years, found a reduced GFR (<90 mL/
min/1.73 m?) in 21%. Although tubular phos-
phate reabsorptive capacity was reduced in 24%,
only 1% were hypophosphataemic. Proteinuria
was observed in 12% [3]. A longitudinal study of
25 patients given a median of 106 g/m? ifos-
famide showed considerable inter-individual
variability, but more patients had a low GFR
(<87 mL/min/1.73 m?) at 1 (72%) and 10 (50%)
years than at the end of treatment (26%). In con-
trast, clinically significant tubular toxicity pres-
ent at the end of treatment had resolved in all
patients 10 years later [4].

Several patient- and treatment-related risk fac-
tors have been described for the development of
ifosfamide nephrotoxicity. Treatment-related risk
factors are well established, especially high
cumulative ifosfamide dose [12, 14, 19], previous
or concurrent treatment with cisplatin and prior
nephrectomy [20]. In terms of patient-related risk
factors, the frequently cited importance of young
age at treatment [12] as an independent predictor
of toxicity, especially tubular impairment,
remains uncertain due to conflicting evidence.
Clinical experience, several case reports and
some studies suggest an increased risk in young
children [12, 18, 19, 21], whilst other studies
have not found such an effect [14, 20], and uncer-
tainty remains about the role of confounding fac-
tors such as cumulative dose and additional
cisplatin treatment. Furthermore, very-long-term
studies have shown no increase in toxicity in
patients treated at a younger age [3, 4]. Pre-
existing renal impairment is widely recognised as
a risk factor by clinicians, consistent with the
known adverse impact of prior nephrectomy [20].
There is no conclusive evidence that the ifos-
famide infusion duration (bolus, short or pro-
longed infusion), nor the drug’s pharmacokinetic
profile, influence long-term nephrotoxicity [22].

The very-long-term  follow-up  studies
described above did not find a clear relationship
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between ifosfamide dose and severity of glomer-
ular toxicity. However, the Oberlin study found
that reduced GFR was related to older age at
treatment and longer duration of follow-up.
Likewise, the severity of phosphaturia was
related to higher cumulative ifosfamide dose
(p = 0.02) and longer duration of follow-up
(» = 0.0005); of these factors, ifosfamide dose
had the larger effect on phosphaturia [3].

Ifosfamide nephrotoxicity is believed to be
due to a toxic metabolite produced in significant
amounts in the kidney by the breakdown of ifos-
famide but not that of its structural isomer cyclo-
phosphamide, resulting in cellular oxidative
stress leading to mitochondrial damage and
energy depletion [23]. Although not proven con-
clusively, chloroacetaldehyde has been impli-
cated as a potential candidate, and the
considerable inter-patient variability in its pro-
duction may account for the wide range in sever-
ity of nephrotoxicity in ifosfamide-treated
patients [24].

2.4  Platinum Agents (Cisplatin

and Carboplatin)

Cisplatin may also cause both acute and chronic
glomerular and tubular toxicity. There are numer-
ous descriptions of cisplatin-induced AKI and
subsequent CKD [25-27], with CKD manifest by
reduced GFRs (stage 2 or greater, i.e. GFR
<90 mL/min/1.73 m?) reported in 60% in chil-
dren [25, 26]. However, the pattern of cisplatin-
induced tubular damage is very different to that
caused by ifosfamide and is manifest by magnes-
uria and hence chronic hypomagnesaemia which
is reported in 10-30% of children [25-27].
Hypocalcaemia occurs less frequently and
appears to be secondary to hypomagnesaemia
[28]. Distal nephron damage is described, result-
ing in the association of hypocalciuria and hypo-
kalaemic metabolic alkalosis, as well as polyuria,
but is seldom clinically significant [29]. Mild but
untreated cisplatin nephrotoxicity has been asso-
ciated with growth impairment in children; the
authors speculated that it might be due to
increased phosphate and magnesium urinary

losses [30]. CKD is also common in adults with a
cohort study reporting stage 3 disease in 33% of
397 5-year survivors treated with cisplatin [31].
Hypertension is well described but may be in part
due to vascular toxicity in addition to nephrotox-
icity [32].

Carboplatin nephrotoxicity is similar in nature
to that seen with cisplatin, but markedly less
common causing glomerular impairment in
0-25% of CCS and hypomagnesaemia in 0-10%,
and is usually much less severe [33, 34].

A longitudinal study evaluating 27 patients
given a median cisplatin dose of 500 mg/m?
revealed marked inter-individual variability over
the 10 years of follow-up. However, there was no
significant overall change in the frequency of
reduced GFR (<90 mL/min/1.73 m?) and hypo-
magnesaemia over follow-up [35].

Several patient- and treatment-related risk
factors for the development of cisplatin nephro-
toxicity in children have been investigated. The
importance of total dose is uncertain due to con-
flicting evidence. However, marked glomerular
(GFR) and tubular toxicity (hypomagnesaemia)
was reported after a high dose rate of cisplatin
(i.e. >40 mg/m?/day) in adults [36, 37], and
higher dose rates (>40 mg/m?*day) have been
associated with greater glomerular and tubular
toxicity than a lower dose rate (40 mg/m?*day)
in children [26]. Although initial studies found
no relationship between age and cisplatin neph-
rotoxicity in children [25, 26], a very-long-term
study found that glomerular, and to a lesser
extent tubular, toxicity was more common in
children treated at an older age [35]. Extensive
clinical experience and some published evi-
dence suggest that treatment with other poten-
tial nephrotoxins, including ifosfamide,
methotrexate and aminoglycosides, may exacer-
bate nephrotoxicity [20]. There is no convincing
evidence that the risk of nephrotoxicity in clini-
cal practice can be reduced by pharmacokineti-
cally guided dose modification.

In contrast to cisplatin, the frequency and
severity of carboplatin-induced chronic hypo-
magnaesemia in children is related to cumulative
dose as well as older age at treatment, whilst
long-term glomerular impairment is also more
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common in older children [33, 35]. Since the
main route of carboplatin clearance is via glo-
merular filtration, it is unsurprising that other
potentially nephrotoxic chemotherapy (e.g. cis-
platin, ifosfamide, melphalan) [38-41] and pre-
existing renal dysfunction [42] have been shown
to increase carboplatin-induced renal damage.

The mechanism of platinum nephrotoxicity is
unclear although the differential nephrotoxicity
of cisplatin and carboplatin suggests that the
greater frequency and severity of toxicity after
cisplatin may result from the formation of
increased amounts of a putative nephrotoxic
metabolite due to the increased lability of the
chloride ligand of cisplatin compared to the
cyclobutane dicarboxylate group of carboplatin.
Several mechanisms of platinum nephrotoxicity
have been proposed, invoking direct cellular
toxic and vasoconstrictive and pro-inflammatory
effects [43]. Of the numerous protective agents
suggested, amifostine has generated most inter-
est. It is an organic thiophosphate prodrug hydro-
lysed in vivo to an active cytoprotectant
compound, WR-1065, which protects healthy
cells preferentially to malignant cells. Amifostine
reduced nephrotoxicity in a randomised clinical
trial in women receiving cisplatin for ovarian
cancer [44]. Although American Society of
Clinical Oncology (ASCO) guidelines recom-
mend consideration of its use in patients receiv-
ing cisplatin [45], neither amifostine nor any
other nephroprotective agent has shown convinc-
ing benefit in children, and none is used routinely
in clinical practice.

2,5 Other Chemotherapy Drugs

High-dose intravenous methotrexate regimens
(>1 g/m?) may rarely cause serious or even fatal
systemic or renal toxicity [46] and more fre-
quently cause subclinical acute nephrotoxicity in
children, with considerable reductions in GFR
[47] and rises in urine excretion of renal tubular
biomarkers [48]. The risk of methotrexate acute
nephrotoxicity is reduced greatly by prophylactic
intravenous fluid and alkalinisation regimens to
prevent tubular precipitation [46]. However there

is little information about the frequency of
chronic methotrexate nephrotoxicity.

Melphalan has been linked with nephrotoxic-
ity, usually when given in high doses prior to
BMT, but understanding of its role in causing
renal damage in this setting is unclear due to the
concurrent use of other potentially nephrotoxic
agents. AKI has been reported after the combina-
tion of high-dose carboplatin and melphalan in
four children, with incomplete renal recovery in
one of two survivors [40].

The nitrosourea compounds carmustine
(BCNU), lomustine (CCNU) and semustine
(methyl-CCNU) may all cause irreversible
chronic glomerular impairment, which often
develops only after completion of treatment. In
six children receiving >1500 mg/m? of semus-
tine, end-stage renal disease (ESRD, GFR
<15 mL/min/1.73 m?) developed in four and
CKD in one, and the authors recommended a
dose limit of 1200 mg/m?* [49]. Nephrotoxicity
due to the other nitrosoureas is rare. Of 89
patients given carmustine, four adults suffered
from an insidious onset of mild glomerular
impairment [50], whilst slowly progressive
ESRD may follow lomustine treatment [51].

2.6 New Agents

It is now acknowledged that several of the new
generation of targeted anticancer drugs can cause
nephrotoxicity, although most published infor-
mation is from adult studies [52] and there is
insufficient data to clarify long-term outcomes,
particularly in children. AKI with histological
features of acute tubulointerstitial nephritis has
been described in up to 2% of adults treated with
immune checkpoint inhibitors, although cortico-
steroids led to partial improvement in most
patients [53, 54]. Nevertheless, active surveil-
lance has been recommended in view of the
potentially severe and lasting consequences [55].
Minimal change/focal segmental glomeruloscle-
rosis and thrombotic microangiopathy have been
reported in patients treated with vascular endo-
thelial growth factor (VEGF) inhibitors although
they appear to be reversible with drug discontinu-
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ation [56]. Growing recognition of the frequency
and potentially severe implications of a range of
nephrotoxic outcomes after treatment with new
as well as existing anticancer agents has gener-
ated a new field of onconephrology [55-57].

2.7 Radiotherapy

Although well described in 10-50% of children
receiving radiotherapy to a field including both
kidneys [58], the true extent of chronic radiation-
induced nephrotoxicity in children is unclear and
may be under-recognised due to its late onset and
the presence of other potential causes of renal
damage in most patients [5]. Acute and subacute
nephrotoxicity is often asymptomatic but may be
revealed by a raised serum creatinine. Chronic
renal damage may present with haematuria, pro-
teinuria, hypertension, oedema and anaemia,
often progressing to CKD [5].

2.8 Surgery and Hyperfiltration
Residual renal tissue in children with single kid-
neys or those who undergo unilateral nephrec-
tomy demonstrates compensatory structural and
functional changes, characterised by renal hyper-
trophy [59] and higher GFRs when corrected for
renal surface area [60]. It is expected that such
hyperfiltration of the remaining kidney may
cause long-term damage demonstrated by pro-
teinuria and microalbuminuria (found in up to
35% of Wilms’ tumour survivors) [59, 61],
hypertension (described in 7% in a series of 1171
patients studied up to 5 years after treatment
completion) [62] and rarely focal glomeruloscle-
rosis resulting in CKD [63]. A large cohort study
confirmed the importance of nephrectomy as one
of the principle causes of CKD (stage 2 or
greater) in CCS [2].

Hyperfiltration may be seen at diagnosis, dur-
ing and after completion of therapy [64—66].
Whether this is an indicator of early and/or late
nephrotoxicity is unclear. It has been suggested
to be the result of tumour breakdown and debris
at diagnosis, but this is unlikely to explain its

occurrence later during or after treatment.
Hyperfiltration was found to be particularly prev-
alent in patients with CNS tumours where tumour
volumes are usually smaller and therefore tumour
cell breakdown also is expected to be lower. The
authors speculated that a hypermetabolic state
may play an important role in the pathophysiol-
ogy of hyperfiltration [65].

Functionally significant tubular dysfunction
was not observed in one detailed study of 40
Wilms’ tumour survivors, 47.5% of whom had
radiotherapy exposing the remaining renal tissue
[59]. Albuminuria, hypertension and more rarely
glomerular impairment appear to be the main
features of renal toxicity in Wilms’ tumour survi-
vors [59].

29 Impact of Very-Long-Term

Nephrotoxicity

There is still little published information about
the prevalence and nature of very-long-term
nephrotoxicity in the overall CCS population.
This is particularly important given the expected
decline in renal function that occurs as part of the
natural ageing process in apparently healthy
older individuals and the recent observation that
many CCS display evidence of an accelerated
ageing phenotype manifest by frailty [67]. It is
concerning that chronic nephrotoxicity in a pro-
portion of CCS may interact adversely with
diminishing physiological reserve as survivors
age, potentially leading to an increased risk of
clinically significant renal impairment in middle-
aged and older survivors.

2,10 Management
of Nephrotoxicity

Although nephrotoxicity should ideally be mini-
mised prior to the onset of chronic damage by
stopping or modifying further treatment with the
causative agent, this is frequently impractical due
to the delayed onset of clinically significant renal
damage in many cases, particularly of ifosfamide
nephrotoxicity [13]. In addition, finding the opti-
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mal balance between the risk (for renal function)
of continuing potentially damaging treatment and
the potential risk (for the likelihood of cure of
malignancy) of stopping it is frequently difficult
especially given the paucity of evidence to guide
clinicians. Therefore, management of chronic
nephrotoxicity is frequently supportive, aiming
to ameliorate manifestations of established
toxicity.

For those individuals with established
severe treatment-related glomerular impair-
ment, standard renal monitoring and manage-
ment should be instituted. In ESRD, standard
renal replacement treatment strategies (dialysis
or transplantation) are usually appropriate in
CCS, but the feasibility of some may be lim-
ited by previous treatments and interventions.
Blood pressure and urine protein should be
monitored regularly since the pace of progres-
sive glomerular impairment may be delayed by
optimal control of hypertension and introduc-
tion of an angiotensin-converting enzyme
inhibitor or angiotensin II blocker in survivors
with significant proteinuria [68]. Patients with
severe tubular toxicity may require prolonged
supplementation with high electrolyte or min-
eral doses to improve plasma concentrations
and prevent subsequent complications such as
HR and symptomatic hypomagnesaemia.

2.11 Strategies to Prevent

Nephrotoxicity

Since accurate prediction of renal toxicity is not
yet feasible despite considerable study of poten-
tial risk factors, there is an important need for
further research into other potential factors
including treatment-related pharmacokinetic
variables and genetic polymorphisms.
Nevertheless nephrotoxicity may be prevented
or reduced by general or specific strategies.
General approaches to the use of potentially
nephrotoxic agents may include dose limitation
where the increased toxicity of higher doses is
clear (e.g. for ifosfamide and radiotherapy) [5,
14] or subtotal rather than total nephrectomy
(nephron-sparing surgery) [69]. For drug-induced

nephrotoxicity, hyperhydration is used with most
cisplatin, ifosfamide and methotrexate regimens
to reduce renal accumulation of toxic metabo-
lites, although the benefit of mannitol diuresis in
some cisplatin administration schedules is uncer-
tain [70].

Ideally, nephrotoxicity will be reduced or
hopefully eliminated in the future by the devel-
opment of less toxic agents, but this relies on
greater understanding of the causative toxic
mechanisms.

2.12 Surveillance Guidelines

Surveillance for late adverse effects is an impor-
tant part of the LTFU care of CCS, and several
national paediatric oncology societies have pub-
lished LTFU surveillance clinical practice guide-
lines. The International Late Effects of Childhood
Cancer Guideline Harmonization Group (IGHG)
is developing renal toxicity surveillance guide-
lines. Until these are available, it would appear
reasonable to follow the existing national guide-
lines by identifying high-risk CCS as those who
have received ifosfamide, platinum drugs, renal
radiotherapy including total body irradiation
(TBI) or nephrectomy, and probably survivors of
haematopoietic stem cell transplant conditioned
with chemotherapy. Currently available national
guidelines all recommend surveillance for both
glomerular and tubular impairment, including
measurement of serum creatinine, electrolytes,
magnesium (if the patient received a platinum
drug), phosphate and bicarbonate (for recipients
of ifosfamide), as well as more general measures
including urinalysis (for proteinuria) and blood
pressure measurement. However, the efficacy of
surveillance following these recommendations
remains unproven, and indeed these tests have
been shown to yield few positive results in at-risk
previously undiagnosed survivors [71]. A more
targeted approach, whereby higher-risk CCS
(e.g. those treated with higher-dose ifosfamide or
with total body irradiation) are prioritised for sur-
veillance, has been proposed as a more efficient
use of screening resources [72]. Although the
forthcoming IGHG renal surveillance guidelines
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will hopefully clarify some of these uncertainties,
these findings illustrate the difficulties of design-
ing effective surveillance strategies that will
detect potentially treatable renal late toxicities to
allow improved renal health outcomes in a sig-
nificant number of survivors.

2.13 The Future

It is to be hoped that improved prediction (and
hence prevention), aided by earlier detection and
management of emerging toxicity, will reduce the
frequency of nephrotoxicity in CCS. Furthermore,
improved understanding of the pathogenesis of
nephrotoxicity, and possibly of genetic polymor-
phisms that may predispose certain survivors to
earlier and more severe toxicity [73], may also
lower the burden of renal toxicity. However, it is
important to recognise that continued vigilance is
required since the nephrotoxicity of ifosfamide
was not predicted by preclinical studies and that
apparently normal renal function on completion
of treatment does not necessarily exclude the later
development of significant nephrotoxicity. Indeed
CKD may not become evident until months or
years later, as shown by the often delayed onset of
nitrosourea nephrotoxicity [50], highlighting the
importance of LTFU studies. Therefore, particu-
larly given the proliferation of novel targeted
drugs, some of which are already showing evi-
dence of nephrotoxic potential, it will be neces-
sary to maintain awareness of the risk of renal
damage in CCS.
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3.1 Introduction

Many drugs that are used in the treatment of can-
cer can, as a side effect, damage the ear. These
include anticancer drugs and also aminoglyco-
side antibiotics, glycopeptide antibiotics, mac-
rolides, nonsteroidal anti-inflammatory drugs,
loop diuretics, quinine, ototopical medication,
and cranial irradiation (Fig. 3.1). The short-
and long-term effects of these ototoxic drugs
on patients’ hearing can be severe, as impaired
speech perception can have significant effects
on language development, psychosocial devel-
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opment, educational attainment, and employ-
ment prospects and therefore on the individual’s
quality of life [1-3]. Drug-induced tinnitus can
also greatly impair quality of life [4]. Balance
impairment resulting from vestibular injury is
described less often in the literature but may be
underreported [5, 6]. Balancing the benefits of
the planned drug treatment against these poten-
tial effects should be a key consideration for
oncology professionals.

3.2  Ototoxic Hearing Loss

The prevalence of ototoxicity varies consider-
ably in the literature, from 4 to 90% of those
who have been treated with potentially oto-
toxic agents (see below for details) [7, 8].
Factors affecting this broad range include the
drug administered, the patient’s age (children
and elderly patients are more at risk), cumula-
tive dose, and method of administration (with
a rapid infusion presenting a higher risk [7]).
Aminoglycosides and platinum-based chemo-
therapy agents are of greatest concern as they
may lead to permanent ototoxicity. Other risk
factors for ototoxicity are renal dysfunction,
blood—brain barrier disruption, concomitant
ototoxic agents, pre-existing hearing loss, cra-
nial irradiation, and exposure to noise. There is,
however, substantial inter-individual variabil-
ity in susceptibility to ototoxicity. The signifi-
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Fig.3.1 The inner ear
and ototoxic noxae.
Chemotherapy with
cisplatin may result in
ototoxity, mainly
affecting the scala media
of the cochlea. Targets
in detail are the spiral
ganglion cells (1), the
outer hair cells (2) of the
basal turn, and the stria
vascularis (3). SL Spiral
ligament, SP Spiral
prominence, ES External
sulcus

scala vestibuli

scala tympani

Aminoglycoside

Cytostatics Loop diuretics antibiotics Cranial irradiation
Cisplatin Etacrynic acid Kanamycin
Carboplatin Furosemide Gentamicin
Oxaliplatin Bumetanide Amikacin
Tobramycin
Netilmicin

cant role played by genetic factors is discussed
later in this article and is being investigated in
a current European Study (PanCare LIFE, lead
investigators: Van den Heuvel-Eibrink, Zolk,
Langer and am Zehnhoff-Dinnesen) [9-12].

The typical manifestation of ototoxic hearing
loss is a bilaterally symmetrical high-frequency sen-
sorineural hearing loss, progressing over time from
higher to lower frequencies (Fig. 3.2). The ability to
recognize sibilant and fricative speech sounds is ini-
tially affected, as these sounds are located higher in
the frequency range of the auditory spectrum than
others, such as vowel sounds [13].

3.3 Platinum Compounds

The most commonly used platin compounds are
cisplatin, carboplatin, and oxaliplatin. Cisplatin
is a highly effective chemotherapeutic agent in
pediatric oncology, but its use is limited by side

effects such as ototoxicity and nephrotoxicity
[7]. Cisplatin (cis-diamminedichloroplatinum II)
is a plane complex with two cis-bound chloride
atoms and two ammonia ligands. The cytotoxic
effect occurs because of building up DNA cross-
links and the induction of apoptosis by DNA
replication and the functioning of repair mecha-
nisms being hindered [14]. The ototoxic effects
of cisplatin are mainly attributed to the increased
production of reactive oxygen species (ROS) in
the cochlea via various mechanisms. This leads
to the depletion of the antioxidant glutathi-
one and its regenerating enzymes, an increased
rate of lipid peroxidation, oxidative modifi-
cation of proteins, nucleic acid damage, and
S-nitrosylation of cochlear proteins and to the
induction of apoptosis of the outer hair cells and
supporting cells (Fig. 3.3a, b). Studies of human
temporal bones and animals revealed damage in
different regions of the cochlea after chemother-
apy with cisplatin. Possible targets in the cochlea
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Fig. 3.3 (a) Three rows of outer hair cells before and (b) after ototoxic damage by cisplatin in an animal experiment [15]

are the spiral ganglion cells, the outer hair cells,
and the stria vascularis. The accumulation and
retainment of the platinum agents in the cochlea
for months to years might explain the possible
long-term progression of hearing loss in these
cases [16, 17].

The basal turn of the cochlea is affected first,
and hearing loss therefore begins in the high fre-
quencies before progressing to the lower frequen-
cies [18] (Fig. 3.2).

The reported prevalence of cisplatin-related
ototoxic hearing loss in children covers a wide
range, from 1.7% to 90.5% [8, 19-27]. This is,
in part, due to differences in study design (study
populations, timing of the measurements, defini-
tions of hearing loss used to indicate ototoxicity,
and low sample sizes) but also to a number of key
confounding factors which differ for individual
patients across all of the studies. These factors
include the administration schedule, the use of
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other potentially ototoxic agents, the order in
which agents are administered, patient age, renal
function, hypoalbuminemia, the presence of a
pre-existing hearing impairment, and the cumu-
lative dose [7, 21, 28-31].

There is considerable inter-individual variabil-
ity in the relationship between the tolerated oto-
toxic platin dose and hearing loss: some patients
can tolerate cumulative doses of 360—480 mg/m?
of cisplatin without hearing loss, whereas others
develop severe hearing loss after just 120 mg/
m? [32]. Various approaches to the assessment
of genetic predisposition have attempted to illu-
minate this variability and are displayed in detail
in the chapter “Genetic Predisposition to Late
Effects: Pharmacogenomics of Cisplatin-Induced
Ototoxicity.”

A progression of hearing loss after the therapy
was seen in up to 37% of affected children up to
136 months after the end of therapy [19, 33-35].
Forty-nine percent of patients have been reported
to require hearing aids during post-therapeutic
follow-up, but cochlea implants were very rarely
necessary [33, 36]. Tinnitus can be an early sign
of ototoxicity and has been reported in 25-60%
of small cohorts of adults or older children after
cisplatin therapy [4, 8, 37, 38].

Carboplatin  (cis-diammine-1,1-cyclobutane
dicarboxylatoplatinum II) is applied in children
with retinoblastoma and malignant brain tumors
and as part of high-dose chemotherapy prior to
stem cell transplantation. Permanent, progressive
hearing loss, tinnitus, and vertigo can result from
apoptosis of the outer and inner hair cells (pro-
gressing from the base to the apex) and impair-
ment of the peripheral vestibular system [39].
Carboplatin is reported as being less ototoxic
than cisplatin but can be ototoxic in myeloabla-
tive doses or in conjunction with other risk factors
(e.g., osmotic opening of the blood—brain barrier
in malignant brain tumors/metastases), in which
cases incidence rates of up to 50% are reached and
the onset can occur as late as >3 years after the
last dose, or in cases of accidental overdose [22,
29, 40-43]. Ototoxicity from oxaliplatin, which
was introduced much later into the clinic com-
pared to cisplatin and carboplatin, is so far rarely
reported [44]. Even when clinical risk factors are

taken into account, considerable variability in
the level of risk of cisplatin-induced ototoxicity
faced by individual patients still remains [40, 45].
The ototoxic side effects of platin-based che-
motherapy are being explored for more than
20 years. Beck et al. described already in 1995 the
elevated risk for hearing loss in platinum-treated
patients and recommended an audiological fol-
low-up [46]. Actually, the PanCareLIFE Study
tries to evaluate the potential clinical and genetic
risk factors for ototoxicity in a wide multina-
tional European cohort pro- and retrospectively.
Here, we will give an overview of cancer enti-
ties at risk and related treatment protocols with a
selection of published studies (Table 3.1).

3.4  Ototoxic Tinnitus

Tinnitus is the perception of a phantom sound in
the ear or head, usually expressed as a constant
ringing, buzzing, hissing, or whistling tone [56].
In the majority of patients, this sound is chronic
(present for at least 3 months) and subjective
(i.e., it cannot be perceived by an examiner)
[57, 58]. Tinnitus is frequently accompanied by
hearing loss [59]. Tinnitus can have a signifi-
cant impact on the patient’s quality of life, with
impact varying in severity, ranging from mild to
highly distress [60]. In children, tinnitus can neg-
atively affect concentration and speech discrimi-
nation [61], leading to problems with school
performance and social life [62]. Accompanying
symptoms seen in adults include depression and
anxiety [63], occasionally even leading to self-
harm and suicide [64].

A recent systematic review by Meijer et al.
[73] reported the prevalence of tinnitus in child-
hood cancer survivors as 3—60% (Table 3.2) [4,
35, 65-72]. The variation in frequency rates
seemed to depend on the sample size, childhood
cancer subtype, type of treatment, and time to
follow-up. In studies with a low risk of bias, a
prevalence rate of 3-17% was observed [35,
65-70]. In addition, in comparison with their sib-
lings, survivors had a relative risk of up to 3.7 for
developing tinnitus more than 5 years after diag-
nosis. The risk factors reported were treatment
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Table 3.2 Studies on tinnitus frequency and risk in childhood cancer survivors
CC treatment Tinnitus
risk
Age at Tinnitus | >5 years
CC |CTtype RTtype |Combined |diagnosis Median time | at FU after
Authors| N type | (%) (%) modality(%) | (%) to FU (range) | (%) diagnosis®
[65] 14,358 |LL, |CIS CRT NA <10y:62% |NA 5.6% RR 1.7
ST, [ (5.1%) (57%) >10y: (95% CI
BT |CARB 38% 1.4-2.1)
(0.5%)
[66] 4151 HT |MTX, CRT RC(61%) |<10y:82% |14.1y 3.3% RR 1.6
other (64.5%) >10y: (5.0-29.7) (95% CI
(94%) 12% 1.2-2.1)
[35] 2061 LL, |CIS, CRT NA Median: 150y 6% NA
ST, | CARB, (54%) 50y (5.0-38.0)
BT | other (0.0-15.0)
(84%)
[67] 1876 BT |CIS, CRT SR (37%) |<10y:74% 230y NA NA
CARB, alone SRC (25%) | >10y: (5.1-38.9)
VCR, (1%) 36%
NAA
(49%)
[68] 1607 BT |Any CRT SR (42%) |<10y:64% |NA 11% RR 3.7
(30%) (72%) SRC (28%) |>10y: (95% C1
36% 2.7-5.1)
[69] 606 ST |NA NA SRC (77%) <10y:71% 157y 6% RR 1.3
RC (1%) >10y: (5.2-28.8) (95% CI
SC 20%) | 29% 0.7-2.3)
[70] 380 BT |CIS, CSRT NA <10y:73% |NA 17.4% HR 4.8
CCNU, (94%) >10y: (95% C1
CPM CRT 27% 3.5-6.8)
(59%) (3%)
[71] 185 LL, |Any Any RC (40%) | Mean: Mean: 26% OR23
ST, |(98%) location 83y+48 [153y+538 (95% C1
BT (61%) 1.1-4.6)
[72] 44 LL |MTX, CRT NA Median: 75y 13.6% NA
other (41%) 55y (2.0-18.0)
(100%) (3.0-16.0)
[4] 15 ST, |CIS, CRT NA Median: 9.1y 60% NA
BT |CARB (20%) 43y (0.8-16.5)
(100%) (0.4-18.0)

Abbreviations: BT Brain tumors, CC Childhood cancer, CCNU Lomustin, CCS Childhood cancer survivors, CI
Confidence interval, CIS Cisplatin, CPM Cyclophosphamide, CARB Carboplatin, CSRT Craniospinal radiotherapy,
CRT Cranial radiotherapy, CT Chemotherapy, HR Hazard ratio, HT Hematological tumors, LL Leukemia/lymphoma,
MTX Methotrexate, NA Not available, NAA Nonplatinum alkylating agent, OR Odds ratio, RC Radiotherapy + chemo-
therapy, RR Relative risk, SC Surgery + chemotherapy, SRC Surgery + cranial radiation + chemotherapy, ST Solid

tumors, UNK Unknown, VCR Vincristine, Y Years
aRelative to siblings

with platinum agents, cranial radiation more than
30 Gy, and a history of central nervous system
(CNS) tumors [65, 66, 68, 69]. Other risk factors
for tinnitus development reported in the literature
include hearing loss, noise exposure, and female
gender [74-76].

Further research has been carried out over
the past decade to gain knowledge about the
underlying mechanisms of tinnitus pathology.
Tinnitus seems to be generated by multiple
neural sources, such as various brain structures
and neurotransmitters. Damage to the outer and
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inner hair cells of the cochlea (which is typi-
cal of sensorineural hearing loss) decreases the
neural output to the central auditory pathway.
Neurons located in the central auditory pathway
respond to this reduced output by upregulating
spontaneous neural activity, which is likely to
be caused by alteration in the normal balance
between excitatory and inhibitory nerve trans-
mission, eventually leading to increased firing
rates. Such neural changes can occur at different
levels of the central auditory pathway (Fig. 3.4).
The dorsal cochlear nucleus, which receives
input from the descending branch of the audi-
tory nerve, plays an important role. Other lev-

Fig 3.4 The central audi-
tory pathway involved in
tinnitus perception [77]
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frequencies close to the edge of normal-hearing
frequencies, leading to over-representation of
these edge frequencies. Activation of the audi-
tory cortex may explain how loud the tinnitus is
perceived, in that the mismatch between expected
auditory input and real auditory input can lead
to reactivation of areas responsible for attention,
memory, and executive functions in the brain.
Reactivation of these resting areas seems to be
associated with attention to or conscious percep-
tion of the sound, its salience, and the resulting
distress felt by the patient [78, 79].

3.5 Cranial Irradiation
Cranial irradiation alone can impact upon hearing
ability by damaging different areas of the audi-
tory system. Conductive hearing losses can result
from the increased risk of external ear infections,
accumulation of cerumen, and serous middle ear
effusion [82]. Permanent sensorineural hearing
loss can be the result of the effect of radiation on
the cochlear structures, the auditory nerve, or the
brainstem. Such sensorineural hearing loss can
occur shortly after therapy but more commonly
with a latency of 1.5-3 years ([83], Mujica-Mota,
[84, 85]). The ototoxic effect of radiation seems
to be dose-related, with sensorineural hearing loss
occurring at doses >30-35 Gy and young patients
<3 years of age and patients with a shunt, with
infratentorial tumor location, or receiving concom-
itant ototoxic medication being at higher risk [83,
84, 86, 87]. Therefore, in case of combined therapy
with cisplatin, radiation can exacerbate the amount
of hearing loss associated with platinum chemo-
therapy [87-92]. Kortmann et al. saw a higher inci-
dence of ototoxicity in medulloblastoma patients
treated with radiation followed by cisplatin che-
motherapy (34%), compared to 10% who received
neoadjuvant chemotherapy before radiation [93].
Radiation-induced tinnitus has been under-
evaluated and under-reported in the literature so
far. Three studies of childhood cancer survivors
have identified cranial radiation as a risk factor
for long-term tinnitus development. However,
results regarding the radiation dose and irradi-
ated region (temporal lobe, frontal lobe, and/or

posterior fossa) associated with tinnitus in this
population varied. Two studies reported a cra-
nial radiation dosage of >50 Gy as a risk factor
for tinnitus development [67, 70], whereas one
study reported a risk of tinnitus development
from a radiation dose of >30 Gy [65]. The tem-
poral lobe and posterior fossa were identified as
high-risk areas in two studies [65, 67] and the
temporal and frontal lobe in one study [70]. Lee
et al. [94] attempted to determine a safe intensity-
modulated radiation therapy (IMRT) dose for the
cochlea, in order to avoid tinnitus in their sample
of 211 patients treated for head and neck cancer
(HNC). They suggested that an IMRT dose of
<32 Gy was needed to maintain a low incidence
of mild to moderate tinnitus in HNC patients.

3.6 Aminoglycosides
Aminoglycosides (amikacin, apramycin, genta-
micin, kanamycin, netilmicin, neomycin, paro-
momycin, spectinomycin, streptomycin, and
tobramycin) may be sometimes used in paral-
lel with a chemotherapy when severe infections
occur. They are antibiotics whose bactericidal
effect is achieved by binding to the 30S-part of
ribosomes, thus leading to errors in protein pro-
duction. They have a broad action spectrum and
are particularly effective against gram-negative
aerobic bacteria but have severe ototoxic and
nephrotoxic side effects. Their use is therefore
mostly restricted to severe infections. However,
as bacteria are becoming increasingly resistant,
aminoglycosides have once again begun to be
used more widely [95, 96].

Ototoxic and vestibulotoxic adverse effects
can occur together or separately, and the mech-
anisms of both are similar to those of platinum
compounds: aminoglycosides are transported via
cell transporter molecules into the outer hair cell
of the cochlea and into the vestibular hair cells
where they accumulate. Complexes formed with
iron salts catalyze the production of reactive oxy-
gen species (ROS), which thus leads to cell death
(apoptosis) and permanent hearing loss which
begins in the higher frequencies and is sometimes
accompanied by tinnitus [97].


https://de.wikipedia.org/wiki/Amikacin
https://de.wikipedia.org/wiki/Apramycin
https://de.wikipedia.org/wiki/Kanamycin
https://de.wikipedia.org/w/index.php?title=Netilmicin&action=edit&redlink=1
https://de.wikipedia.org/wiki/Neomycin
https://de.wikipedia.org/wiki/Paromomycin
https://de.wikipedia.org/wiki/Paromomycin
https://de.wikipedia.org/wiki/Spectinomycin
https://de.wikipedia.org/wiki/Streptomycin
https://de.wikipedia.org/wiki/Tobramycin
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The incidence of aminoglycoside-related
hearing loss varies from 2 to 25% [6]. As with
platin-induced ototoxicity, susceptibility to
aminoglycoside ototoxicity seems to have a
component of genetic predisposition: several
mitochondrial gene mutations causing impaired
mitochondrial protein synthesis have been linked
to enhanced susceptibility for ototoxic side
effects [97]. Hearing loss usually occurs signifi-
cantly later than application, and this is explained
by the slow clearance of aminoglycoside from
the inner ear.

Kanamycin, gentamicin, and amikacin seem
to be approximately equal in the risk of cochleo-
toxicity that they present, followed by the lower-
risk tobramycin and netilmicin [30, 98, 99].
Streptomycin is vestibulotoxic, and gentamicin,
amikacin, tobramycin, and netilmicin are both
cochleo- and vestibulotoxic aminoglycosides [6].
As aminoglycosides are mainly excreted by the
kidney, serum levels depend greatly on kidney
function as well as the dose administered.

Strict dosage limits for each medicament and
regular serum level controls are the most impor-
tant ways to limit ototoxicity. Further research
is being conducted by various study groups into
potential protection from aminoglycoside oto-
toxicity by apoptosis inhibitors, antioxidative
agents, and other strategies, as well as the role
played by genetic susceptibility [97].

3.7 Other Agents
Other agents used in parallel with cisplatin che-
motherapy can also have an ototoxic effect.
Loop diuretics, usually furosemide, are
sometimes used to enhance kidney function. In
addition, loop diuretics can induce tinnitus and
mid- to high-frequency hearing losses that are
usually reversible, but their ototoxic effect can
be substantially accelerated when combined with
aminoglycoside antibiotics [100, 101].The oto-
toxic effect is mostly transient and is thought to
result from fluid and electrolyte shifts in the inner
ear, which may result in edema of cochlear tis-
sue and an associated decrease in endocochlear
potential [102]. The risk of ototoxicity increases

with higher serum levels, rapid intravenous
administration, and concurrent administration of
other ototoxic medication [7].

Macrolide antibiotics, such as erythromycin
and azithromycin, can induce bilateral, sym-
metrical, and relatively flat sensorineural hear-
ing loss that is usually reversible after the end of
treatment [103]. Tinnitus can precede or coincide
with this type of hearing loss. A higher risk of
audiological complications has been observed
with higher drug doses and serum levels [104]. In
patients treated with macrolides, bilateral edema
of the stria vascularis in all cochlear turns has
been observed, together with a decrease in the
endocochlear potential [103, 105].

Vincristine and vinblastine are chemothera-
peutics that have strong neurotoxic side effects.
Ototoxic side effects on the cochlea as well as
possible neurotoxic effects on the central audi-
tory system have been described in animal stud-
ies and case reports after high-dose treatment, but
could not be significantly shown in larger cohorts
[106-108].

The possible ototoxic effect of methotrexate
was evaluated in rats, but no effect was found
on Distortion-Product Otoacoustic Emission
(DPOAE) or auditory brainstem response (ABR)
tests following intratympanic administration [109].

A synergism between ototoxic agents and
noise was also described [110-116], mak-
ing noise protection a very important topic of
counseling.

3.8 Audiological Practice

Recommendations for audiological monitoring
include a baseline hearing test, regular testing
during therapy, and follow-up after the end of
therapy for at least 3 years, though preferably
5 years, in order to monitor for possible pro-
gression of hearing loss [19, 33, 34, 41, 117,
118]. Regular audiological monitoring is nec-
essary for several reasons: firstly, to monitor
the effects of drug treatment; secondly, to take
preventative steps where the onset of hearing
loss is detected; and thirdly, to make patients,
family members, and carers aware of possible
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hearing deterioration in order to help ensure
that any necessary rehabilitation can begin as
soon as possible.

The schedule by which auditory monitoring
takes place is not yet uniform across audiologi-
cal services, and recommendations vary in the
literature [7, 8]. The best time points for audio-
logical monitoring during therapy depend upon
the nature of the drug administration: in cases
where there are long gaps between cycles, moni-
toring could in principle occur between each
cycles; where drugs have quicker administration
cycles, monitoring between every 2 cycles could
be appropriate. Alternatively, monitoring could
occur on a chronological basis, where a strict
time schedule is followed regardless of drug
administration cycles.

The guidelines of the American Speech-
Language-Hearing Association (ASHA) (1994)
[119] propose that audiological monitoring should
take place within 24 h before a cisplatin block.
Audiological monitoring is not performed directly
after the administration of cisplatin because
patients are often in poor physical condition and
may be unable to fully participate in the tests,
with the risk of unreliable results being obtained.
Temporary hearing loss following cisplatin admin-
istration has also been reported [21, 54].

Various schedules for audiological monitor-
ing during the post-treatment period have been
proposed, and audiological testing at 3, 6, and
12 months is common, though longer follow-
up duration is recommended depending upon
the type of drug administered among other fac-
tors [117, 118]. The German Society of Pediatric
Oncology and Haematology cite Weissenstein
et al. [118] in proposing hearing tests every
6 months during the first 2 years after chemo-
therapy and annual controls for at least the fol-
lowing 3 years [118]. In cases of progression or
late onset of hearing loss, the audiological con-
trol period should be extended. Where children
are treated with cisplatin and cranial irradiation,
closer monitoring and a longer follow-up period
are recommended because of the increased risk
of late-onset hearing loss [83, 91].

Therapy regimens vary broadly and change
quickly, so it is only possible to give baseline rec-

ommendations. A management plan for follow-
up should be tailored to the specific patient [118].

The key diagnostic indicator of ototoxicity
is a measurable worsening of hearing threshold
(the lowest sound pressure levels at which the
individual hears pure tones of different frequen-
cies). Subjective and objective hearing tests can
be combined in order to determine this.

Subjective hearing tests range from behav-
ioral tests designed for young children, clas-
sic pure-tone audiometry for older children and
adults, to speech recognition tests designed for
different ages. The typical frequency range tested
is 250 Hz to 8 kHz, and international threshold
norms for older children and adults are well
established (https://www.iso.org/standard/42916.
html). Including the inter-octave frequencies 3
and 6 kHz is recommended whenever possible,
since platinum-induced hearing loss is typically
steeply sloping.

The results of subjective audiological tests
vary depending on the capabilities, concentration,
and cooperation of the patient, an aspect which is
especially important when testing younger chil-
dren or patients with disabilities. Especially in
such cases, an approach to testing which employs
a team, generally of two testers, is recommended.
The role of the second tester is to manage the
patient’s attention, which can involve changing
play activities quickly when needed, providing
positive reinforcement, and encouraging contin-
ued participation, among other things. Because
of the risk of not obtaining complete audiologi-
cal data in a single test session, the frequencies
that provide the most useful information about
hearing with reference to questions of dose mod-
ification should be measured at the beginning.
Threshold results at 2 and 4 kHz are often crucial
for decisions around dose modification and so
should be prioritized. It can be useful to estab-
lish thresholds at a single test frequency in each
ear before moving onto another frequency, rather
than measuring all frequencies in one ear, then
the next ear, in order to ensure that a unilateral
hearing loss is detected early.

Sound field testing is necessary when a child
does not tolerate wearing insert earphones or
headphones. Sound field testing is performed
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using amplitude-modulated pure tones (“warble
tones”) in order to avoid the risk of uncontrolled
stimulation levels at the patient’s ears resulting
from standing waves. Sound field test results are
not ear-specific and may miss unilateral or asym-
metrical hearing loss. One advantage of sound
field testing is that the tester and the families/
caregivers are able to directly observe what the
child is and is not able to hear [117].

If it is not possible to obtain actual threshold
data on subjective testing, it can be appropriate
to take a screening approach. This simply means
that stimuli are not presented any lower than an
agreed level (typically within the range 15-25 dB
HL, which represents the upper boundary of the
normal range of hearing). Thresholds worse than
this level are still precisely measured, but the
exact threshold within the normal range is not.

As ototoxicity-related hearing loss affects
thresholds at high frequencies before those at
low frequencies, audiological testing within the
“extended high-frequency range” (EHF) (i.e.,
frequencies >8 kHz) can be beneficial for the
early detection of ototoxicity [21, 120]. Raised
thresholds in this frequency range can serve as
a first warning sign in clinical practice, enabling
preventative steps to be taken before hearing loss
progresses further and the effects become poten-
tially life-changing. It has been reported that chil-
dren younger than 4-5 years of age show higher
false-positive rates on testing in the EHF range
and that inter-subject variability is higher on EHF
testing than testing in the standard frequencies
[121-123].

Wherever possible, speech audiometry, includ-
ing tests featuring the speech signal in back-
ground noise, should also be conducted to better
estimate the impact of the hearing loss [124].
The aim of these tests is to assess the best pos-
sible speech perception in a standardized man-
ner, though still not representing the patient’s real
life performance in complex environments that
involve multiple sound sources from different
directions, reverberations, and other complicat-
ing factors that influence speech understanding.
There are a great number of speech tests available
for children, each using different speech stimuli
(such as phonemes, words (familiar or nonsense,

monosyllables, spondees), or sentences of vari-
ous formats, live voice or pre-recorded stimuli,
presented at various levels), with different types
of responses and approaches to scoring possible
(e.g., open or closed set, verbalized responses
(scored for whole or partial word correct) or pic-
ture—/toy-based responses), with each country
and language having its own variants. Examples
of speech tests for younger children include
tests of the child’s perception of the Ling sounds
or the phonemes /k/ and /t/, or the University
of Western Ontario Plurals Test [117]. High-
frequency word lists such as the Gardner High-
Frequency Word List could also be useful. Other
possible additional tests are the Bamford-Kowal-
Bench Speech-in-Noise (BKB-SIN) Test and
Quick Speech-in-Noise (QuickSIN) Test [117].
A detailed description and discussion of the ben-
efits of different speech tests is beyond the scope
of this article.

Objective audiological tests, such as oto-
acoustic emissions (OAE) and auditory brain-
stem responses (ABR), do not require the active
cooperation of the patient during testing and are
therefore extremely useful in difficult-to-test
populations, such as young children. They do,
however, have their downsides, being in most
cases tests of specific parts of the auditory sys-
tem, rather than the functioning of the auditory
system in its entirety (as is the case with subjec-
tive audiometry). Tympanometry and otoscopy
are also objective tests and should be always per-
formed in order to rule out outer or middle ear
problems but are not discussed in detail here.

Transient-evoked  otoacoustic ~ emission
(TEOAE) testing, which uses the relatively
broadband click stimulus delivered at a fixed
level, provides a yes/no answer to the question of
whether or not hearing sensitivity is essentially
normal. Distortion-product OAE (DPOAE) tests,
however, are frequency-specific and can therefore
be a useful tool for the early detection of changes
in auditory function, with reduction in DPOAE
response amplitude reported to be the first clini-
cal symptom of cochlear damage [21, 125, 126].
Studies of DPOAESs in children receiving plati-
num chemotherapy have shown high correlations
between DPOAE responses and hearing thresh-
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olds, but with greater deviations found in the high
frequencies [120, 127, 128]. Comparisons of
estimated pure-tone thresholds based on extrapo-
lated DPOAE input/output functions have been
found to have discrepancies of up to 40 dB and
even higher in the high frequencies, suggesting
that the usefulness of this test technique may be
limited in this high-frequency range [129, 130].
In conclusion, DPOAESs alone cannot be used as
the basis of clinical treatment decisions [117].
Two studies have reported that ototoxicity was
first detected on EHF audiometry before DPOAE
testing and only later on conventional audiometry
[21, 131].

In ABR testing, clicks (representing a fre-
quency range of approximately 2—4 KHz), tone-
bursts (up to 4 KHz), or chirps (up to 4 or 6 KHz
on clinical tests) may be used as stimuli but give
no information about hearing loss in the higher
frequencies [132]. 6 and 8 kHz measurements
are not yet routinely used [133]. Objective mea-
surements of high-frequency click-evoked OAE,
ABR, auditory steady-state responses (ASSR),
and cochlear microphonics are being developed
[134-139].

The frequency of other clinical signs of oto-
toxicity induced by platinum drugs and amino-
glycosides, such as the onset of tinnitus, vertigo,
or disequilibrium, is often underestimated [4—6,
65]. Tinnitus is diagnosed on the basis of patient
report. Because tinnitus can have many under-
lying causes, a detailed diagnostic assessment
is required. This should consist of case history,
otoscopy, audiological measurement of hearing
loss, and identification of the tinnitus severity.
The case history should include questions on the
history and characteristics of the tinnitus (e.g.,
initial onset, pattern, affected site, and loudness)
and questions regarding factors that exacerbate or
reduce the tinnitus, relevant comorbidities, and
the influence of tinnitus on the patient’s daily life.
Otoscopy is necessary in order to exclude any
underlying pathologies of the outer ear, middle
ear, or tympanic membrane that could be asso-
ciated with tinnitus. Audiological assessment,
including pure-tone audiometry, speech recogni-
tion thresholds, tympanometry, and/or otoacous-
tic emissions, is important in order to identify

any type of hearing loss in patients with tinnitus
[140, 141]. Many validated questionnaires which
aim to provide insight into the severity of tinni-
tus are available. Such questionnaires can help
to provide clinicians with information about the
disabling and handicapping effects of tinnitus
on the patient at emotional, psychological, and
social levels. Examples of well-known tinni-
tus questionnaires include the Tinnitus Severity
Scale (TSS), Tinnitus Handicap Questionnaire
(THQ), Tinnitus Handicap Inventory (THI), and
the Tinnitus Severity Index (TSI). The items in
these questionnaires are scored by the patient
and then summed or averaged to determine the
level of tinnitus severity (e.g., low, moderate, or
severe) [141-145].

The diagnosis of tinnitus in young children is
challenging, since they themselves are usually
unable to report symptoms and they are more
capable of ignoring the tinnitus due to being dis-
tracted by external influences [62, 146]. Kentish
et al. [147] developed a practical guideline for the
diagnosis of tinnitus in children up to 16 years
of age. They recommended that children should
be routinely asked during audiological checkups
whether they experience noises in the ear or head.
A questionnaire for parents is useful in order to
identify any changes in the child’s behavior that
could be indicators of the presence of tinnitus
(e.g., sleeping problems, difficulties listening or
understanding speech in the classroom, avoiding
quiet or noisy environments, or signs of anxiety
and/or depression). However, clinicians should
not rely solely on information from the parents;
even young children should be actively involved
in the tinnitus assessment. It is therefore crucial
that clinicians adapt their communication to the
child’s age, cognitive understanding, and linguis-
tic level. The use of toys or drawing material can
be helpful to gain insight into the presence of tin-
nitus and any accompanying symptoms.

The caloric test is the gold standard for ves-
tibular diagnosis in adults, and rotatory-chair
tests and videonystagmography are also well-
established and commonly used. Pediatric
application of these tests is, however, more chal-
lenging, and there is not yet a standard protocol
for screening. The most commonly occurring
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vestibular symptoms, such as oscillopsia, dizzi-
ness, disequilibrium, and postural instability, are
often compensated for by other senses or attrib-
uted to underlying diseases [6], which means that
their detection in the pediatric population is even
less likely.

A number of different audiological classifica-
tion systems which aim to describe the severity
of hearing loss are commonly used in cancer care
in order to compare and stratify patients as well
as guide their treatment ([40, 148-150], [119]:
www.asha.org/policy; WHO Grades of Hearing
Impairment: http://www.who.int/pbd/deafness/
hearing_impairment_grades/en; NCI Common
Terminology Criteria for Adverse Events
(CTCAE) v.3.0, 2006: https://ctep.cancer.gov/
protocoldevelopment/electronic_applications/
docs/ctcaev3.pdf). In a consensus review after
the 42nd Congress of the International Society
of Pediatric Oncology (SIOP) in Boston in 2010,
Brock et al. recommended the use of a scale
reflecting absolute values of hearing thresh-
olds, rather than the degree of change in hearing
thresholds from previous tests (as used in, e.g.,
the CTCAE scheme). This enables hearing loss
to be classifiable where no baseline audiologi-
cal measurement has taken place and the impact
on speech intelligibility to be more directly esti-
mated [40]. While most classification systems
were developed primarily as outcome measures
[28], the Muenster Classification [150] was
designed to detect early stages of ototoxicity dur-
ing treatment by including the presence of tinni-
tus and thresholds in the 11-20 dB HL range as
an initial abnormal grade on the scale. The pres-
ence of a Muenster Grade 1 hearing loss after
two cycles of cisplatin was found to have a high
predictive value for the eventual need for hear-
ing aids (sensitivity 67%, specificity 87%, asso-
ciated likelihood ratio 5.00) [151]. The SIOP and
Muenster classifications are currently being used
and evaluated in a study of over 10,000 patients
as part of the PanCareLIFE project (http://www.
pancarelife.eu/) (Table 3.3). The International
Late Effects of Childhood Cancer Guideline
Harmonization Group is currently reviewing the
use of audiological classifications in the devel-
opment of international guidelines [10-12].

Table 3.3 The Muenster and SIOP Boston classification
systems for ototoxicity grading

SIOP Boston
Grade| Muenster criteria criteria
0 <10 dB HL at all <20 dB HL at all
frequencies frequencies
1 >10 and <20 dB HL in at >20 dB HL above
least one frequency, or 4 kHz
tinnitus
2 >20 dB HL at 4 kHz and >20 dB HL at
above 4 kHz and above
2a: >20-<40 dB
2b: >40-<60 dB
2¢c: >60 dB
3 >20 dB HL at <4 kHz >20 dB HL at
3a: >20-<40 dB 2 kHz and above
3b: >40-<60 dB
3¢c: >60 dB
4 >80 dB at <4 kHz >40 dB HL at
2 kHz and above
The CTCAE criteria (NCI Common
Terminology Criteria for Adverse Events

(CTCAE) v.5.0, 2017: https://ctep.cancer.gov/
protocolDevelopment/electronic_applications/
docs/CTCAE_v5_Quick_Reference_5x7.pdf)
are commonly used for the classification of tin-
nitus and vertigo. CTCAE grade 1 indicates the
presence of mild symptoms; grade 2 indicates
moderate symptoms which limit instrumental
activities of daily living (ADL), such as shopping
or using the telephone; and grade 3 indicates
severe symptoms which limit self-care ADL,
such as taking medication.

3.9 Treatment

Where hearing loss and impaired speech percep-
tion is detected, hearing aids with high-frequency
amplification specifically fitted to the individual
should be prescribed by a pedaudiologist [124,
152]. Cochlear implantation, with or without
concurrent electroacoustic stimulation, is indi-
cated in the rare cases of ototoxicity leading to
severe-profound sensorineural hearing loss, and
where conventional acoustic hearing aids do not
provide sufficient benefit. Hearing ability is not
restored to normal when using hearing aids or
cochlear implants [153], so the use of additional
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assistive devices can be beneficial. Signal trans-
mission systems, often called FM (frequency
modulation) systems, can be used to transmit
sound from an important sound source, such as
a teacher, directly to the patient’s hearing aids,
and can greatly improve speech perception in the
presence of background noise or across distance.
Other modifications at school, such as preferen-
tial classroom seating, better sound absorption to
reduce reverberation, and the influence of back-
ground noise in classrooms and simply giving
appropriate information to teachers should also
be implemented where possible. Secondarily
occurring speech development difficulties, learn-
ing difficulties, and literacy/numeracy difficulties
must be taken into account and treated [1, 2].
There is, up to now, no cure for tinnitus,
mainly due to its multidimensional clinical char-
acteristics. Many clinical management strate-
gies have so far failed to succeed, leaving a large
number of patients untreated [79]. However, in
some patients, the help of multiple professionals
(e.g., audiologists, neurologists, otolaryngolo-
gists, and psychologists) can provide some relief
[141]. Treatments focus on psychological aspects
and/or auditory stimulation. Psychotherapeutic
approaches include counseling, tinnitus retrain-
ing therapy (TRT), and cognitive behavioral ther-
apy (CBT). Counseling is vital in order to inform
patients and help them cope with their tinnitus
and accompanying symptoms. TRT combines
counseling and sound therapy to retrain the brain
to habituate to the tinnitus percept, so that the
patient perceives the tinnitus as a neutral stimu-
lus. CBT consists of psycho-education, relax-
ation therapy, mindfulness, imagery training, and
exposure therapy, aiming to help the patient cope
with the condition by reducing emotional and
behavioral responses [59, 141, 154]. In recent
years, the Internet and smartphone-based devices
for tinnitus self-help have been used more fre-
quently, including auditory treatments, Internet-
based CBT, serious games, and questionnaires
[155]. Auditory stimulation includes the use
of hearing aids or cochlear implants in tinnitus
patients who also suffer from clinically diag-
nosed hearing loss. The basic function of hearing
aids is to amplify environmental sounds, thereby

reducing the comparative loudness of the tinnitus.
Because hearing aids only provide amplification
up to ca. 6 kHz, this approach is especially ben-
eficial in patients with lower-pitched tinnitus [59,
141, 156]. Cochlear implants increase the activ-
ity of the auditory nerve by electrical stimulation,
thereby potentially reversing plastic changes in
the brain [59, 141, 154].

3.10 Prevention

Protective approaches aim to prevent the onset or
progress of ototoxicity by reducing the dose of
cisplatin (in cases of early onset ototoxicity) or
replacing cisplatin with a less ototoxic analogue.
Some treatment protocols specify such changes,
and the precise guidelines vary by disease and
treatment regimen [25, 34, 117, 151].

Treatment with antioxidants or anti-
inflammatory drugs may be feasible according to
the hypothesis that platinum ototoxicity is gener-
ated through the creation of reactive oxygen spe-
cies (ROS). Amifostine was one of the first such
compounds tested in clinical trials. It is a prodrug
for a pharmacologically active free thiol metabo-
lite, WR-1065, which binds to and thereby detoxi-
fies reactive metabolites of cisplatin and may also
deactivate ROS. It is thought to be concentrated in
normal tissues, due to pH differences, the higher
level of the activating enzyme, and other mecha-
nisms. Nausea and/or vomiting, transient hypo-
tension, and hypocalcemia are typical adverse
reactions of amifostine, which is administered as
a 15-min IV infusion immediately before chemo-
therapy. Although some studies have shown posi-
tive results for otoprotection [157], clinical trials
and meta-analyses have not provided clear evi-
dence for its efficacy to reduce platinum-induced
ototoxicity [158-162]. The current American
Society of Clinical Oncology (ASCO) guideline
does not recommend the routine use of amifos-
tine for the prevention of platinum-associated
ototoxicity [163]. Forty-eight studies applying
amifostine as cytoprotectant in polychemother-
apy in adult and pediatric cancer populations are
currently listed in clinicaltrials.gov, a registry of
ongoing medical studies involving humans.
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Another potential otoprotective compound
is sodium thiosulfate (STS), a reactive thiol
agent that is believed to provide otoprotection
by directly binding to and inactivating platinum
cytotoxic agents and may also act as a free radi-
cal scavenger. STS has been tested for its oto-
protectve ability in adult and pediatric patients
in several clinical studies, among them two
recently randomized controlled trials (Table 3.4).
Irrespective of the STS treatment schedule, sub-
jects showed significantly lower rates of ototox-
icity than patients without STS treatment [31,
164-170]. These studies suggest that STS treat-
ment did not protect the tumor from platinum
cytotoxicity in local disease, but one study [165]
showed a decrease in 3-year event-free survival
and overall survival in metastasized disease.
Their results raise the possibility that STS may
offer otoprotection to patients treated with plati-
num compounds, especially children (who are at
higher risk than adults).

D-methionine, another antioxidant working
against cisplatin- or aminoglycoside-induced
side effects, was investigated largely in vitro and
showed promising results [171-175]. One small-
scale clinical trial in humans has shown complete
otoprotection [176], but, as far as we know, no
other clinical studies have been published or are

recruiting for this purpose. Larger-scale clinical
trials are needed.

The risk of possible interaction between che-
moprotection and the efficacy of chemotherapy
is still of concern to oncologists because the
data from clinical trials is still limited [28]. Most
potential otoprotective drugs are administered
systemically, a method which includes the danger
of such negative interaction on the efficacy of the
therapy. This risk could perhaps be reduced by
the local application of the otoprotectant directly
to the ear. The feasibility of transtympanic appli-
cation was tested by Riga et al. in a phase I/II
study in 20 cisplatin-treated adult cancer patients,
where injections of 10% N-acetylcysteine in
Ringer’s solution significantly reduced hearing
loss [177]. According to this result, the trans-
tympanic administration seems to be practicable
in adolescents. Whether it is reasonable in older
children remains to be shown; general anesthesia
would be necessary in small children. Still fur-
ther studies are needed.

Although numerous potential protective agents
have been tested pre-clinically, only a few have
reached the stage of clinical testing, and none of
them are yet routinely used. To date, no drug has
been approved by the FDA (US Food and Drug
Administration) or EMA (European Medicines

Table 3.4 Recent studies on STS for prevention of hearing loss in childhood cancer patients

SIOPEL 6 (2018), Brock et al. [164]

COG (2017), Freyer et al. [165]

Trial/duration Phase I11/7 years Phase 111/4 years

N 109 (57 STS/52 controls) 125 (61 STS/64 controls)
Diagnosis Hepatoblastoma All except leukemia/lymphoma
TCD cisplatin 6 courses of 80 mg/m? STS: 393 mg/m? (91-605)

Controls: 387 mg/m? (198-625)

STS administration

20 g/m? IV
6 h after end cisplatin

16 g/m?> IV
6 h after end cisplatin

Audiological Pure-tone audiometry, before and Pure-tone audiometry, before, throughout, and
assessment throughout treatment 1 year after treatment

Ototoxicity grading | Brock ASHA

Frequency STS: 33% (95% CI 21-47) STS: 29% (95% CI 17-43)

Controls: 63% (95% CI 48-77)

Controls: 57% (95% CI 42-70)

Risk (STS vs.
controls)

RR 0.52 (95% C1 0.33-0.81)

OR 0.31 (95% CI 0.13-0.73)

3-year OS rate

STS: 98% (95% CI 88-100)
Controls: 92% (95% CI 81-97)

STS: 70% (95% CI 56-80)
Controls: 87% (95% CI1 76-93)

3-year EFS rate

STS: 82% (95% CI 69-90)
Controls: 79% (95% CI 65-88)

STS: 54% (95% CI 40-66)
Controls: 64% (95% CI 50-74)

STS Sodium thiosulfate, TCD Total cumulative dose, OS Overall survival, EFS Event-free survival, IV Intravenous
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Agency) for the prevention of platinum-induced
hearing loss, although STS and N-acetylcysteine
are designated for an FDA orphan status for this
application and STS was recently approved for
fast track designation by the FDA which shall
facilitate development and expedite review of
the drug for this indication. More clinical stud-
ies have begun within the past few years, so the
transition of otoprotective agents from bench to
bedside may increase.
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4.1  Introduction

Before the introduction of (neo)adjuvant che-
motherapy protocols during the 1970s, ablative
surgical procedures were usually required in
patients with osteosarcomas. It was only after
that time that extremity-preserving surgical
techniques came into use to a significant extent
in tumour orthopaedics. Nowadays, it is fortu-
nately possible to preserve the extremity in the
majority of patients by a combined chemo (e.g.
EURAMOS-1 protocol)- and surgical approach
mainly treated in specialized sarcoma centres,
and amputation is only necessary with very
extensive tumours [1].

Following wide tumour resection according to
Enneking [2], the resulting bone defect usually
has to be reconstructed. A large number of surgi-
cal procedures are available to the tumour ortho-
paedist when choosing how to carry out the
reconstruction. In the majority of cases today,
reconstruction of metadiaphyseal defects is car-
ried out using tumour endoprostheses, which are
also available for children in the form of growing
prostheses [3]. Rotationplasty, although being
done increasingly rarely, is certainly also still
valuable, particularly in very young patients [1].
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Table 4.1 Common reconstruction techniques in sar-
coma surgery

Tumor endoprostheses

Biological reconstructions

 (Vascularized) autologous fibula
e Allograft

» Combination auto—/allograft

* Bone transport

When the defect location is diaphyseal, biologi-
cal reconstruction procedures are often used in
children, such as fibula reconstructions with vas-
cular pedicles, in combination with an allograft if
appropriate [4]. Generally, it should be noted that
the choice of the appropriate reconstruction pro-
cedure depends on many different factors and
also varies from surgeon to surgeon and hospital
to hospital (Table 4.1).

The reader is also referred to the Chaps. 29
and 30 of this book.

4.2 Tumour Endoprostheses

In contrast to traditional endoprostheses, tumour
prostheses are capable of compensating for bone
defects in all long bones. Only one adjacent joint
is usually reconstructed, although a total bone
replacement—e.g. a total humerus replacement—
may also be used. When megaprostheses were
first introduced around 40 years ago, individually
customized prostheses were initially used, but
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today’s tumour orthopaedist now has modular
tumour prosthesis systems available from various
manufacturers for immediate implantation. In
recent decades, megaprosthesis implantation has
become an established procedure for reconstruct-
ing large metadiaphyseal bone defects following
tumour resection [3].

The 5-year survival rate for megaprostheses has
also markedly improved over the last 30 years—
even though the patients are mostly young and
active [5]. Despite this, it is still the case that com-
plications are frequent even today. In a multicentre
study including 2174 patients with megaprosthe-
ses, Henderson et al. [6] reported failure of the
reconstructions in 24.5% of cases for all locations.
The mean overall time to failure was 47 months.

When megaprostheses are used, however, the
positive aspect that should be emphasized is that
long-term preservation of the extremity is possi-
ble in most patients, despite any revision opera-
tions that may become necessary [7]. In a study
including 1261 patients with megaprostheses,
Jeys et al. [8] noted secondary amputation rates
of only 8.9% at a mean of 20 years postopera-
tively, with statistically significantly lower ampu-
tation rates in megaprostheses implanted after
1980. The amputation rates were 15% with prox-
imal tibia replacements and 5% with proximal
femur replacements. The main reasons for ampu-
tation were local recurrences (63%) and peripros-
thetic infection (34%).

4.3 Periprosthetic Infection
Alongside local recurrences, periprosthetic infec-
tion is the most serious complication. In the great
majority of cases, infection becomes manifest
within the first 2 postoperative years with exoge-
nous infections, although late hematogenic infec-
tions are also possible [9, 10].

Immediately within the first postoperative
weeks, painful reddening and hyperthermia in the
surgical area may suggest acute infection (e.g.
with Staphylococcus aureus). C-reactive protein
(CRP) is usually markedly raised. However, even
when there are only slight signs of local inflam-
mation, increasing movement restriction may

develop months after the operation due to tissue
induration. Fistula development is also possible.
These cases often involve infection with low-
virulence bacteria such as S. epidermidis. CRP is
usually only slightly raised [9]. Late hematogenic
infections (e.g. following bacterial tonsillitis or
soft-tissue infection in whitlow) may develop
even years after implantation of the prosthesis—
usually with acute signs of inflammation [9].

The incidence of infection varies, particularly
relative to the location of the prosthesis implant
[10]. While periprosthetic infections are a rarity
in connection with proximal humerus replace-
ments, they occur in up to 19% of cases with
proximal femur replacements, up to 11% of cases
with distal femur replacements and up to 23% of
cases with proximal tibia replacements [7, 10].
However, the infections here are certainly only
partly due to the implant (particularly with the
large foreign-body surface it presents). Other risk
factors for infection involve patient-related fac-
tors (cancer, chemotherapy-induced immunosup-
pression and poor soft-tissue situations resulting
from radiotherapy), the often long operating
times and—particularly with proximal tibia
replacements—difficulties in achieving muscle
coverage over the prosthesis [10, 11].

In cases of infection of a tumour prosthesis, an
attempt is usually made to eliminate the infection
using one-stage or two-stage exchanges (with
explantation of the prosthesis, temporary implan-
tation of an antibiotic-loaded cement spacer and
reimplantation of the prosthesis). However, rein-
fections are possible, and ultimate amputation is
not always avoidable—often due to poor soft-
tissue conditions, including those following (neo)
adjuvant radiotherapy [8, 9]. Hardes et al. [9]
showed, for example, that patients with peripros-
thetic infection have a 55.5% risk of secondary
amputation if they have undergone radiotherapy
and only 25% if they have not.

4.4  Mechanical Complications

Directly implant-related mechanical complica-
tions include in particular aseptic shaft loosening,
failure of the joint mechanism with tumour pros-
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theses in the vicinity of the knee joint and fractur-
ing of the implant. Independently of the implant,
periprosthetic fracture—particularly with pros-
theses in the region of the knee joint—also rep-
resents a problem. With proximal humerus and
femur replacements, (sub)luxations may occur
[6, 7]. In comparison with infection, however,
these complications require fewer revision pro-
cedures. Jeys et al. [10] reported that a mean of
3.5 additional operations is needed after the pri-
mary implantation in patients with periprosthetic
infection, in comparison with a mean of only 1.7
revision procedures in patients without infection.
Amputation due to mechanical complications is
also a rarity, with percentages of 0.4-2.2% [7, 8].

4.5 Implant Fracture

Although fractures in the body of the prosthesis
nowadays no longer play any role in clinical prac-
tice [7, 12], shaft fractures were in the past a fre-
quent complication (Fig. 4.1). In our own group
of patients, the fracture rate in the lower extrem-
ity was 2.7% [7], while other authors reported
fracture rates of 3.3—15% [5, 13, 14]. When the
shaft fractures, the patient feels acute instability
and is no longer able to place weight fully on the
leg. There is usually no pain before the event, so
that typical warning signals are absent. This com-
plication can be successfully treated by exchang-
ing the shaft—although usually with some loss
of local bone.

4.6 Aseptic Shaft Loosening

Aseptic loosening of the shaft occurs more often
in comparison with shaft fractures (7-11%)
[5-7, 14]. This complication is a rarity in
treatments in the region of the upper extrem-
ity, due to the lesser biomechanical demands
involved [15], but it occurs more often with
prostheses in the region of the knee joint [7].
Aseptic shaft loosening is usually noticed as a
result of weight-bearing-dependent pain, which
the patient describes as being directly over the
affected bone. It is only in a few patients in the

Fig. 4.1 Anteroposterior radiograph in a 60-year-old
patient with a femoral shaft fracture after a distal femur
replacement

final stage that rotational instability of the shaft
can be provoked during the clinical examina-
tion. Conclusive confirmation of the suspected
diagnosis is usually possible with biplanar radi-
ography. In cases of uncertainty, this can be
supplemented with three-phase skeletal scin-
tigraphy. In the presence of shaft loosening,
renewed anchorage of the prosthesis can usually
be achieved using a shaft exchange [7]. Septic
loosening of the shaft always has to be distin-
guished from aseptic loosening. Septic loosen-
ing is often associated with discrete signs of
systemic infection on laboratory tests, as well
as local signs of infection (on histology). Septic
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shaft loosening is often only diagnosed after a
shaft exchange, using positive microbiological
samples obtained intraoperatively.

Wear on the Joint
Mechanism in Distal Femur
and Proximal Tibia
Replacements

4.7

Failure of the joint mechanism used to occur
quite frequently in tumour prostheses involving a
hinge joint. Capanna et al. [16] reported wearing
of the polyethylene in the hinge joint of the first-
generation Kotz prosthesis in 42% of cases after
a mean of 64 months postoperatively. The wear
rate was markedly reduced by using joints that
allowed end rotation, but wear is still reported
in the literature in up to 10% of cases [5, 7]. In
our own opinion, wear on the joint mechanism is
often only a matter of time in active patients with
long-term survival, and it should only be regarded
as a complication in cases of early failure. We
tell patients that when there is greater clinically
reproducible joint instability that disturbs every-
day activities, the joint mechanism should be
exchanged. Otherwise there is a risk of aseptic
shaft loosening caused by particles of polyeth-
ylene or metal abrasion particles [S]. However,
the risk of periprosthetic infection should not
be underestimated when the joint mechanism
is exchanged. Jeys et al. [10] calculated that
exchanges of the joint mechanism represented a
significant (P = 0.05) risk for infection, with a
frequency of 17.8%. The time point at which the
exchange can be carried out while the instability
is still tolerable should therefore always be care-
fully considered in consultation with the patient.

Dislocation of a Proximal or
Total Femoral Replacement

4.8

Dislocation of a proximal or total femur replace-
ment is the most frequent complication with this
type of reconstruction [17]. The highest disloca-

tion rates, at 25-33%, are reported in patients
with a fixed-implant unipolar acetabular cup
[7, 18]. By contrast, the dislocation rate when
a bipolar implant is used is substantially lower,
at 1-5% [17, 19]. We therefore recommend a
bipolar acetabular cup in hip joints without any
considerable arthrosis and a tripolar one when
arthrosis is present. Bipolar cup systems have
longer durability. van Egmond et al. [20] reported
implant survival rates of 96% after 15 years and
60% after 20 years. The main reason for fixed-
implant cups being exchanged was painful wear
on the acetabular cartilage [21].

Implantation of proximal femur replace-
ments in children under the age of 10 is a special
case. Due to growth disturbances in the acetabu-
lum—of unknown pathogenesis—hip dysplasia
and subsequent dislocation of the prosthesis
can occur (Fig. 4.2). When there is evidence
of incipient dislocation on radiography, a pro-
cedure to improve the acetabulum must there-
fore be carried out in order to prevent complete
dislocation.

High-grade dislocations of humeral replace-
ments are a rarity [7, 15]. Cranial subluxations
may occur immediately after extra-articular
resection of the proximal humerus despite the use
of an attachment tube, but we only carry out revi-
sion operations if the patient has symptoms or
there is imminent skin perforation.

4.9 Periprosthetic Fractures

Periprosthetic fractures are rare. In our depart-
ment, we have retrospectively identified 31
(5.2%) out of approximately 600 megaprosthe-
sis implantations. The fracture usually occurs in
the lower extremity. Adequate trauma was only
present in 29% of the patients. Radiotherapy in
the surgical region had been carried out signifi-
cantly more often in patients in whom there was
no adequate trauma. At the time of fracture, the
patients were a mean of 38 years old, so that this
complication appears to be a rarity in children.
Accordingly, we do not restrict children with
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Fig.4.2 Anteroposterior radiograph in a patient currently
14 years old, in whom a proximal femur replacement with
a bipolar acetabular cup was implanted when the patient
was aged 9. Probably due to secondary hip dysplasia,
chronically progressive dislocation developed over the
course of the years

tumour prostheses to specific exercise recom-
mendations, but encourage them to take part in
exercise activities as far as the operated extremity
permits.

Attempts can be made to carry out osteosyn-
thesis in a few cases when periprosthetic fracture
occurs. With fractures in the vicinity of the pros-
thesis shaft, however, a shaft exchange with bone
resection is usually necessary (Fig. 4.3a, b).

4.10 Biological Reconstructions

In the biological procedures, the relevant defect is
reconstructed after tumour resection using autol-
ogous or allogenic bone. In biological recon-
structions, the bone defect is substituted with
biological material over the medium term or long
term, and ideally the function of the bone that
has been removed will be replaced with dynamic
equivalent bone [4]. However, stability has to be
achieved using additional osteosynthesis material
(usually plates or intramedullary nails) until bio-
logical reconstruction that is fully weight-bearing
is achieved.

A common biological reconstruction proce-
dure involves using autologous fibula to supply
diaphyseal defects; with defects >10 cm, fibula
with a vascular pedicle is usually used [22]. The
diaphysis of the patient’s own calf together with
the afferent vessel is removed, introduced into
the defect and anchored. The afferent vessel for
the fibula is then attached locally using microsur-
gical techniques. This makes local integration
possible, with adaptation of the bone quality to
the new weight-bearing situation (e.g. with
increased size during weight-bearing).

Bone transport to bridge a bone defect is also
aimed at generating autologous bone. Following
an osteotomy, the callus that forms can be length-
ened using an external fixator or increasingly
using extensible intramedullary nails (callus dis-
traction) [23].

Another way of reconstructing the defect is to
use allografts. Diaphyseal and osteoarticular
allografts are used as needed. A prerequisite for
this is that a sufficiently large bone bank should
be available to allow selection of the appropriate
allograft. A considerable disadvantage in using
allografts is that they involve nonvital bone.
Osseous remodelling does not take place.
Complications such as fractures or infection of
the allograft are therefore frequent, and this pro-
cedure is therefore now only rarely used [24].

All biological reconstructions using autografts
require a sufficient potential for bony regenera-
tion. If the regeneration potential is lacking, failure
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Fig.4.3 (a, b) A periprosthetic fracture with a distal femur replacement in place. As the femoral shaft has not loosened,
the local bone had to be resected, followed by reimplantation of a new shaft

of the additionally introduced metal support will
occur sooner or later, as it is not designed for per-
manent weight-bearing. Generally speaking, the
potential for regeneration will certainly be com-
promised as a result of chemotherapy and/or local
radiotherapy.

Failure of the biological regeneration potential
usually becomes evident through a fracture in the
autograft/allograft and/or the development of
pseudarthrosis between the introduced allograft/
autograft and the local bone [4, 22] (Fig. 4.4a, b).
These complications are rarer in the area of the
upper extremity, as mechanical loads are only
slight there. In the region of the lower extremity,
by contrast, these complications are frequent and
often require multiple revision operations [22].
The patients have to relieve the treated extremity
for very long periods and need to wear an orthesis
to reduce shearing forces. In cases of long-term
failure of the autograft, it may become necessary
to remove it and administer endoprosthetic
treatment.

When autologous fibula is being used, another
potential complication that needs to be taken into

account is potential sequelae in the donor fibula,
known as ‘donor-site morbidity’. Severe compli-
cations here involve paralysis of the peroneal
nerve and compartment syndrome. In addition,
the development of claw toe may be noted, as a
donor-site sequela that can certainly be regarded
as acceptable.

On the basis of the potential complications
listed above, the recommended follow-up for
patients who have undergone biological recon-
struction procedures must include regular con-
ventional radiographic examinations until
complete regeneration of the autograft has taken
place, so that any revision operations that may
become necessary (e.g. freshening of the pseud-
arthrosis) can be indicated at an early stage and
decisions can be taken regarding weight-bearing
on the extremity or the use of ortheses. The
3-month interval used for oncological follow-up
during the first 2 postoperative years is usually
sufficient here. When there is a full weight-
bearing situation biologically, further radio-
graphic follow-up is based on oncological needs,
not due to the reconstruction technique.
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Fig. 4.4 (a, b) Lateral radiograph of the lower leg in a
16-year-old boy. Following treatment with autologous
fibula with a vascular pedicle from the contralateral side,
pseudarthrosis with a subsequent plate fracture devel-
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Causes and Course of Severe Late
Effects in Young Cancer Patients:
Gastrointestinal Tract

Alexander Stein

5.1 Introduction

Multimodality treatment of children with cancer
has dramatically improved cure rates during the last
decades [1]. Among other toxicities, treatment asso-
ciated gastrointestinal (GI) side effects may have
significant impact on treatment tolerability, quality
of life, and beyond; the rather acute effects may
result in relevant long-term sequel. Whereas acute
or subacute GI side effects are well-known for each
treatment modality, e.g. nausea and vomitus, diar-
rhoea, constipation, appetite loss or infections for
chemotherapy, adhesions and obstruction to intra-
abdominal surgery or enteritis and deregulated
motility after abdominal irradiation, data on the
incidence and even more important the pathophysi-
ology of late side effects on the GI tract are rare.

Late Side Effects
of the Gastrointestinal Tract

5.2

The main data set on long-term GI side effects is
derived from the Childhood Cancer Survivor
Study (CCSS), a study of 14,358 survivors of
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childhood cancer who were diagnosed between
1970 and 1986 [2]. In this CCSS analysis, data
were compared with those from siblings
(N =3899).

Of note, in this analysis the cumulative inci-
dence of GI complications is continuously
increasing by about 8—10% every 5 years to more
than 40% 20 years after cancer diagnosis and is
still rising even 30 years after diagnosis. In addi-
tion, compared to siblings the probability of expe-
riencing a relevant late GI toxicity was greater for
most categories evaluated (16 out of 17).

GI complications in this analysis were grouped
according to upper GI complications including
ulcer, oesophageal disease, frequent indigestion
or heartburn, nausea/vomiting or other upper GI
trouble; liver conditions including gallstone or
other gall bladder issues, liver cirrhosis, jaundice,
liver biopsy or other liver trouble; and lower GI
complications including intestinal polyps or
diverticular disease, colitis, frequent constipa-
tion, chronic diarrhoea, fistula or stricture, colos-
tomy or ileostomy, or other lower intestinal
trouble and analysed separately. Among these
three groups, upper GI complications were most
commonly observed (cumulative incidence of
25.8% at 20 years after diagnosis), followed by
lower GI complications (15.5%) and liver condi-
tions (9.4%). The highest relative risks (adjusted
for age, sex and race) relative to the siblings were
for liver biopsy (24.1), liver cirrhosis (8.9) and
colostomy or ileostomy (5.6).
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Another analysis of the CCSS (n = 12,316 sur-
vivors) focused on intestinal obstruction [3]. This

analysis was grouped for abdominopelvic
tumours (n = 2002), mainly Wilms tumours
(60%) or neuroblastoma (23%), non-
abdominopelvic tumours (n = 10,314) and sib-
lings. Cumulative incidence for intestinal
obstruction was 5.8% in abdominopelvic

tumours, 1.0% for non-abdominopelvic tumours
and 0.3% for siblings 35 years after childhood
cancer diagnosis, which is in line with prior
smaller data sets [4]. Even after 30 years, no pla-
teau was reached; in contrast a steady increase in
the cumulative incidence was noted.

Already during treatment metabolic disorders
may occur, e.g. obesity, which is linked to long-
term GI complications, like hepatic dysfunction
or gastrooesophageal reflux disease [5, 6].
Besides the chronic liver damage, obesity as part
of the metabolic syndrome complex is associated
with increased cardiovascular morbidity and
mortality as well as chronic oesophageal diseases
including cancer [7, 8].

5.3 Causes of Late Gl Effects

5.3.1 Chemotherapy

Acute GI toxicity of chemotherapy is well
described and known for the majority of agents
used in paediatric cancer. New agents are only
rarely used initially in children with curative dis-
ease; thus unknown or unexpected acute side
effects are rare events. Late GI toxicity may result
from repeated acute toxicity, finally causing
injury and scarring of tissue or chronic GI infec-
tions due to immunosuppression. In addition,
myelosuppression or myeloablation results in the
need for blood products, thus increasing the risk
of viral hepatitis, particularly in regard of trans-
fusions >35 years ago [9, 10]. In the CCSS analy-
sis by Goldsby et al., chemotherapy in general
was not associated with long-term GI complica-
tions in multivariate analysis, whereas higher
alkylating agent score (AAS = 3) or cumulative
dose anthracyclines (>200 mg/m* doxorubicin)
were significantly related to GI complications,

mainly long-term liver toxicities [2]. There were
no significant relations of intestinal obstruction
to application of chemotherapy [3].

The pathogenesis of metabolic disorders is
multifactorial, although chemotherapy and the
reduced physical fitness and ability to be physi-
cally active due to the disease itself and the treat-
ment in general likely are the main causes [6].
Recently, reduced microbial diversity was noted
in survivors of paediatric leukaemia, which may
account for chronic inflammation-related disor-
ders like obesity or impaired glucose tolerance
[11]. Although not fully understood, these
changes occur early during treatment, likely
induced by chemotherapy, but may remain for
years. Therefore, early interventions focusing on
a healthy lifestyle including physical activity and
adequate nutrition and potentially specific treat-
ment to restore the intestinal microbiome may be
beneficial [12].

5.3.2 Radiotherapy

Relevant late effects of abdominal or retroperito-
neal radiotherapy are intestinal fibrosis, vascular
damage and organ dysfunction, particularly the
liver or kidneys [13]. Although dose dependency
of late effects is a well-known issue, the optimal
radiotherapy dose balancing efficacy and long-
term side effects need to be established.

The rate of intestinal fibrosis shows a dramatic
increase within the total radiation dose above
40 Gy from 5% to nearly half of patients with a
dose of 60 Gy [14]. In the CCSS cohort, a signifi-
cant correlation between radiotherapy and occur-
rence of late intestinal obstruction was observed
likely related to fibrosis [3]. Patients with abdom-
inal tumours receiving radiotherapy had a cumu-
lative incidence of intestinal obstruction of 7.5%
after 30 years, compared to 3.1% without
radiotherapy or 0.6—1.1% for non-abdominal
tumours. Of note, in patients with total radiation
doses above 40 Gy, the risk to develop an intesti-
nal obstruction was more than eightfold com-
pared to those without radiotherapy. In addition,
higher radiation doses were significantly associ-
ated with mortality in patients developing
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obstruction, with a nearly threefold increased
mortality for doses >50 Gy. Mediastinal radio-
therapy may cause late effects in the proximal
intestinal tract, like oesophagogastral dysmotility
and stricture, due to mucosal damage and chronic
ulceration [15].

The induction of long-term liver toxicity is
dose- and volume-dependent but usually only
occurs at doses >20 Gy to larger parts of the liver
or higher doses to small parts of the liver [13, 16].
The strong association of total body irradiation
with liver toxicity noted in the CCSS cohort may
be influenced by the setting of allogenic bone
marrow transplantation, including veno-occlusive
disease and graft vs. host disease.

Furthermore, radiation can cause vascular
damage including clinically relevant decrease
growth of vessels or stenosis and thus compro-
mising abdominal blood supply causing intesti-
nal damage and organ dysfunction [17].

5.3.3 Surgery

Side effects of abdominal surgery are mainly
occurring in the short- or midterm period follow-
ing the procedure, e.g. anastomotic leakage or
adhesions. Although reports on long-term toxici-
ties are rare and mainly anecdotic, adhesive small
bowel obstruction may occur years or even
decades after abdominal surgery [13]. In multi-
variate analysis of the CCSS cohort, abdominal
surgery was only associated with liver injury but
not with intestinal complication [2]. Similarly
intestinal obstruction in patients with abdominal
tumours was not associated with abdominal sur-
gery, although on the other hand, once an obstruc-
tion occurred, prior surgery was associated with
mortality [3].

5.4  Conclusion

Despite being a relevant issue affecting a large
number of long-term survivors, data on the causes
and course of severe gastrointestinal toxicity are
rare. Available data show a continuous increase
in the cumulative incidence of GI side effects

even 30 years after initial cancer diagnosis, thus
urging for a lifelong specialized follow-up of this
patient population. Clearly abdominal or pelvic
radiotherapy and to a lesser extent chemotherapy
and surgery are the causative treatment modality.
Therefore, recent approaches are focusing on
improved multimodal treatment tolerability, e.g.
by new radiation techniques to reduce long-term
toxicity like proton beam therapy or early inter-
ventions to avoid chronic metabolic disorders
[12, 18].
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Pulmonary Toxicity: Causes
and Course of Severe Late

Effects in the Lungs of Young

Cancer Patients

Jennifer E. Agrusa and Andrew C. Dietz

6.1 Background 6.2

Review of Self-Reported

The lungs are a uniquely susceptible organ
without the ability to repair in the same way as
other parts of the human body. Toxicities from
cancer and cancer therapy can be profound.
Late pulmonary-related death has now been
reported in multiple cohorts in the United States
and Europe with a standardized mortality ratio
ranging from 5.9 to 8.3, a cumulative incidence
exceeding 0.5% by 25 years after diagnosis, and
pulmonary causes comprising upward of 16%
of all non-cancer causes of death [1-3]. Less
is known about pulmonary complications than
areas such as cardiac toxicity; however, with
more recent growing interest in the field, much
progress has been made in our understanding
of this area. This chapter reviews self-reported
pulmonary outcomes and directly measured pul-
monary outcomes and discusses risk factors for
these outcomes.
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Pulmonary Outcomes

One of the earliest and most comprehensive
studies on self-reported pulmonary outcomes
looked at the Childhood Cancer Survivor Study
(CCSS) in North America. Among 12,390 5-year
survivors of childhood cancer, there were sig-
nificantly increased risks of lung fibrosis, recur-
rent pneumonia, chronic cough, pleurisy, use
of supplemental oxygen, abnormal chest wall,
exercise-induced shortness of breath, bronchitis,
recurrent sinus infection, and tonsillitis com-
pared to a cohort of siblings [4]. An updated
report on 14,316 5-year survivors of childhood
cancer from the CCSS with additional longitu-
dinal follow-up showed a cumulative incidence
of any pulmonary condition of 29.6% (95% CI
29.1-30.0%) by the age of 45 years. While less
likely to be smokers compared to siblings, survi-
vors were still at significantly increased risk for
chronic cough, oxygen need, lung fibrosis, and
recurrent pneumonia. Additionally, the impact of
chronic cough on daily activities was higher for
survivors than it was for siblings [1].
Self-reported and physical exam-based pul-
monary outcomes have also been reported in
Europe, first in the Netherlands. Among 1362
survivors at a median follow-up of 17 years, over-
all adverse events were in seen in 74.5%, with
pulmonary adverse events accounting for 5%
of all events [5]. More recently in 1894 5-year
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childhood cancer survivors in Switzerland, there
were higher rates of pneumonias and chest wall
abnormalities than siblings, with a cumula-
tive incidence of any pulmonary disease after
35 years of follow-up of 21%. Additionally, in
those exposed to thoracic surgery, there was an
elevated risk of lung fibrosis [6].

6.3  Review of Measured
Pulmonary Outcomes
6.3.1 Pulmonary Function Tests

(PFTs)

Pulmonary function testing has been incorpo-
rated into the Children’s Oncology Long-Term
Follow-Up (COG LTFU) Guidelines as a way to
monitor subclinical pulmonary disease among
childhood cancer survivors. Pulmonary function
tests (PFTs) are performed to identify obstructive
or restrictive lung disease, diffusion defects, or
hyperinflation using a variety of tests, includ-
ing the measurement of flow and volume (spi-
rometry) and diffusing capacity of the lungs for
carbon monoxide (DLCO). Results are expressed
as a percent of predicted value, based on the
individual’s age, height, gender, and race [7].
Currently, the COG LTFU Guidelines recom-
mend that survivors with specific exposures,
including bleomycin, busulfan, nitrosoureas (car-
mustine, lomustine), chest radiotherapy, alloge-
neic hematopoietic stem cell transplant (HSCT)
with chronic graft versus host disease (GVHD),
and pulmonary surgery, routinely obtain PFTs
upon entrance into long-term follow-up care and
repeat them as clinically indicated. Though the
prevalence of clinical symptoms is low among
survivors and >80% of survivors are asymptom-
atic regardless of PFT findings [8], abnormal
PFT results may indicate disease well in advance
of diagnosis and impact survivors’ long-term
quality of life [6, 9].

Monitoring survivors for late effects using
PFTs has demonstrated a high prevalence of
pulmonary dysfunction. Impaired lung function
has been described in 33-65% of all survivors
undergoing evaluation with PFTs [7, 10] and in

44-84% of survivors with at least one pulmonary
toxic exposure [11-13]. Despite an attempt to
minimize therapy-related toxicity over the years,
recent studies continue to demonstrate a high
prevalence of pulmonary dysfunction, as 41-65%
of survivors treated for cancer between 1997 and
2012 have abnormal pulmonary function based
on PFTs [8, 14, 15]. Pulmonary function abnor-
malities increase with longer follow-up and age,
and the cumulative prevalence at 50 years old
is as high as 81.3% [10]. When measured by
the Common Terminology Criteria for adverse
events (CTCAE), the majority of dysfunction
is minimal (grade 1), though at least one study
found that up to 44% of survivors have grade 2 or
higher dysfunction [13], and another showed that
21% of survivors have grade 3—4 pulmonary dys-
function [10]. It has been additionally noted that
those with pulmonary dysfunction have signifi-
cantly poorer health-related quality of life [11].

6.3.2 Types of Defects

Restrictive lung defects in childhood cancer sur-
vivors occur as a result of intrinsic lung diseases
or chest wall pathologies following certain ther-
apy exposures. They are caused by functional vol-
ume reduction, defined by a decreased total lung
capacity (TLC) and/or residual volume (RV),
which can be ascertained by measuring lung vol-
umes on PFTs with whole-body plethysmogra-
phy or gas dilution. Among those with pulmonary
toxic exposures, 13% of survivors have restric-
tive lung disease [8], and the odds for restrictive
defects are increased 6.5-fold compared with
healthy controls [11]. Specifically, studies have
demonstrated the prevalence of restrictive defects
to be 7-11% in survivors treated with bleomycin
[14, 15] and 11-15% in survivors treated with
pulmonary radiation [16, 17]. Survivors with this
defect may have reduced exercise capacity [9];
however, no difference in self-reported pulmo-
nary symptoms or health-related quality of life
has been described [11].

Survivors with pulmonary toxic exposures
may also develop obstructive lung defects, includ-
ing asthma, obliterative bronchiolitis, and chronic
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GVHD [18]. Obstructive defects affect flow; thus,
forced expiratory volume in 1 s (FEV,), FEV//
functional vital capacity (FVC), expiratory flow
rate between 25% and 75% of the exhaled vital
capacity (FEF25-75%), and peak expiratory flow
rate (PEFR) are decreased on PFTs. The preva-
lence of these defects among childhood cancer
survivors with exposure to bleomycin or pulmo-
nary radiation therapy is 22-26% [8, 14, 16, 17],
though one study found that as many as 70% of
survivors exposed to bleomycin have evidence
of obstruction on PFTs [15]. With respect to
additional contributory factors, similar to a non-
cancer population survivors who smoke have a
greater risk of obstructive lung disease compared
with those who have never smoked [19].

Abnormalities of lung diffusion also occur
as a consequence of pulmonary toxic therapy.
Diffusion capacity of the lungs for carbon mon-
oxide (DLCO) is a measurement that is often
included with PFTs to evaluate gas exchange
between the alveolus and red blood cell in pul-
monary capillaries. This value is frequently
corrected for alveolar volume and hemoglobin.
DLCO is reduced in interstitial lung disease or
pulmonary fibrosis that may occur after cancer
therapy or with pulmonary edema or pulmonary
vascular diseases. The prevalence of diffusion
defects varies in the literature, possibly because
studies differ in their definition of abnormal
DLCO. Nonetheless, diffusion defects exist in
3-19% of survivors treated with bleomycin and/
or pulmonary radiation [14—17], and the odds for
diffusion defects are increased 5.2-fold compared
with healthy controls [11]. Survivors with diffu-
sion defects are more likely to report symptoms
and have poorer health-related quality of life
[11]. Similar to those with obstructive lung dis-
ease, survivors who smoke have a greater risk of
diffusion defects compared with those who have
never smoked [19].

Hyperinflation is an additional measurement
included on PFTs that is not often evaluated in
childhood cancer survivors; however, hyperin-
flation is often the most common abnormality in
studies assessing this parameter. It is defined as
residual volume (RV) >120% of predicted and
a RV/TLC ratio >28% predicted. The preva-

lence of hyperinflation was found to be 20-41%
among survivors with pulmonary toxic expo-
sures [8, 14, 16, 17]. Though the implications of
this abnormality is yet to be studied in childhood
cancer survivors, it has been shown that hyper-
inflation contributes to dyspnea, exercise intol-
erance, and reduced physical activity in other
populations [11].

6.4  Risk Factors for Puilmonary
Outcomes
6.4.1 Chemotherapy

Bleomycin is an antineoplastic antibiotic used
to treat lymphoma and germ cell tumors that has
been associated with acute and chronic pulmo-
nary toxicity. It is thought that the mechanism of
lung injury is the result of reactive oxygen metab-
olite formation and subsequent inflammatory
response. The lungs have relatively low levels
of the bleomycin-detoxifying enzyme, bleomy-
cin hydrolase [9]; thus, bleomycin accumulates
and can cause fibrosis by damaging the lung
vasculature, which leads to an influx of inflam-
matory cells and fibroblasts [20, 21]. Bleomycin-
mediated pulmonary injury is associated with a
variety of pulmonary diseases, including bronchi-
olitis obliterans organizing pneumonia (BOOP),
eosinophilic hypersensitivity pneumonitis, and
interstitial pneumonitis that can progress to pul-
monary fibrosis [9, 15, 22].

Treatment with bleomycin has been associ-
ated with more PFT abnormalities than other
chemotherapeutic agents [23], though few of
these patients have symptoms or adverse pul-
monary clinical outcomes, including asthma,
chronic cough, emphysema, oxygen need, lung
fibrosis, or recurrent pneumonia [1, 14, 15].
Studies from the 1970s to 1980s demonstrate
that the most common PFT abnormalities include
decreased DLCO, TLC, and FVC among patients
treated with bleomycin [24, 25]. While toxic-
ity has been seen in doses as low as 20 units
per meter squared (U/m?), studies have shown
that cumulative dose greater than 450 U/m? to
be more predictive of bleomycin-related pulmo-
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nary toxicity [13]. Many treatment regimens now
use lower doses of approximately 60 U/m?, and
though dose is not significantly associated with
abnormal PFTs (median cumulative dose 65 U/
m?, range 10-120 U/m?), >50% of survivors who
were treated with bleomycin still demonstrate at
least one PFT abnormality [14].
Cyclophosphamide is another chemotherapeu-
tic agent that is associated with late pulmonary
complications. It is an alkylating agent used to
treat hematologic malignancies or solid tumors,
used in HSCT preparative regimens or used as
immunosuppressant therapy for non-malignant
disorders. Cyclophosphamide may cause diffuse
alveolar damage and, less frequently, nonspecific
interstitial pneumonia and BOOP [26]. Dyspnea,
cough, and fever have also been associated with
its use [27], and while some studies show no
association with PFT abnormalities [13, 14],
others have found a significant association with
abnormal gas exchange and reduced lung volume
[9]. No correlation between cumulative dose and
PFT abnormalities has been observed [9, 22, 23].
Several additional chemotherapeutic agents
have been associated with late pulmonary tox-
icity. Anthracyclines, such as doxorubicin, are
antibiotics that have been shown to increase
the risk of emphysema, supplemental oxygen
use, chronic cough, and shortness of breath [1,
9, 23]. In older studies, doxorubicin has also
been a risk factor for reduced DLCO and lung
volume on PFTs, though no correlation between
cumulative dose and PFTs was observed [9, 23].
In more recent studies, use of this agent was not
found to be significantly associated with PFT
abnormalities in survivors who had received
bleomycin [14]. Methotrexate, a commonly used
antimetabolite, has occasionally been associated
with PFT abnormalities when used in treatment
of hematologic malignancies [23]. Busulfan,
another alkylating agent often used as part of
conditioning regimens for HSCT, is also a known
pulmonary toxic agent. As damage occurs insidi-
ously, the average time to develop adverse effects
is 3.5 years [28], and radiation therapy may mag-
nify the effects. Though it is unclear if the effects
of busulfan are dose-dependent, there have been

no reports of adverse effects with doses <500 mg
as long as no concomitant agents are used [9].
Finally, nitrosoureas, including carmustine and
lomustine, that have been used to treat gliomas,
other CNS tumors, and as part of conditioning
regimens for autologous HSCT, are also pulmo-
nary toxic agents. The effect is dose-dependent
and is as high as 50% if doses >1500 mg/m? are
used [29]. Damage due to this agent also occurs
insidiously and results in emphysema or fibrosis
as a long-term effect [1, 9]. Interestingly though,
a large cohort study among survivors enrolled in
the Childhood Cancer Survivor Study (CCSS)
showed no significant association between the
development of clinical pulmonary outcomes
and agents such as methotrexate, busulfan, and
carmustine [1].

6.4.2 Radiation Therapy

Radiation therapy is often a necessary component
of cancer treatment that can cause injury to the
lungs via a direct cytotoxic effect on normal lung
tissue and by triggering an inflammatory cascade
that can eventually leads to fibrosis. The first
phase of damage, radiation pneumonitis, may
occur 3—12 weeks after exposure, while the final
phase, radiation fibrosis, may be evident as early
as 6 months after radiation exposure and can
progress over time. Pulmonary radiation expo-
sure can result in both subclinical pulmonary
impairment and adverse clinical outcomes, as
the cumulative incidence of pulmonary fibrosis is
3.5% at 20 years after diagnosis [4]. Pulmonary
radiation therapy increases the risk of pulmonary
function impairment [9], and abnormalities on
PFTs are apparent in two-thirds of survivors [16].
While restrictive impairment has been associated
with doses of pulmonary radiation >20 Gy among
survivors [11], another recent study of survivors
treated with bleomycin did not find a significant
association between radiation dose and PFT
abnormalities. However, the median dose was
only 21 Gy, and the two patients who received
higher doses did develop restrictive lung disease,
though the relationship was not significant [14].
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These aforementioned studies did not specify the
fields of radiation exposure, however, and this is
important to consider now that radiation oncolo-
gists are using more targeted techniques to mini-
mize adverse effects when appropriate. While
doses >20 Gy have been shown to predict the risk
of lung function abnormalities among survivors
who receive mediastinal radiation therapy [30],
among survivors of Hodgkin lymphoma treated
with involved field radiation therapy, older age
at diagnosis is the only factor significantly asso-
ciated with worse subclinical pulmonary out-
comes in multivariate analysis [31]. Pulmonary
function changes are also common in survivors
treated with whole lung irradiation, as 85.7%
have evidence for obstructive, restrictive, hyper-
inflation, or diffusion defects [16]. Additionally,
>50% have more than one abnormality, and FVC,
FEV1, and TLC significantly decline over time
[32]. Similarly, survivors receiving craniospinal
irradiation are also at risk for reduced lung vol-
ume and DLCO [9].

Pulmonary radiation therapy also increases the
risk of adverse late clinical pulmonary outcomes
among childhood cancer survivors. Among
CCSS survivors, pulmonary radiation therapy is
significantly associated with pulmonary fibrosis,
supplemental oxygen use, recurrent pneumonia,
and chronic cough [1, 33], and the cumulative
incidence of pulmonary fibrosis, chronic cough,
and shortness of breath with exertion increases
up to 25 years from diagnosis [33]. Additionally,
mortality is associated with higher pulmonary
radiation doses. There appears to be a dose effect,
as pulmonary radiation doses >15 Gy are associ-
ated with chronic cough, and doses >10 Gy are
associated with supplemental oxygen need and
pulmonary fibrosis [1]. A study of more recent
survivors found that mean lung dose (MLD)
is the only dosimetric parameter that predicts
adverse pulmonary outcomes, including pneu-
monitis, chest wall deformity, chronic cough,
dyspnea, interstitial lung disease, supplemental
oxygen need, and pneumonia [17]. Among 12
survivors receiving whole or partial lung irradia-
tion, nearly half (5/12) report clinical symptoms,
including asthma or shortness of breath with

exertion [16]. In contrast to this, survivors receiv-
ing craniospinal irradiation for treatment of CNS
malignancies are 10.4 times more likely than
those not exposed to have chest wall deformities
but have no increased risk of a pulmonary condi-
tion [34]. Likewise, there is a low prevalence of
clinical symptoms among survivors treated with
involved field radiation therapy [31].

6.4.3 Thoracic Surgery

Surgery involving the lung parenchyma is occa-
sionally necessary as a treatment for pulmo-
nary metastases. While children are better than
adults at compensating through hypertrophy and
hyperinflation [35], thoracic surgery is a risk
factor for long-term pulmonary complications
among childhood cancer survivors. One-third
to two-thirds of survivors of osteosarcoma after
metastasectomy had abnormal PFTs [36], with
the variance depending upon the type of pulmo-
nary evaluation and number of thoracotomies.
Specifically, thoracic surgery prior to radiation
therapy increases the odds of obstructive disease
and hyperinflation [16]. Among CCSS survivors,
chest wall or lung surgery is significantly asso-
ciated with chronic cough, supplemental oxygen
need, and pulmonary fibrosis [1].

6.4.4 Combination Therapy

Malignancies are often treated with combina-
tion therapy, including chemotherapy, radiation
therapy, and surgery to improve survival out-
comes. With combinatorial therapy toxicities of
each individual therapy may be exacerbated. For
instance, the use of bleomycin with cyclophos-
phamide, methotrexate, doxorubicin, or vincris-
tine increases the incidence of bleomycin-induced
pulmonary fibrosis, and using nitrosoureas with
cyclophosphamide causes toxicity at lower doses
[9]. In addition, several chemotherapeutic agents,
known as radiomimetics, magnify the effect of
radiation therapy on the lungs. These include
dactinomycin, bleomycin, cyclophosphamide,
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doxorubicin, and busulfan [9]. Various studies
have shown that the highest risk of pulmonary
complications or pulmonary function impair-
ment occurs when radiation therapy is used with
bleomycin compared with bleomycin alone [13,
23, 37]. The use of surgery in addition to these
exposures further increases the risk [13].

6.5 Comments on Hematopoietic
Stem Cell Transplantation

(HSCT)

As already discussed, HSCT is a known risk fac-
tor for pulmonary complications in survivors of
childhood cancer. However, HSCT is a compli-
cated process involving many factors that may
be contributing, including the use of high-dose
chemotherapy or radiation for conditioning,
profound immune suppression with resultant
pulmonary infections, a noninfectious entity
known as idiopathic pneumonia syndrome (IPS),
diffuse alveolar hemorrhage (DAH), pulmonary
veno-occlusive disease (VOD), alloreactive
inflammation in the form of lung GVHD, and
bronchiolitis obliterans syndrome (BOS) [22].
Noninfectious etiologies generally outweigh the
infectious complications when it comes to long-
term complications in the lungs [38]. Many of
these complications, including IPS and BOS,
can carry a very high risk of both short-term and
long-term mortality [39, 40], but if initial pulmo-
nary insults show good recovery, then survival
can be significantly improved [41]. The review
of pulmonary complications after HSCT is com-
plex, the topic of which could constitute its own
book.

6.6  Conclusions

There are a wide variety of cancer therapy-
associated outcomes affecting the lungs causing
both measured and clinically symptomatic issues
that can profoundly impact the lives of survivors.
Careful attention to the lungs in follow-up is a
necessary part of comprehensive survivorship
care. Ongoing studies will hopefully continue

to refine the risk based surveillance currently in
practice based on the materials reviewed in this
chapter.
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Growth Hormone Deficiency in
Young Cancer Survivors

Stéphanie Espiard, Marianne Jarfelt,
and Gudmundur Johannsson

7.1  Introduction

The progress in the treatment for childhood can-
cers led to an impressive improvement of survival
rates. Subsequently, late effects of the cancer
diseases and their treatments among adult survi-
vors have been described during the last decades.
Among them, endocrine complications are the
most frequent ones. In the Childhood Cancer
Survivor Study (CCSS), 44% of the childhood
cancer survivors (CCS) self-reported at least one

S. Espiard (D<)

Department of Internal Medicine and Clinical
Nutrition, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden

Department of Endocrinology-Diabetes-Metabolism,
Sahlgrenska University Hospital,
Gothenburg, Sweden

Department of Endocrinology-Diabetes-Metabolism,
Lille University Hospital, Lille, France

M. Jarfelt

Department of Pediatrics, Institute of Clinical
Sciences, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden

e-mail: marianne.jarfelt@vgregion.se

G. Johannsson

Department of Internal Medicine and Clinical
Nutrition, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden

Department of Endocrinology-Diabetes-Metabolism,
Sahlgrenska University Hospital,

Gothenburg, Sweden

e-mail: gudmundur.johannsson @ gu.se

© Springer Nature Switzerland AG 2021

endocrinopathy [1], and in the St. Jude Lifetime
Cohort Study (SJLIFE), 63% of survivors had
endocrine disorders according to medical reports
[2]. In addition, endocrine diseases are the second
most common cause of excess hospitalizations in
adult CCS after the neurological sequelae [3].

Hypopituitarism is the most frequent endo-
crine complication [2, 4, 5] and the most com-
mon endocrine cause of hospitalization among
survivors of leukemia and CNS tumors [6].
Growth hormone (GH) deficiency (GHD), espe-
cially after cranial irradiation, is the most com-
mon and the earliest endocrine defect [7]. In the
CCSS, GHD was self-reported by 2.9% of all
patients. In the subgroup of patients with CNS
tumors, GHD was reported by 10% [8], while
after screening of patients’ medical reports,
GHD was reported for 21% [9], suggesting that
many patients are not evaluated and therefore
not aware of their GHD.

GH is a multifunctional hormone [10]. Its main
function, growth, was first identified in 1921 by
Evans which isolated the hormone in 1944 [11,
12]. GH plays an increasing role on growth from
2 to 3 years of age until puberty. At the end of
puberty, a rapid decline of the GH secretion is
observed, and this decline continues progres-
sively over life. In healthy adults, GH secretion
is correlated to body and visceral fat and physical
fitness [13]. Beyond these physiological actions,
GH secretion anomalies in patient and animal
models have highlighted numerous additional
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functions, including a role in liver metabolism,
cardiovascular system, adipocyte tissue, skeletal
muscle trophicity, and a functional interaction
with other endocrine function as gonads, thyroid,
and adrenals [10]. GHD in adult leads also to
mild perturbation of multiple organs function but
overall to an alteration of the health status [13].

7.2  Etiology of Growth Hormone
Deficiency in Childhood
Cancer Survivors

7.2.1 External Radiotherapy

7.2.1.1 Prevalence and Risk Factor
of Growth Hormone Deficiency
after Radiotherapy
GHD after external radiotherapy was described
in 1975 in patients who received irradiation for
head and neck neoplasia [14] or brain tumors
[15]. Radiation is used for different types of can-
cer, and the hypothalamic-pituitary (HP) area is
often included within the irradiation field during
the radiotherapy of children with brain tumors.

In hematologic malignant diseases, cranial irra-
diation for acute leukemia or total body irradia-
tion (TBI) before bone marrow transplantation
exposes an high risk of GHD, especially when
associated with intensive chemotherapy [16].
The risk to develop GHD after radiation, its
severity and its timing of onset depend mainly
on the biological effective dose delivered to the
HP (Table 7.1) [7]. The biological effective dose
depends on the total exposure dose but also the
cumulative radiation dose. Moreover, higher frac-
tional doses, i.e., larger dose over a shorter time,
may be more likely to cause GHD than lower
fractional doses for the same total exposure dose
[7, 17]. However, a single dose (>2 Gy) can still
induce neuronal damage [18].

The prevalence of radiation-induced GHD
varies considerably from 0 to 90% between the
different published studies, notably because of
different GH cutoff limits, assessment methods,
and different radiation regimens. When pooling
three studies including patients who received
doses from 13 to 55 Gy, the prevalence was
35.6% using a cutoff of GH at 5 pg/L after a
stimulation test [19].

Table 7.1 Risk of GHD and other endocrine disorders according to the biological dose exposure

Radiation Other hormonal
dose Malignancy Frequency GHD abnormalities
TBI Hematological malignancies Isolated GHD
(7-12 Gy)
18-24 Gy Hematological malignancies Isolated GHD rare in adult Precocious puberty in
girls only
30-50 Gy Nonpituitary brain tumors GHD (50-100%) Precocious puberty
TSH deficiency
ACTH deficiency
Hyperprolactinemia
50-70 Gy Nasopharyngeal carcinoma and GHD (in almost all patients Gonadotropin deficiency
skull base tumors 5 years after therapy) TSH deficiency
Optic glioma ACTH deficiency
Hyperprolactinemia
30-50 Gy Pituitary tumors GHD (in almost all patients Gonadotropin deficiency
Retinoblastoma 5 years after therapy) TSH deficiency
ACTH deficiency
Hyperprolactinemia

Adapted from Darzy and Shalet, 2006 [18]

GHD Growth hormone deficiency, TBI Total body irradiation, Gy Gray, ACTH Adrenocorticotropic hormone, TSH

Thyreo-stimulating hormone
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GHD usually occurs within the 5 first years
after the irradiation [17, 19-21]. In the CCSS,
the cumulative incidence of GHD stagnated at
15 years after cancer diagnosis. This late delay
reflects an under-ascertainment of GHD in adult
CCS without a prior diagnosis of GHD during
childhood due to a lack of systematic clinical fol-
low-up [1]. The speed of onset and the GH trough
level decline is dependent on the radiation dose
[17, 21]. GHD after irradiation for cranial tumor
can also be predicted to occur at 12 months for
a mean dose to the hypothalamus >60 Gy, at
36 months for 25-30 Gy, and at 60 months for
15-20 Gy [17].

Age at the time of the irradiation has been
described as a risk factor of GHD [7]. In a meta-
analysis, the global prevalence of GHD after irra-
diation during adulthood (dose between 40 and
97Gy) for brain tumors was estimated to be 33%
[22] that is considerably lower than observed in
children. This may reflect a higher sensitivity
of children HP but may be also due to the more
conservative thresholds of diagnostic tests used
in adults. Some studies also suggested other risk
factors such as male sex, brain tumor location,
and hydrocephalus [7, 19].

At a dose <24 Gy, GHD is usually isolated
[7, 19] while other pituitary axis are affected by
higher doses (>30 Gy) [2, 7, 20] (Table 7.1). In
the latter case, GHD is usually the first deficiency
to appear, followed by TSH, gonadotropins and
ACTH deficiency [7]. Usually, once established,
radiation-induced GHD is permanent and irre-
versible [7].

7.2.2 GHD in Other Condition
of CCS

7.2.2.1 Surgery

Surgery of any tumor located in the HP area may
lead to GHD. Craniopharyngiomas are rare but
represent the most frequent tumors developed
directly from the HP area in children. In fact,
about 75% of patients had already a GHD at the

diagnosis. This is explained by a disorganization
of the area or by the destruction of the pituitary
normal cells [23]. Presence of GHD before treat-
ment in patients affected by brain tumors located
outside the HP area may be underestimated,
especially in patient who required cerebrospinal
fluid shunt [17]. The absent of assessment of the
GH status before anticancer treatment may also
be a limitation of many studies.

Occurrence of GHD after surgery for a
brain tumor not located in the HP area may be
frequent in adulthood, which is described in
about 30% of patients [24], however has been
observed also in children [5]. The occurrence
of this type of GHD is not correlated to the
surgical approach. This may suggests that the
deficiency is caused by a hypoperfusion of the
pituitary gland during the surgical procedure
rather than a direct damage of the axis. The lat-
eral wing of the anterior lobe, which contains
the somatotroph cells, is one of the most vul-
nerable vascular region of the hypophyseal por-
tal system [24]. In the CCSS brain tumor group,
2.5% of patients who underwent only surgery
presented with GHD [9].

7.2.2.2 Chemotherapy

In the CCSS brain tumor group, the prevalence
of GHD in patients who received chemotherapy
in addition to surgery and radiotherapy was
higher than in patients who had only surgery
and radiotherapy [9]. In addition, GHD several
months to several years after single chemo-
therapy in patients treated during childhood for
solid or hematologic cancers has been reported
[25-27]. The prevalence of GHD after solely
chemotherapy was estimated around 45% in two
small series of solid tumors and acute leukemia
survivors [26, 27], while in another small series
including 35 acute lymphoblastic leukemia sur-
vivors, none of the patients treated solely with
chemotherapy developed GHD [28]. In a cohort
of 235, ALL survivors treated only by chemo-
therapy, growth failure, and subsequently GHD
were observed in only two subjects [29]. In the
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SJLIFE, 4.5% of ALL survivors who received
only chemotherapy required GH replacement
[16]. The wide diversity in multimodal chemo-
therapy regimens makes it difficult to isolate
agents or combination of agents associated with
the risk to develop GHD. However, an intrathecal
high dose of methotrexate and systemic alkylat-
ing agents as cyclophosphamide and ifosfamide
was often part of the chemotherapy in children
who developed GHD [26, 27, 29].

7.2.2.3 Immunotherapy

Immunotherapy is a new treatment modality of
cancers during the last few years. Especially, the
amplification of natural immune response by
checkpoint inhibitors mediates unprecedented
benefit in some adult cancers. Few clinical trials
have focus on checkpoint inhibitors in recurrent
or refractory pediatric cancers, and best responses
were observed for Hodgkin’s lymphoma and
tumors related to mismatch repair deficiency
[30-32]. Synthetic immunotherapies designed to
initiate new responses are more promising and
several clinical trials are running [31]. Pituitary
dysfunction, especially hypophysitis, is a fre-
quent side effect of immunotherapy in adults.
Somatotroph function appeared to be relatively
spared but in fact is not often assessed in adults
[33]. In one clinical trial assessing 33 patients
with a recurrent or progressive solid tumor after
ipilimumab treatment, a cytotoxic T lymphocyte
antigen 4 inhibitor, one of these patients devel-
oped a severe hypophysitis complicated by a
panhypopituitarism [34]. Long-term follow-up
of CCS after immunotherapy will also reveal if
GHD is a more often observed complication of
these therapeutic approaches.

7.3  Recognition of GHD in Adult
Survivors
7.3.1 Signs and Symptoms

Compared to childhood cancer survivors where
GHD should be suspected when growth is
impaired, most of the symptoms and signs of

GHD in adults as asthenia, muscular weakness,
and weight gain are nonspecific and also more
difficult to recognize, especially in CCS who
already have a significant alteration of their
health condition [8, 35]. In the SJLIFE, more
than half of patients with GHD were not diag-
nosed before the systematic standardized evalu-
ation [2]. Signs, symptoms, and complications
(summarized in Table 7.2) are the same in adults
whatever the cause is of GHD. A deleterious
metabolic profile with increased waist circum-
ference, increased fat mass, decreased lean mass,
dyslipidemia (higher total cholesterol, high low-
density lipoprotein cholesterol, and triglycer-

Table 7.2 Signs and symptoms of GHD and benefits of
GH therapy

Signs and Benefit on GH
symptoms treatment
Body Weight gain Not
composition | Lean body mass | demonstrated
1 Fat body mass Improvement
1 Waist Improvement
circumference Improvement
Metabolic Atherogenic lipid | Improvement
profile profile Improvement
(1 LDLc, 1 No change,
triglycerides) increased
Hyperinsulinism
Muscular | Skeletal muscle | Improvement
strength
Cardiovascular 1 Cardiovascular | Not
mortality demonstrated
| Cardiac ?
capacity? Improvement
| Exercise
performance
General Impaired Partial
symptoms and cognitive function | improvement
well-being | Quality of life Improvement
Fatigue Improvement
Psychosocial ?
problems ?
Depression,
anxiety, impaired
sleep
Bone | Bone Improvement
mineralization Not
density demonstrated
1 Risk of fracture
Overall May be increased | Not
mortality demonstrated
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ides), and hyperinsulinemia [36-40] have also
been observed in adult CCS with GHD. This
profile seems to worsen with time [41, 42].
Decreased muscle mass and exercise tolerance
has been shown in adult CCS with untreated
GHD [4]. Bone mineralization density (BMD)
decreased with time and could lead to a prema-
ture risk of osteoporosis [38, 39, 43]. Quality of
life (QOL) in adult CCS is also more severely
impaired by GHD [38, 39]. Finally, GHD in CCS
is associated with an increased risk of cardiovas-
cular diseases [44]. Data on cardiac function and
the association with GHD and premature mortal-
ity in GHD adult patients, whether they are CCS
or not, are more controversial [39, 41].

7.3.2 Biological Assessment

7.3.2.1 Methods to Assess GHD

Because of its pulsatile pattern of secretion, GH
measurement is not used to diagnose GHD in
adults. Plasma insulin-like growth factor-I (IGF-
I) is often reduced in GHD but can be normal,
especially in older patients and in patients who
have received radiotherapy. In addition, other
conditions can lower the IGF-I level such as
fasting, oral estrogens, liver disease, poorly con-
trolled diabetes mellitus, and other catabolic con-
ditions [45]. A GH provocative test is therefore
needed to diagnose GHD in adults. Only adults
with hypopituitarism with three or more anterior
pituitary hormone deficiencies and a low serum
IGF-I concentration have a very high likelihood
of having GHD, and a stimulation test in these
patients is not needed to confirm the diagnosis
of GHD [46].

The insulin-induced hypoglycemia, arginine,
and glucagon tests act mainly on the hypothala-
mus, while the GHRH test acts mainly on the
pituitary glands. Also, the combined GHRH and
arginine test could be falsely negative in CCS
patients, especially during the first 10 years
after cranial irradiation, if the hypothalamus is
the primary site of damage [47]. The ITT may
be initially more reliable and remains the best

validated [48]. However, this test is contraindi-
cated in older patients and in patients with coro-
nary heart disease or history of seizures which is
a frequent comorbidity in adult CCS. Moreover,
the performance of this test needs a close
supervision by an experienced team, and it is
demanding for patients. The combined test argi-
nine-GHRH is therefore an alternative [48]. The
supposed inhibition of somatostatin by arginine
allows a better reproducibility of the GHRH
stimulation test. The tolerance of this test is bet-
ter, and it has no contraindication. A glucagon
stimulation test can be another alternative, but
other provocative tests are not recommended
[13, 45, 46]. Recently, a new oral GH secre-
tagogue, macimorelin, has been developed as
a diagnostic test for GHD that may simplify
and improve the diagnostic procedure of GHD
in adults [49]. Testing for GHD should be per-
formed after other hormonal deficiencies are
adequately replaced.

7.3.2.2 Definition of GHD in Adulthood

A GH peak below 5 ng/mL for the ITT is usually
used as threshold for the diagnosis of adult GHD
[46]. For the GHRH-arginine test, since obesity
blunts GH responses, several thresholds have
been proposed according to the BMI (BMI > 30,
4 ng/mL,; 25-30, 8 ng/mL; <25, 11 ng/mL) [46].
In guidelines, adult severe GHD is defined by a
GH peak lower than 3 ng/mL (~9 mU/L) dur-
ing an ITT or lower than 4 ng/mL during the
GHRH-arginine [46, 50, 51]. During the transi-
tion period, i.e., in young adults who achieved
final height, the cutoff for severe GHD should be
somewhat higher, 5-6 ng/mL [50, 52].

7.3.2.3 Indication of Screening

Adult patients with history of surgery or irra-
diation of the HP axis should be considered for
evaluation for acquired GHD [46, 50]. Since che-
motherapy and any brain tumor surgery may lead
to GHD, this recommendation might be extended
to every CCS. In the guidelines, reassessment of
GH status at transition into adulthood is not rec-
ommended in patients with irreversible structural
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damage including organic GHD due to a mass
lesion, after pituitary surgery or high-dose irra-
diation of the HP area [46]. Indeed, reversion to
a normal GH status is very rare. In addition, defi-
ciencies in three or more pituitary axis associated
with a low serum IGF-1 level (<2 S.D. after stop-
ping the therapy for 2—3 months) strongly suggest
the presence of GHD, and provocative testing is
optional [46]. However, a provocative test may
still be necessary in some countries for the reim-
bursement of the GH therapy (see Sect. 7.4.3).

7.4 Treatment of GHD
in Adulthood
7.4.1 Benefit of GH Replacement

in Adult CCS

Recombinant human GH is approved to treat
GHD in adults. Clinical trials, post-marketing
registries, and prospective studies have demon-
strated its short- and long-term efficiency [53—
56]. The benefits (summarized in Table 7.2) of
the therapy have also been demonstrated in the
group of adult CCS. In this specific subgroup
of adult patients, several studies showed that
GH replacement therapy improves BMD and
body composition and reduced prevalence of
metabolic syndrome by decreasing plasma glu-
cose, leptin, waist circumference, and fat mass
and improving the lipids profile [25, 39, 41,
57, 58]. Cardiac systolic function and muscle
strength may also be improved by this therapy
[57]. Most of these effects are observed after
2 years therapy. QOL is also improved [25, 39,
59], and this improvement is observed in some
studies already after 3 months of therapy [39].
Performance for sustained attention and visual-
spatial memory was improved after 2 years of
therapy in another study [60]. However, in all
adult GHD, it has not been determined yet if

long-term treatment has beneficial effects on
cardiovascular mortality and fractures [46, 61].

7.4.2 Risk of GH Replacement
in Adult CCS

Despite the clear benefits on GH replacement
therapy, GHD in adult CCS remains underdi-
agnosed and undertreated. For instance, in the
SJLIFE study, 99.7% of patients with GHD
were not treated [4]. Indeed, in the group of
CCS, the question of the risk of underlying
tumor progression or secondary and de novo
neoplasia remains a fear shared by both physi-
cians and patients. The role of GH in tumori-
genesis which has been suggested by several
observations included the association between
acromegaly and cancers, experimental in vitro,
and animal data and epidemiological studies
[13, 62]. In a population-based study, the cumu-
lative risk for a second cancer before the age of
50 was estimated between 8.6 and 13.3% [63].
Cohort studies have showed that CCS have a 15
times higher risk to develop a second malignant
neoplasm than a control population [8]. One
major issue is the question of the association
between GH therapy and malignancy. This issue
is difficult to assess due to the lack of appro-
priate control groups and the heterogeneity of
the studies regarding the etiology of GHD, the
risk factors of neoplasia, the GH dose exposure,
and the follow-up duration. The majority of the
studies [64, 65] and subsequent meta-analysis
[58, 66, 67] have failed to demonstrate that GH
therapy increased the risk to develop a second
malignancy or recurrences. In the subset of
patients who underwent cranial irradiation for
CNS tumors, the risk of second CNS tumors is
markedly increased [68]; this increased risk has
been linked to the cranial irradiation and not the
GH treatment itself [54, 69].
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Safety data related to GH therapy and mor-
tality are conflicting [70-72]. In particular,
data from the French cohort of the Safety and
Appropriateness of Growth hormone treatments
in Europe had suggested an increase in cardio-
vascular mortality in young adults after child-
hood GH treatment [73]. However, data from the
other cohort of this multinational study, large-
scale pharmaceutical company registries, and
meta-analysis do not show an increased risk of
mortality or stroke after GH therapy [66, 67, 74].
The mortality is mostly increased in patients with
organic background, and the risks of mortality
have been mainly related to the primary cause of
GHD rather than the treatment [75]. Finally, the
risk of type 2 diabetes after initiating GH treat-
ment in adult patients may be increased in those
harboring classical risk factors of diabetes mel-
litus [66, 67, 70].

7.4.3 Indication and Modality

of Treatment

The importance of GH therapy in adults is
well recognized in the recent guidelines of
the Endocrine Society [46], which are mostly
in agreement to the previous guidelines from
the Growth Hormone Research Society [50]
and the American Association of Clinical
Endocrinologists [76].

GH therapy was initially contraindicated in
patients with previous history of malignancy
[76], but in more recent guidelines, leaning
toward the reassuring safety data, the treatment
is only contraindicated in patients with active
malignancy [46]. Budgetary constraints and high
therapy costs strongly restrict GH reimburse-
ment in many countries. Reimbursement of GH
therapy in adult is also usually limited to patients
that meet the criteria of [46, 51]: (1) severe GHD
defined by response to provocative test as men-

tioned above (in some countries two different
provocative tests are required); (2) association
with another pituitary hormone deficiency except
prolactin deficiency; (3) impairment of QOL (in
some countries a suggested criteria and manda-
tory in other countries).

For patients with childhood onset GHD, con-
tinuation of therapy is recommended until adult
peak bone mass is achieved (normally around
25 years of age) [46, 51, 52]. After that, the deci-
sion to continue GH treatment should be based
on the abovementioned criteria.

Information to the patients about the benefits
and the risks of the therapy, especially about the
current knowledge concerning the risk of sec-
ondary malignancy and recurrence in all patients,
is essential. Management by a specialized team
is recommended. GH therapy requires daily eve-
ning subcutaneous injection, and adherence may
vary considerably. In case of adherence issues,
administration on alternate days or three injec-
tions per week using the same total weekly dos-
age could be considered [61]. GH therapy is
started at low doses and then titrated according
to the response. Age, gender, and obesity may
affect the response to treatment [61, 77]. Female
sex and oral estrogen administration reduces GH
responsiveness, and it is recognized that these
women need considerably higher doses of GH
than men [61, 78].

The response to treatment is difficult to
assess in adults contrary to children where lin-
ear growth constitutes an objective marker [77].
Combination of clinical response and IGF-I
level should be used to monitor patients with
the objective to maximize the clinical benefits
while minimizing side effects (Fig. 7.1). The side
effects include headache, paresthesia, joint pain,
swelling, and muscle pain. Monitoring glucose
metabolism during GH replacement is essential,
in particular in patients with risk factors for type
2 diabetes. Antidiabetic medications may need to
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IGF1 + Symptoms
4-6 weeks after start or adjustment
IGF1 above IGF1 below normal IGF1 within normal
normal range or range or no range and
side effects improvement improvement
| GH dose T GH dose < GH dose
Follow-up
. After maintenance .
Baseline dose achieved During follow-up
IGF-1 x X 2/year
Glucose, lipid profiles x X 1/year
Blood pressure, waist .
circumference and BMI . * at each visit
Quality of life
questionnaire x * 1iyear
DXA X - /2-3 years if low
Cortisol x X If symptoms
Free T4 x X 2/year

Fig. 7.1 Monitoring of patients under GH therapy

Flow chart summarizing the management of GH therapy
in adult patients according to current guidelines from the
GH Research Society [50] and the Endocrine Society [46]
DXA, dual energy X-ray absorptiometry

be adapted in those with diabetes before initia-
tion of treatment [61].

7.5  Conclusion

GHD is frequent in adult CCS, due to cranial irra-
diation and surgery of the HP area but has also
been described after other type of brain surgery

“Initial dose and titration are adapted to the age of the
patients. Dose usually recommended are <30 years, 0.4—
0.5 mg/day; 30-60 years, 0.2-0.3 mg/day; >60 years,
01-0.2 mg/day. Higher dose is usually required for female
patients on estrogen therapy

and chemotherapy. GHD contributes to the alter-
ation in QOL and the health status of patients.
Screening for GHD should be done in adult CCS
after cranial irradiation and/or surgery in the
hypothalamic area. Additional studies are neces-
sary to answer the question if screening should be
proposed in patients treated with chemotherapy,
cranial surgery, and maybe after modern immu-
notherapy. It is important to identify patients
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eligible for GH replacement therapy, since GH
therapy has shown benefits on metabolic pro-
file, BMD, exercise capacity, and QOL in adult
GHD. In patients eligible for GH replacement,
basic evaluation includes serum IGF-I and a GH
stimulation test suitable for the patient and done
in experienced centers. The treatment appears
to be as safe in CCS patients as it is in adults
with other causes of GHD. Meta-analysis and
post-marketing surveillance registries are reas-
suring about the potential higher risk of second
malignancies or recurrence under GH therapy.
Complete information about the benefits and the
potential risks of this therapy must be explained
to each patient. Initiation and follow-up of GH
therapy by a specialized team is advised.
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Endocrine Late Effects in Young
Cancer Patients: Thyroid Gland

Georg Brabant and Helmuth G. D6rr

8.1 Background

With better survival rates following cancer ther-
apy in childhood and adolescence, the number of
survivors with adverse therapy-induced effects is
increased in parallel. Alterations in thyroid func-
tion and proliferation are among the most frequent
problems recognized under these conditions.
They are primarily associated with an irradia-
tion of the thyroid itself, but regarding functional
deficiencies, central irradiation through damage
to hypothalamus and pituitary plays an additional
role. Concerning direct effects to the thyroid, ani-
mal studies and investigations in humans identi-
fied three major mechanisms:

e Direct damage to the thyroid epithelium.

e Irradiation dependent damage to the local cap-
illary supply

e Induction of immunological damage to the
thyroid

Large register-based follow-up studies in the
USA and Great Britain allowed to characterize
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the nature of the thyroid damage and estimate
their incidence and severity.

Hypothyroidism represents the most frequent
problem of cancer survivors in childhood and
adolescence [1-4]. In patients following treat-
ment of Hodgkin lymphoma, 27.5% of the survi-
vors demonstrated an underactive thyroid when
followed up to 25 years, whereas hyperthyroid-
ism was only observed in 3.1% [5]. Both, the
incidence of hyper- and hypothyroidism clearly
exceeds the expected frequency from German
population-based data. In addition to these,
direct detrimental effects to the thyroid most
frequently induced by irradiation to the organ or
surrounding structures like the upper mediasti-
num central hypothyroidism commonly associ-
ated with a deficiency of other pituitary functions
may occur. When the hypothalamus/pituitary
region is irradiated with doses of 40-70 Gy, the
risk of central overt hypothyroidism is 3—-13%.
These data increase to 9-22% when subclinical
forms of an underactive thyroid are additionally
included [5]. The clinical relevance frequently
escapes diagnosis because of the insidious onset
and because measurement of TSH may be mis-
leading. This is explained by a discrepancy
between biological active TSH and generally
less glycosylated bioinactive but immunologi-
cally detectable TSH following irradiation. The
measurement of free hormones is helpful under
these conditions and should be accompanied
by the assessment of pituitary hormones which
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commonly react more sensitive like the somato-
tropic and/or gonadotropic axis.

A number of more recently introduced
drugs in oncology like receptor tyrosine kinase
(RTKI) inhibitors but also PD inhibitors impact
on the thyroid. It is speculated that three mecha-
nisms may induce RTKI-dependent damage to
the thyroid. RTKI may lead to vasoconstriction,
it may act at the cell membrane to block a major
transporter of thyroid hormones in the thyroid,
the “monocarboxylate transporter 87 (MCTS8),
and, finally, it may alter the intracellular acti-
vating deiodinases of thyroid hormones [6, 7].
Large prospective studies indicate that initially
almost 50% of patients transiently develop an
overactive thyroid before hypothyroidisms is
observed. This pattern is mimicked by a new
class of immunomodulatory drugs stimulat-
ing the immune system via an inhibition of
PD. Nivolumab broadly used in melanoma ther-
apy and increasingly tested for other epithelial
tumors elicits a comparable pattern, whereas
ipilimumab, again stimulates the immune
response acts on the pituitary and may induce
hypophysitis in up to 10% of patients.

Larger and long-term experience is only avail-
able with RTKIs. When monitored longitudinally,
30-50% develop clinically relevant hypothyroid-
ism [6]. Drug-specific differences are discussed
with a clearly higher frequency of adverse thy-
roid effects following sunitinib as compared to
sorafenib therapy [8]. These data are relevant for
the intervals in monitoring thyroid effects.

Therapy-induced alterations in thyrocyte
proliferation are described. The most extended
experience rests with the effects of low doses of
irradiation to the thyroid. Radiation doses to thy-
rocytes below a lethal dose may induce long-term
damage with a gradual increase in the rate of thy-
roid carcinomas during the decades to follow.
This may even be augmented by co-treatment
with chemotherapeutic agents like anthracyclines
and bleomycin which may further increase the
risk of secondary carcinomas but may stimulate
secondary neoplasms of the thyroid without radi-
ation as well.

The long-term follow-up of children irradi-
ated 50 years ago because of tinea capitis illus-
trated the effects as the cumulative incidence of
thyroid carcinomas dramatically increased [3, 4].
Comparable data have been published following
exposure to the atomic bomb fallout in Japan. In
comparison to data from population studies, the
risk of thyroid cancer in these cohorts increased
by 10- to 15-fold, and females appear to be more
frequently affected than males. Papillary carci-
nomas dominate the histological pattern of these
tumors [9].

Demand for Clinical
Assessment and Surveillance
of Cancer Survivors

8.1.1

Patients with risk factors for an alteration of the
thyroid need lifelong follow-up. Particularly,
when initial tumor treatment included irradia-
tion of the hypothalamic or pituitary region,
clearly the risk to develop central hypothy-
roidism is increased. Long-time assessment
of thyroid function is mandatory for these
patients and should include not only measure-
ment of serum TSH concentrations but as well
of peripheral thyroid hormones. TSH may be
misleading as bioactivity of the hormone may
be impaired, but immunoreactivity in the stan-
dard TSH tests is preserved. As frequently other
pituitary hormone axes are insufficient as well,
these patients should be tested for other pitu-
itary dysfunctions.

Guidelines suggest that follow-up tests should
be performed in yearly intervals during the first
10 years and should be continued at least every
second year thereafter. This applies not only
for centrally irradiated patients but also for
patients whose thyroid was exposed to any irra-
diation including total body irradiation protocols.
Similarly, thyroid function should be checked in
yearly intervals, but when brain structures were
spared from irradiation, screening with a single
TSH measurement may be sufficient. In case
the thyroid was irradiated, secondary thyroid
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carcinomas may arise within an interval of sev-
eral decades since initial exposure. Thus, bian-
nual sonographical assessment of the thyroid and
regional lymph nodes is suggested.

Patients treated with RTK inhibitors need fre-
quent at least half yearly assessment of thyroid
function.

8.2  Primary and Secondary
Hypothyroidism
8.2.1 Diagnosis

Symptoms and clinical signs of hypothyroidism
are uncharacteristic as symptoms like fatigue,
weight gain, obstipation, dry skin, and hair loss
may as well be related to other conditions partic-
ularly in cancer survivors. Most guidelines sug-
gest to exclude thyroid dysfunction by measuring
TSH and free thyroxine (fT4) early in the
diagnostic workup (e.g., [10]). The TSH cutoff to
suspect a developing hypothyroidism is under
debate, but there is consensus that all patients
with a confirmed elevation of TSH beyond
10 mU/L should be treated whereas lower levels
between the upper reference range and 10 mU/L
especially when combined with low fT4
concentrations may either be started on thyroxine
or closely monitored for the development of
underactive thyroid disease. Confirmation is
usually achieved by a second assessment within
3 months and is especially important in subclini-
cal hypothyroidism which is defined by an iso-
lated elevation of TSH despite of fT4 levels
within the reference range. Under these circum-
stance large studies suggest that up to 50% of
patients spontaneously normalize over time [11].
Known reasons for such unstable results are
recovery from severe non-thyroidal illness or
interference with drugs.

Central forms of hypothyroidism are much
more difficult to diagnose, as measurement of
TSH fails in many instances. In case of a hypotha-
lamic or pituitary deficiency of the thyreotropic

axis TSH levels may be measurable or even ele-
vated. This is related to a defect of normal glyco-
sylation of the hormone which affects bio—but not
immunoactivity of thyrotropin [12]. Diagnosis
thus rests on free hormone levels, particularly on
fT4. Assessment of clinical symptoms is usually
not helpful as these are uncharacteristic. As other
pituitary axes are affected as well, particularly
the gonadal and somatotropic regulation, these
defects may guide the clinical diagnosis. Early
referral of these patients at risk to an endocrinol-
ogists is therefore advised [13].

8.2.2 Therapy

Treatment is based on a standard replacement of
thyroxine, regardless of the cause of the disease,
e.g., central or primary hypothyroidism.
Following optimal dosing of thyroxine which tar-
gets a TSH between 1 and 2 mU/L in primary
hypothyroidism, follow-up assessments are
required in app. Yearly intervals. Changes in thy-
roxine requirements may be induced by substan-
tial alterations in muscle mass, therapy with other
interfering drugs, or changes in sex steroids as in
pregnancy. In all these conditions, the thyroxine
dose needs adaptation and TSH as fT4 should be
retested after approximately 4-6 weeks when a
new steady state is reached. Particularly in preg-
nancy the dosage of thyroxine is increased, most
frequently by app. 25% [14].

When therapy of central hypothyroidism is
monitored, TSH no longer serves as a marker.
As other pituitary functions may be affected and
treatment with thyroid hormones may induce
an Addisonian crisis when the adrenocortical
was affected, all subjects with central hypo-
thyroidism should be tested for their adrenal
function before thyroxine therapy is started. As
some rest function of the thyroid can usually be
expected, thyroxine dosage is slowly increased
with an average maximal dose of 1.6 pg/kg bw
when thyroid function completely failed [10].
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8.3  Disturbance of Thyroid

Proliferation

The thyroid gland is radiation-sensitive gland.
Following irradiation directed to the thyroid,
long-term follow-up is mandatory. This applies
especially for low-dose irradiation which does
not completely destroy thyroidal tissue [3, 4].
Even several decades after the initial treatment,
nodular changes and the development of a sec-
ondary thyroid cancer have been observed.
Diagnosis may be achieved by palpation but
should be performed using thyroid ultrasound
[15]. For radiation-induced thyroid malignan-
cies, the same particularly sonomorphological
criteria are implied as in the diagnosis of any
thyroid neoplasm. They are almost uniformly
defined by various societies. Any suspicious
change in the sonomorphology should be further
diagnosed by cytological assessment following
fine-needle aspiration. The results allow a clas-
sification of the process with reasonable high
precision (10-15% insufficient material, app.
10% with incorrect diagnosis). With the high
long-term risk of children and adolescents for
the development of a thyroid carcinoma when
previously irradiated to the neck, a surgical cor-
rection should be discussed early in suspicious
cases. Apart from measurement of thyroid func-
tion, assessment includes as well measurement
of thyroid autoantibodies, whereas measurement
of the thyroid tumor marker, calcitonin, is not
routinely advocated because medullary thyroid
carcinomas are not typically observed in cancer
survivors.

Following irradiation of the thyroid all
patients should be followed every 2 years by thy-
roid ultrasound [16]. Because of the long-term
development of these secondary tumors, we sug-
gest that the follow-up should be continued for at
least 30 years.

Treatment of an irradiation-induced thyroid
carcinoma is based on the same criteria as the
therapy of any primary thyroid carcinoma.
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Disorders of Gonadal

and Reproductive Function
in Survivors of Childhood
and Adolescent Cancer

Christian Denzer

9.1 Introduction

Endocrinological disorders are particularly com-
mon in long-term survivors of pediatric cancer
because of the high vulnerability of the endocrine
system to the effects of various cytostatic agents,
and in particular to radiotherapy. In the baseline
survey of the CCSS study, more than 20% of
long-term survivors reported being affected by at
least one endocrinological disease [1]. Clinical
case series report prevalence rates of endocrine
disorders in adolescent and young adult survivors
of up to 40% [2]. The type, severity and time of
manifestation of endocrine sequelae usually
depend on exposure to cytostatic drugs, their
cumulative dose, dosage and fractionation of
radiotherapy, and the patient’s age at the time of
therapy.

The endocrine late effects with the high-
est prevalence are growth disorders and thyroid
dysfunction. In addition, there are frequently
disorders of the onset and progression of puber-
tal development as well as functional disor-
ders of the hypothalamo-hypophyseal-adrenal
and hypothalamo-hypophyseal-gonadal axes.
Especially late effects impairing reproductive
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function and possibly also the health of the off-
spring are among the most important topics con-
cerning survivors of childhood cancer. Since
many of these treatment consequences manifest
themselves or become symptomatic only in the
course of years, long-term endocrinological
aftercare is indicated for all oncological patients
in childhood and adolescence.

Delayed or arrested pubertal development,
overt or subclinical hypogonadism, and impaired
fertility may arise from damaging impacts to
hypothalamic nuclei and the pituitary (e.g., by
tumor localization, tumor growth, cranial irra-
diation, neurosurgical procedures) or from direct
gonadal toxicity of a wide range of commonly
used cytotoxic agents, or exposure of ovaries and
testes to ionizing (scatter) radiation (Figs. 9.1,
9.2,9.3, and 9.4).

9.2  Precocious Puberty

Premature pubertal development can occur as a
direct result of a tumor of the CNS or due to
radiogenic damage to the hypothalamic GnRh
pulse generator. Among the most frequent tumors
of the CNS causing precocious puberty are
malignant tumors such as optic glioma or astro-
cytoma, germ cell tumors, but also benign lesions
such as hamartoma, cysts, or craniopharyngioma
[3]. What these tumors have in common is that
the disturbance of hypothalamic or pituitary
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function usually results from a direct mechanical
effect, i.e., increased pressure caused by loco-
regional growth or obstruction of cerebrospinal
fluid circulation. Intracranial (and extracranial)
germ cell tumors can also cause precocious
puberty by secretion of hCG [4].

Cranial irradiation can induce precocious
puberty in the low dose range from 18 to 30 Gy as
well as in the high dose range >30 Gy (Fig. 9.2).
The reason for this effect is presumably a direct
radiogenic damage of neurons which inhibit the
hypothalamic GnRH pulse generator. Very high
radiation doses (>50 Gy), on the other hand, also

N

/
20 30 40 50 60

radiation dose (Gy)

10

Fig. 9.1 Disorders of hypothalamic and pituitary func-
tion in childhood cancer patients exposed to increasing
doses of cranial irradiation

radiation exposure of
hypothalamus and pituitary

males: testosterone
females: estradiol,
progesterone

carry the risk of developing hypogonadotropic
hypogonadism, which usually does not occur in
isolation, but in the context of further failures of
hypothalamic and pituitary function (Fig. 9.1).
Survivors of childhood and adolescent cancer
who received chemotherapy alone do not appear
to be at increased risk of premature pubertal
development [5].

Girls are more frequently affected by preco-
cious puberty or an acceleration of the progres-
sion of pubertal development as a result of cranial
radiation than boys. This observation applies both
after exposure to low irradiation doses (>18 Gy),
as used, e.g., in the context of prophylactic cra-
nial irradiation for certain acute leukemias [6, 7],
and after exposure to high irradiation doses in the
therapy of many brain tumors [8]. For example,
data from the Childhood Cancer Survivor Study
(CCSS) show that female patients with acute
lymphocytic leukemia (ALL) who received pro-
phylactic cranial irradiation at doses both less and
greater than 20 Gy had a sixfold increased risk of
early menarche (<10 years) compared to healthy
sibling controls [5]. Risk factors for precocious
puberty and early menarche are a younger age at
the time of radiation exposure and a higher Body
Mass Index (BMI) [9, 10].

The not age-appropriate increase of sexual
steroids in the context of premature puber-
tal development leads to a rapidly advancing
maturation of the growth plates and thus to a
restriction of growth prognosis. This finding is
particularly important for patients after cranial

Fig. 9.2 Disorders of pubertal development, hypogonadism, and infertility in childhood cancer survivors following

radiation exposure of hypothalamus and pituitary
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radiation exposure ovaries
and uterus

Fig. 9.3 Disorders of pubertal development, hypogonadism, infertility, and uterine function in female patients follow-
ing exposure to gonadotoxic chemotherapy and direct radiation exposure of ovaries and uterus

gonadotoxic chemotherapy

radiation exposure of testes
(TBI, localized RT) Testostero
Inhi

Fig. 9.4 Disorders of pubertal development, hypogonadism, and infertility in male patients following exposure to
gonadotoxic chemotherapy and direct radiation exposure of testes

radiation, since they are frequently affected by
growth hormone deficiency and thus there is an
additive effect which clearly restricts achievable
final height. For the same reason, there may be
no acceleration of growth velocity as a clinical
indicator of premature pubertal development in
survivors of childhood cancer.

9.3 Diagnostic and Therapeutic

Approach

The clinical diagnosis of premature pubertal
development in girls should be based on the
occurrence of thelarche before the age of
8 years. In contrast, testicular enlargement
>3 mL before the age of 9 years in boys after
cancer is not a reliable indicator of pubertas

praecox, since damage to the germ cell epithe-
lium caused by gonadotoxic therapy modalities
(e.g., high-dose alkylants, testicular radiation)
can lead to testicular volume that is inappropri-
ately low for the stage of pubertal development
already reached, while testosterone synthesis
remains unaffected. Furthermore, in case of
simultaneous growth hormone deficiency, the
acceleration of height velocity as a sign of pre-
mature pubertal development may also be absent
in survivors of childhood cancer. Additional
information can be obtained by assessing skele-
tal maturation using an X-ray of the left hand.
Based on an evaluation according to the refer-
ences of Greulich and Pyle [11], most patients
with precocious puberty have an acceleration of
skeletal age by more than two standard devia-
tions compared to chronological age. In addi-
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tion, ultrasound of the uterus and ovaries in
patients with precocious puberty shows prema-
ture uterine growth [12], which usually precedes
enlargement of the ovaries. In laboratory tests,
basal estradiol, or testosterone, respectively, is
usually elevated above the prepubertal reference
range. The GnRH or the GnRH agonist test can
be used to confirm the diagnosis of a central pre-
cocious puberty. An example for a risk-adapted
screening strategy for precocious puberty is pro-
vided in Table 9.1.

In the case of pubertas praecox vera, treat-
ment with a GnRH agonist should be initiated,
as this slows down premature skeletal maturation
and improves the achievable adult height [14].

Table 9.1 Risk-adapted follow-up recommendations for
gonadal late effects in childhood cancer survivors accord-
ing to German evidence-based guidelines [13]

S3-Guideline: “Endokrinologische
Nachsorge nach onkologischen
Erkrankungen im Kindes-und
Jugendalter” (2014) [13]

Precocious puberty

CRT > 18 Gy:

* Screen for precocious puberty every
6 months in prepubertal children until
age 8 years (?)/9 years (3)

Hypogonadotropic hypogonadism

CRT > 40 Gy:

» Tanner stages at least annually until
end of puberty, then yearly history for
symptoms of hypogonadism

¢ LH, FSH, testosterone/estradiol at
least at age 13 years (Q)/14 years (3)

Hypergonadotropic hypogonadism

Testicular

function

Any radiation to testes:

* Repeat semen analysis during
long-term follow-up

Radiation to testes >20 Gy, exposure to

gonadotoxic chemotherapy:

» Tanner stages at least annually until
end of puberty, then yearly history for
symptoms of hypogonadism

* LH, FSH, testosterone at least at age
14 years

Ovarian
function

Any radiation to ovaries, exposure to

gonadotoxic chemotherapy:

 Tanner stages at least annually until
end of puberty, then yearly history for
symptoms of hypogonadism

* LH, FSH, estradiol at least at age
13 years

This applies in particular to patients after cancer
in childhood and adolescence who are addition-
ally treated with recombinant growth hormone
due to growth hormone deficiency [15].

9.4 Hypogonadotropic

Hypogonadism

Sellar and suprasellar brain tumors may not only
cause precocious puberty but can also be the
cause of hypogonadotropic hypogonadism. The
main symptoms of hypogonadotropic hypogo-
nadism in childhood and adolescence are absence
of pubertal development, arrest of pubertal devel-
opment that has already begun, or secondary
amenorrhea. Typical CNS tumors that can cause
hypogonadotropic hypogonadism are craniopha-
ryngioma, intracerebral germinomas, optic glio-
mas, pituitary tumors, and CNS involvement in
Langerhans cell histiocytosis. Among the possi-
ble therapeutic exposures, high-dose cranial irra-
diation (>30 Gy) is the most important risk factor
for the development of hypogonadotropic hypo-
gonadism. The risk for the development of hypo-
gonadotropic hypogonadism increases not only
with radiation dose but also with age at the time
of treatment [16, 17]. Hypogonadotropic hypo-
gonadism after high doses of cranial radiation
does not usually occur in isolation but is often
associated with other hypothalamic-pituitary
functional failures (growth hormone deficiency,
central hypothyroidism, central adrenal cortex
insufficiency), which can manifest themselves
progressively in the long-term, possibly decades-
long course of follow-up care (Figs. 9.1 and 9.2)
[18]. Whether cytostatic drugs can exert a direct
effect on gonadotropin release is currently
unclear.

Not only high radiation doses in childhood
and adolescence lead to a clearly reduced prob-
ability of pregnancy. Even a low dose of cranial
irradiation can change the pulsatility of gonado-
tropin secretion in the long term and lead to an
overall reduced LH secretion as well as to a lower
LH-“surge”. These changes may cause a short-
ened luteal phase and subsequent reduced fertil-
ity in affected patients [19].



9 Disorders of Gonadal and Reproductive Function in Survivors of Childhood and Adolescent Cancer 91

Follow-up recommendations for the detection
of hypogonadotropic hypogonadism are detailed
in Table 9.1.

9.5 Hypergonadotropic
Hypogonadism
9.5.1 Impairment of Ovarian

Function Following
Gonadotoxic Chemotherapy

Therapy-induced damage to ovarian function
may occur as acute amenorrhea during the inten-
sive therapy phase or immediately after the end
of therapy. Amenorrhea can be permanent in the
sense of an acute ovarian insufficiency, but more
often it is only transient, and after months (or
even years), there is a spontaneous recovery of
the ovarian function. Even if there are no men-
strual cycle abnormalities during or immediately
after the end of antineoplastic therapy, many
patients show a significantly increased risk of
premature menopause (before the age of 40) and
limited fertility. The risk of premature ovarian
insufficiency in survivors of childhood and ado-
lescent cancer is about ten times higher than in
healthy individuals [20].

If ovarian insufficiency exists before the
beginning of puberty, pubertal development does
not progress and primary amenorrhea results. If
ovarian insufficiency develops during or after
puberty, pubertal development may be arrested,
or secondary amenorrhea and menopausal symp-
toms may occur (Fig. 9.3). Girls and young
women with a premature loss of ovarian estrogen
production have an increased risk of developing
osteoporosis [21] as well as possibly coronary
heart disease.

As ovarian reserve decreases with increasing
age, similar therapeutic exposures exert more
pronounced gonadotoxicity in older compared to
younger patients. The risk for the development
of secondary amenorrhea or acute ovarian fail-
ure following gonadotoxic treatment modalities
is significantly higher in postpubertal or young
adult patients compared to the risk for primary
amenorrhea in prepubertal patients. Nonetheless,

exposure to high-dose gonadotoxic agents (espe-
cially alkylants) also causes ovarian insufficiency
in younger girls (Table 9.2) [23].

At highest risk for the development of ovar-
ian insufficiency are pre- and postpubertal
girls and young women undergoing high-dose,
myeloablative conditioning regimens contain-
ing alkylating agents (e.g., busulfan, melphalan)
for HSCT [24, 25]. On the other hand, ovarian
function remains intact or recovers shortly after
completion of intensive antineoplastic therapy
in the majority of patients undergoing standard
risk therapy for most childhood and young ado-
lescent cancers [26, 27]. Nonetheless, histology
of ovarian tissue from pre- and postpubertal girls
who received chemotherapy, e.g., for acute lym-
phoblastic leukemia, demonstrates a significantly
reduced number of follicles and impaired follicle
growth compared to healthy controls [28, 29].
These findings explain the observation of seem-
ingly normal ovarian function in a subgroup of
patients following therapy with alkylating agents,
who nevertheless carry a high risk of experienc-

Table 9.2 Risk categories of gonadal toxicity of various
antineoplastic agents in female childhood cancer patients
(adapted from [22])

Gonadotoxicity in female cancer patients

Class ‘ Agents
High risk
Alkylating agents Mechlorethamine
Cyclophosphamide
Chlorambucil
Melphalan
Busulphan
Non-classic alkylators Procarbazine
Dacarbazine

Medium risk
Heavy metals

Cis-platinum
Cytosine arabinoside
Doxorubicin

Antimetabolites

Anthracyclines

Podophyllotoxins Etopsoide (VP-16)
Alkylating agents Carmustine, lomustine
Vinca alkaloids Vinblastine

Low risk
Antimetabolites Methotrexate

6-Mercaptopurine

Vinca alkaloids Vincristine

Antibiotics/alk. agents Mitomycin
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ing premature menopause in the third or fourth
decade of life [20, 30, 31].

Data from the Childhood Cancer Survivor
Study demonstrates a decreasing probability for
pregnancy in female patients with increasing
alkylating agents dosages compared to healthy
sibling controls [32]. Reassuringly, course of
gestation and the risk for inborn diseases or
malformations of the newborn seem to be unaf-
fected by previous exposure to gonadotoxic
agents [33].

9.5.2 Impairment of Ovarian
Function Following

Radiotherapy

Abdominal radiotherapy, radiation of the pelvis
or the lumbar spine all are associated with a sig-
nificant risk for the development of ovarian fail-
ure (Fig. 9.3) particularly when both ovaries are
exposed [5, 20, 26, 34, 35]. A radiation dose of
6 Gy may lead to irreversible ovarian damage in
older, adult patients. In children and adolescents,
permanent ovarian insufficiency is observed fol-
lowing higher ovarian radiation doses between
10 und 20 Gy [35, 36]. A radiation dose to the
ovaries exceeding >20 Gy was associated with
the highest cumulative incidence of acute ovarian
failure affecting 70% of patients according to
data from the Childhood Cancer Survivor Study.
Intrapubertal or postpubertal girls >13 years had
the highest risk for ovarian insufficiency com-
pared to younger, pre- or early pubertal girls
<12 years [23]. Of note, radiation exposure of the
ovaries and exposure to gonadotoxic cytostatic
agents exert additive effects on gonadal function,
which may lead to the manifestation of perma-
nent ovarian failure also following lower radia-
tion doses [20]. The probability for pregnancy in
adulthood is also reduced following lower radia-
tion doses to ovaries (>5 Gy) during treatment for
childhood cancer [32]. Furthermore, data from
numerous studies demonstrate that almost all
female patients undergoing total body irradiation
(TBI) during adolescence are affected by prema-
ture ovarian failure [37, 38].

9.5.3 Impairment of Testicular
Function Following

Antineoplastic Chemotherapy

Male survivors of childhood cancer who were
treated with gonadotoxic chemotherapy are
affected by some degree of fertility impairment
in 40-60% of cases. In contrast to antecedent
assumptions, younger age or a prepubertal stage
of development at the time of therapy do not have
any protective effect from infertility in later life
[39, 40]. Testicular germ cell epithelium is sig-
nificantly more vulnerable to the effects of
gonadotoxic agents compared to Leydig cells
[41]. As in female patients, the most pronounced
gonadotoxic effects on male germ cells are
exerted by alkylating agents, but also other sub-
stances are characterized by substantial gonado-
toxic side effects (Table 9.3). Besides the class of
cytotoxic agents, cumulative dosage, maximum
single dose, and probably also the age of the
patient at the time of therapeutic exposure are
important modifiers of the extent of testicular
impairment [42—44] (Fig. 9.4, Table 9.3). Leydig
cell function is unaffected after exposure to
gonadotoxic chemotherapy (without concurrent

Table 9.3 Risk categories of gonadal toxicity of various
antineoplastic agents in male childhood cancer patients
(adapted from [22])

Gonadotoxicity in male cancer patients

Class \ Agents
High risk
Alkylating agents Mechlorethamine
Cyclophosphamide
Chlorambucil
Busulphan, melphalan
Non-classic BCNU, CCNU
alkylators Procarbazine
Medium risk
Heavy metals Cisplatin
Antimetabolites Cytosine arabinoside,
Methotrexate

Anthracyclines Doxorubicin, daunorubicin

Low risk

Vinca alkaloids Vincristin, vinblastin

Glucocorticoids Prednisone

Antimetabolites 5-Mercaptopurin
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radiation exposure of the testes) in the vast
majority of cases. Nonetheless, mild subclinical
testosterone deficiency may become apparent
following high-dose therapy regimens [45, 46].

9.5.4 Impairments of Testicular
Function Following

Radiotherapy

Impairments of spermatogenesis may occur fol-
lowing testicular radiation doses as low as 0.1 Gy.
After radiation doses of 1-2 Gy, recovery of sper-
matogenesis is frequently observed over the
course of several years of follow-up, whereas
recovery is rarely seen following higher doses
exceeding 2-3 Gy [43, 44]. TBI causes impaired
germ cell function in almost all exposed male
patients [47] with recovery rates lower than
<20% even during long-term follow-up [48].
Leydig cell dysfunction occurs only following
exposure to higher radiation doses (>20 Gy in
prepubertal boys, >30 Gy in male adults) [49]
(Fig. 9.4, Table 9.3).

9.5.5 Diagnostic and Therapeutic
Approach

As in central hypogonadism, premature ovarian
failure may present as delayed or arrested pubertal
development, primary or secondary amenorrhea, or
premature menopause. Key laboratory findings for
the diagnosis of ovarian insufficiency in adolescent
girls and adult women are significantly increased
levels of gonadotrophins, particularly FSH with
concomitantly low levels of serum estradiol
(Table 9.1). In prepubertal girls, gonadotrophin lev-
els may be in the normal range despite marked
ovarian damage and will rise only to levels in the
pathologic range during progression of pubertal
development. Hormone substitution therapy for the
advancement of pubertal development or during
adult life should follow established guidelines [50].

Diagnosis of impaired Leydig cell function
relies on regular clinical evaluation of the pro-
gression of pubertal development and documen-

tation of symptoms suspicious of testosterone
deficiency. Impaired germ cell function often
becomes clinically apparent by subnormal
testicular volume despite normally progress-
ing pubertal development. History and clinical
examination should be complemented by labo-
ratory determination of LH, FSH, and testos-
terone (Table 9.1). Testosterone replacement
therapy should follow existing guidelines [50].
Spermiograms should be repeatedly offered to
patients following gonadotoxic (chemo-)therapy,
as recovery of spermatogenesis may occur during
long-term follow-up [51].

9.6 Impairment of Uterine
Function Following

Radiotherapy

Radiogenic impairments of the uterus comprise
decreased uterine volume or uterine growth,
alterations of uterine vasculature, and a reduced
endometrium. The degree of impairment depends
on the age of the patient at the time of radiation,
as the prepubertal, developing uterus is signifi-
cantly more radiosensitive than the pubertal or
the mature uterus [52]. Radiation doses between
14 and 30 Gy leads to impairments of the uterine
vascularization and decreasing muscular elastic-
ity [53]. Despite the comparably low total radia-
tion dose, TBI causes a significantly reduced
uterine volume, disordered uterine blood flow
and a reduced or missing endometrium [53, 54].
These structural abnormalities following radia-
tion exposure most likely explain the observation
of markedly increased pregnancy risks in affected
patients. Radiation exposure of the uterus is asso-
ciated with an increased risk for premature deliv-
ery and low birth weight [55, 56]. In young adult
women who underwent TBI, hormone replace-
ment therapy with sex steroids resulted in
improvements of uterine function (endometrium,
blood flow) [53]. In contrast, exposure to higher
radiation doses or younger age at radiotherapy
may result in irreversible impairments of uterine
function which cannot be ameliorated by estro-
gen substitution [29, 53, 57].
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10.1 General Considerations
The first option to preserve fertility in girls and
young women is the choice of a chemotherapy
regimen affecting ovarian function as less as pos-
sible. Under highest risk for loss of ovarian endo-
crine and reproductive function are girls treated
for sarcoma and undergoing autologous bone
marrow stem cell transplantation.

Radiotherapy also imposes a considerable risk
to the ovaries. As described in the Chap. 13,
Pregnancy and Birth, of this book, the sterilizing
dose in women at the age of 40 years is 7 Gray. In
children the sterilizing dose is higher due to a
higher ovarian reserve. It is 16 Gray in 20 years
old women and 18 Gray in 10 years old girls.
Furthermore, radiation can also severely affect
the function of the uterus. Therefore, children
should not get pregnant if the uterus received a
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radiation dose of >25 Gray. The corresponding
dose for adults is 45 Gray [1].

Substantial problems occur if the reproductive
organs itself suffer from cancer. For these girls
fertility-sparing surgery with preservation of the
healthy contralateral ovary can be a suitable
strategy.

10.2 Cryopreservation of Ovarian
Tissue

For young prepubertal girls, cryopreservation of
ovarian tissue is the only option for fertility pres-
ervation, as they cannot undergo ovarian stimula-
tion and aspiration like postpubertal girls or
women due to their young age. An ovary or parts
of an ovary can be removed surgically, mostly
during laparoscopy or in conjunction with other
surgical procedures that the child has to undergo
for her disease. Later, when there is a pregnancy
wish, the tissue can be transplanted. Successful
births have been reported in adult women after
cryopreservation and transplantation of ovarian
tissue [2]. In adults tissue cryopreservation and
transplantations have already moved away from
the experimental status and are slowly becoming
an established technique in the hands of experi-
enced centres. However, tissue cryopreserved in
children and transplanted in adulthood has not yet
led to a pregnancy. Therefore, this procedure still
needs to be categorized as experimental if
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performed in prepubertal children. Basically, the
chances of getting pregnant are greater the higher
the ovarian reserve and follicle density in the
cryopreserved and transplanted tissue. For a later
transplantation of the ovarian tissue different pos-
sibilities exist. The transplantation can take place
laparoscopically or by laparotomy in the pelvic
peritoneum, in the ovary or on the ovary. It is
unclear which of the methods provides the highest
pregnancy rate, and it remains unclear how much
cryopreserved tissue should to be transplanted. It
is advisable to check the tubal patency during the
operative procedure. The success of the procedure
has been documented in adult women with the
delivery of more than 100 babies worldwide [2,
3]. In case of blood borne diseases such as leukae-
mia, ovarian tissue may contain malignant cells.
In these patients the tissue cannot be transplanted.
One possible option is xenografting cryopre-
served ovarian tissue into severe combined immu-
nodeficient mice [4]. However, this procedure is
still experimental and no births have been reported
afterwards. In general, the risk of transplanting
malignant cells is low [5]. Furthermore, oocytes
can be cultured and matured in vitro, but this pro-
cedure is also experimental and no births have
been reported so far [6].

10.3 Transposition of the Ovaries

In girls undergoing radiation of the pelvis, ovar-
ian transposition can be considered. The ovaries
on one or both sides are transposed and, for
example, attached proximally to the peritoneum
of the abdominal wall. Indications include any
kinds of pelvic radiations. Ovarian transposition
can be carried out together with staging laparos-
copy or pelvic lymphadenectomy. Shielding of
the ovaries is also an option but has only been
described in same case reports [7].

10.4 Cryopreservation of Oocytes

In some cases ovarian stimulation and oocyte
collection can be an alternative method of fertil-
ity preservation in postpubertal girls. The ovaries

are stimulated with gonadotrophins, which can
be started at any point in the cycle and requires a
stimulation time of up to 2 weeks. Depending on
age and ovarian reserve an average of 10-13
oocytes can be obtained per treatment cycle [8].
It always needs to be considered that the use of a
vaginal probe when performing the ultrasound
and oocyte aspiration can be traumatic in adoles-
cents. Ovarian stimulation and cryopreservation
of oocytes is not possible in prepubertal girls.

10.5 Medical Ovarian
Suppression

Co-treatment with GnRH-agonists during the
course of chemotherapy has been suggested as a
way of protecting the ovaries of adult women in
case of chemotherapy. The mode of action is still
unknown. It possibly acts by inducing a hypoes-
trogenic state causing a reduction in the utero-
ovarian perfusion. As ovarian protection by
GnRH-agonists still have not been proven to be
effective, this procedure is just recommended as
an additional therapy next to oocyte and ovarian
tissue cryopreservation [9]. In the prepubertal
girl, there is no rationale in using GnRH-agonists
as gonadotropin concentrations are still very low.

10.6 Fertility Preservation in Boys

Cryopreservation of semen is the easiest pro-
cedure to preserve fertility in adolescent and
adult males, if the testes are at least 6-8 mL,
there is a reasonable probability of sperm in an
ejaculate [10]. Semen cryopreservation should
be offered to all boys who are mature enough
to produce sperm. If the pubertal boy is unable
to produce an ejaculate, methods like electro-
stimulation during anaesthesia can be considered
[11]. Sperm cryopreservation should always be
offered for boys at the time of initial malignant
diagnosis as sperm cryopreservation is not pos-
sible if the boy has already started the chemo-
therapy. Cryopreservation of testicular tissue can
be considered in prepubertal boys. However, this
technique should only be performed in highly
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specialized centres under study conditions and
needs to be considered as experimental as no
pregnancy has been achieved so far.
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11.1 Introduction

Endocrinopathies are among the most commonly
observed sequelae in childhood cancer survivors
[1-6] (Fig. 11.1). They result from direct damage
to the hypothalamic-pituitary (HP) region (tumor
or surgery) or from cranial radiation, chemother-
apy, and immunotherapy. After cranial radiother-
apy, a characteristic pattern of hormone
deficiencies develops over several years. The
somatotropic axis is the most vulnerable to radia-
tion damage and growth hormone deficiency
remains the most frequently seen endocrinopathy
followed by gonadal, thyroid, and adrenal hor-
mones [7, 8]. Among all endocrine disturbances,
secondary adrenal insufficiency (SAI) is rare in
childhood cancer survivors [9, 10]. An estimated
prevalence of 3.2% was calculated among 1089
participants treated with HP radiotherapy [11].
CRH deficiency is more common than ACTH
deficiency, since the hypothalamus is more sensi-
tive to radiation than the pituitary [12]. The sever-
ity and rate of development of hypopituitarism is
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determined by the dose of radiotherapy delivered
to the HP axis. SAI was observed in 8% of the
patients receiving <20 Gy, and in 83% of the
patients after radiotherapy with >40 Gy [13].

Among childhood cancer survivors who were
treated with chemotherapy alone due to hema-
tological malignancies or solid tumors, 81%
developed one or more endocrine abnormali-
ties 13 years posttreatment, but none had ACTH
deficiency [14]. No adrenal insufficiency was
observed in survivors in survivors of nephroblas-
toma and neuroblastoma [15]. However, there
are increasing reports of adrenal insufficiency in
patients treated with immune checkpoint inhibi-
tors due to autoimmune side effects such as adre-
nalitis and hypophysitis [16].

SAI is common in childhood cancer survi-
vors after prolonged high doses of glucocor-
ticoid therapy. Glucocorticoid doses >7.5 mg
prednisone equivalent for more than 3 weeks
cause a suppression of the hypothalamic—pitu-
itary—adrenal (HPA) axis [17]. The Cochrane
review on adrenal insufficiency in childhood
acute lymphoblastic leukemia after glucocorti-
coid therapy reported SAI in nearly all children
in the first days after cessation of glucocorticoid
treatment. The majority of children recovered
within 7 weeks, but a small number of children
had ongoing adrenal insufficiency lasting up to
34 weeks [18]. Additionally, high-dose flucon-
azole was suggested as a risk factor for prolonged
adrenal insufficiency.
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Fig. 11.1 Prevalence of endocrine disorders at last follow-up visit, by gender. Reprinted with permission from
Brignardello et al. [1] (Copyright 2013, European Society of Endocrinology)

11.2 Clinical Symptoms

The symptoms of SAI are nonspecific and include
the following: weight loss, nausea, fatigue,
reduced school performance, increased suscepti-
bility to infection, and/or hypoglycemia. In acute
stress-situations, patients with SAI can develop a
life-threatening adrenal crisis with weakness,
hypotension, and shock.

11.3 Diagnosis

All childhood cancer survivors should have a
regular endocrinology examination of the HPA
axis. A recently published guideline related to
childhood cancer survivors, suggested a lifelong
annual screening for ACTH deficiency in child-
hood cancer survivors treated for tumors in the
HP region and in those exposed to >30 Gy HP
radiation, and a screening for ACTH deficiency
in childhood cancer survivors exposed to >24 Gy
and 30 Gy radiation who are 10 years after radia-
tion or develop clinical symptoms suggestive of
ACTH deficiency [19]. It was also advised using

the same screening and dynamic testing proce-
dures to diagnose ACTH deficiency in childhood
cancer survivors as used in the noncancer popula-
tion. Overall, the laboratory diagnosis of children
with SAI is difficult, and there is still an ongoing
controversial debate about the appropriate evalu-
ation of the HPA axis [10, 20].

The Children’s Oncology Group Long-Term
Follow-Up Guidelines recommended annual
screening with a morning (8 AM) cortisol level
for at least 15 years after treatment [21]. In
children with SAI, early morning serum corti-
sol and plasma ACTH levels are low. However,
there are two questions: (1) Which morning cor-
tisol levels are considered to be low? and (2) Do
the morning cortisol levels indicate the adrenal
capacity to respond to stress [22]? In a meta-
analysis of healthy children, a morning cortisol
>365 nmol/L. (>13 pg/dL) was seen as normal
[23]. SAI is evidenced with a morning cortisol
level <100 nmol/L (<3 pg/dL) and suspected
with a morning cortisol level <200 nmol/L
(<7 pg/dL) [24]. A basal morning cortisol
level of >300 mmol/L (>10.8 pg/dL) has been
reported to exclude significant ACTH deficiency
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in patients post-radiotherapy [25]. When using
the cut-off level of 365 nmol/L, low basal cor-
tisol levels were found in 71% of the patients
after brain tumor therapy, whereas only 31% of
these patients had blunted cortisol levels after
the low-dose ACTH test [13]. Thus, it was sug-
gested not to rely on basal cortisol levels but to
perform a dynamic test of the HPA axis [13].
There are many different tests to assess the
function of the HPA axis, e.g., corticotrophin-
releasing hormone (CRH) test, insulin tolerance
test (ITT), metyrapone test, and/or ACTH test,
but the optimal evaluation for ACTH deficiency
is still controversial [26-28]. The pros and cons
of the common investigations used to assess HPA
function in childhood cancer survivors were
recently reviewed in detail by Wei and Crowne
[10]. The ITT is considered to be still the gold
standard for diagnosis of ACTH deficiency, but
the test has some limitations and is associated
with potentially dangerous side effects [29]. The
ACTH stimulation test is used to evaluate the
HPA axis under the assumption that long-term
chronic ACTH deficiency results in atrophy of
the adrenal cortex causing adrenal insufficiency.
There are currently two versions of the ACTH
test in use, a high-dose standard test (250 pg
i.v.) and a low-dose test (1 pg i.v.). Cortisol is
measured in both tests usually 1 h after ACTH
administration. The peak cortisol level should
be >500 nmol/L (>18 pg/dL) or >550 nmol/L
(>20 pg/dL). Patients with complete ACTH
deficiency in whom the adrenal glands have not
been exposed to ACTH for several weeks fail
to respond with an adequate increase of cortisol
in both ACTH tests, whereas patients with par-
tial ACTH deficiency may have a normal serum
cortisol response in the high-dose ACTH test,
but no response in the low-dose ACTH test [30,
31]. Therefore, it was suggested that the results
of the low-dose ACTH test closely correlate
with those of the ITT [32-34]. Based on peak
serum cortisol levels <500 nmol/L defined as
low, SAI was diagnosed in 35% of the patients
after brain tumor therapy with the 1 pg ACTH
test, and in only 11% of the patients with the
high-dose ACTH test [13]. The advantage of the
low-dose ACTH test was recently questioned,

since it could be shown that both ACTH stimu-
lation tests had a similar diagnostic accuracy.
Both tests are adequate to rule in SAI, but not
to rule out SAI [35]. Furthermore, the accuracy
in 1 pg low-dose cosyntropin dilution methods
is doubted since no commercial preparation is
available [36]. In a systematic review and meta-
analysis of both tests for assessing HPA insuf-
ficiency in children, the lack of standardization
of assays and protocols with regard to timing,
frequency, and dose was also addressed [20].
In conclusion, there are still many different
arguments for the superiority of one test about
another test for the evaluation of the HPA axis.
The choice of the used test depends addition-
ally on factors such as availability, practicabil-
ity, and the experience of the doctor. One has to
keep in mind that a gray zone exists for all tests
and repeat testing of patients with conflicting
results may be appropriate.

The diagnosis of SAI in children after pro-
longed high doses of glucocorticoid therapy is
slightly different from children after radiation
therapy of the HP axis. The major problem in glu-
cocorticoid withdrawal is the difficulty of deter-
mining when complete recovery has occurred.
However, identifying patients with potential SAI
is absolutely necessary to ensure treatment is
continued or discontinued appropriately. It was
suggested to assess morning cortisol and ACTH
monthly until they normalize, and then to per-
form a low-dose ACTH test until the stimulated
cortisol level exceeds 500-550 nmol/L [37]. In
a study from Canada, following children treated
with supraphysiological doses of glucocorti-
coids, it was shown that 58% of the patients
had a peak cortisol level >500 nmol/L after the
low-dose ACTH test and that a normal base-
line cortisol level did not exclude a subnormal
response to ACTH (28%) and that a subnormal
prior or baseline cortisol level did not exclude a
normal response [38]. The authors suggested two
options for physicians: (1) empirically advocate
glucocorticoid stress coverage during 18 months
after cessation of high-dose glucocorticoid treat-
ment or (2) perform serial ACTH testing in all
such patients until a normal peak cortisol level
is attained.
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11.4 Therapy

Clinicians should use the same glucocorticoid
regimens as replacement therapy in childhood
cancer survivors with ACTH deficiency as used
in the noncancer population [19]. For children
with SAI, the drug of choice is hydrocortisone.
Mineralocorticoid substitution is not necessary.
The daily dose of hydrocortisone for replace-
ment therapy of 8—10 mg/m? is divided into two
or three doses, with the largest dose being given
in the morning. The dose is lower than the dose
used in patients with primary Al. The dose must
be titrated carefully to prevent over- or under-
treatment. The clinical parameters weight,
height, blood pressure, and general well-being
are the most useful parameters to monitor ther-
apy. The pharmacokinetics of hydrocortisone
does not allow mimicking the overnight rise in
cortisol. Therefore, a modified-released hydro-
cortisone was developed and approved as main-
tenance therapy of adults with adrenal
insufficiency. The tablet provides high levels of
cortisol during the morning, followed by a grad-
ual decrease throughout the day, thereby mim-
icking normal secretion more closely than
conventional therapy [39, 40].

During times of illness or stress (e.g., fever,
gastrointestinal illness), the oral dose of hydro-
cortisone should be immediately tripled. The
importance of early intervention when infection
occurs has been shown by a 1.6-fold higher risk
of death in patients with ACTH deficiency than in
those without ACTH deficiency [41]. Moreover,
the relative risk of death was 7.1 in participants
with hypopituitarism [42]. ACTH deficiency may
coexist with other pituitary hormone deficien-
cies, and the diagnosis may be unmasked after
the supplementation of these hormones. For
example, growth hormone (GH) therapy normal-
izes 11B-hydroxysteroid dehydrogenase type 1
overactivity and causes an increase in the conver-
sion of active cortisol to inactive cortisone [43].
Thus, it is important to check for SAI and start
appropriate replacement therapy with hydrocor-
tisone before the initiation of GH replacement to
avoid adrenal crisis.

If children are unable to tolerate oral therapy
under stress conditions, the parents can adminis-
ter glucocorticoid suppositories or inject hydro-
cortisone (i.m.) to gain time and present the child
to the nearest children’s hospital. All children
with adrenal crisis require emergency care in a
hospital. The standard therapy comprises fluids
and electrolytes intravenously, and, an intrave-
nous glucocorticoid bolus (e.g., hydrocortisone
100 mg/m?). The initial hydrocortisone bolus is
followed by the same dose at a constant rate over
a 24-h period. The hydrocortisone dose should
be reduced to the replacement therapy dose as
soon as the crisis is over or the medical status
improves. If synthetic glucocorticoids (e.g., pred-
nisone) are used instead of hydrocortisone, then
the correct equivalent dose has to be calculated.
The Endocrine Society recommends that clini-
cians instruct all patients with ACTH deficiency
regarding stress dose and emergency glucocorti-
coid administration and instruct them to obtain
an emergency card/bracelet/necklace regard-
ing adrenal insufficiency and an emergency Kkit.
This recommendation must include the family of
the patient (parents, caregivers) and all doctors
involved in long-term follow-up.

In summary, SAI is rare in childhood can-
cer survivors. All physicians involved in the
long-term follow-up must be aware of indi-
viduals at risk of developing ACTH deficiency.
Implementation of an appropriate treatment
together with a detailed instruction regarding
stress dose and emergency glucocorticoid admin-
istration is necessary to prevent life-threatening
adrenal crises in SAI patients.

References

1. Brignardello E, et al. Endocrine health conditions
in adult survivors of childhood cancer: the need
for specialized adult-focused follow-up clinics.
Eur J Endocrinol. 2013;168(3):465-72. https://doi.
org/10.1530/eje-12-1043.

2. Chemaitilly W, Cohen LE. Diagnosis of endocrine dis-
ease: endocrine late-effects of childhood cancer and
its treatments. Eur J Endocrinol. 2017;176(4):R183—
203. https://doi.org/10.1530/eje-17-0054.


https://doi.org/10.1530/eje-12-1043
https://doi.org/10.1530/eje-12-1043
https://doi.org/10.1530/eje-17-0054

11 Endocrine Late Effects in Young Cancer Patients: Adrenal Gland 105
3. Chemaitilly W, Sklar CA. Childhood cancer treat- lymphoblastic  leukaemia. Cochrane Database
ments and associated endocrine late effects: a Syst  Rev. 2015;11(11):Cd008727.  https://doi.
concise guide for the pediatric endocrinologist. org/10.1002/14651858.CD008727.pub3.
Horm Res Paediatr. 2019;91(2):74-82. https://doi.  18. Rensen N, et al. Hypothalamic-pituitary-adrenal (HPA)
org/10.1159/000493943. axis suppression after treatment with glucocorticoid

4. Gebauer J, et al. Long-term endocrine and meta- therapy for childhood acute lymphoblastic leukaemia.
bolic consequences of cancer treatment: a systematic Cochrane Database Syst Rev. 2017;11:Cd008727.
review. Endocr Rev. 2019;40(3):711-67. https://doi. https://doi.org/10.1002/14651858.CD008727.pub4.
org/10.1210/er.2018-00092. 19. Sklar CA, et al. Hypothalamic-pituitary and growth

5. Hudson MM, et al. Clinical ascertainment of health disorders in survivors of childhood cancer: an endo-
outcomes among adults treated for childhood can- crine society clinical practice guideline. J Clin
cer. JAMA. 2013;309(22):2371-81. https://doi. Endocrinol Metab. 2018;103(8):2761-84. https://doi.
org/10.1001/jama.2013.6296. org/10.1210/jc.2018-01175.

6. Mostoufi-Moab S, et al. Endocrine abnormalities 20. Ng SM, et al. A systematic review and meta-analy-
in aging survivors of childhood cancer: a report sis of Synacthen tests for assessing hypothalamic-
from the childhood cancer survivor study. J Clin pituitary-adrenal insufficiency in children. Arch
Oncol. 2016;34(27):3240-7. https://doi.org/10.1200/ Dis Child. 2016;101:847. https://doi.org/10.1136/
j€0.2016.66.6545. archdischild-2015-308925.

7. Crowne E, et al. Effect of cancer treatment on 21. Nandagopal R, et al. Endocrine late effects of child-
hypothalamic-pituitary function. Lancet Diabetes hood cancer therapy: a report from the children’s
Endocrinol. 2015;3(7):568-76. https://doi. oncology group. Horm Res. 2008;69(2):65-74.
org/10.1016/s2213-8587(15)00008-x. https://doi.org/10.1159/000111809.

8. Darzy KH, Shalet SM. Hypopituitarism following 22. Agwu JC, et al. Tests of adrenal insufficiency. Arch
radiotherapy revisited. Endocr Dev. 2009;15:1-24. Dis Child. 1999;80(4):330-3.
https://doi.org/10.1159/000207607. 23. Kazlauskaite R, et al. Corticotropin tests for hypotha-

9. Constine LS, et al. Hypothalamic-pituitary dys- lamic-pituitary-adrenal insufficiency: a metaanaly-
function after radiation for brain tumors. N Engl J sis. J Clin Endocrinol Metab. 2008;93(11):4245-53.
Med. 1993;328(2):87-94. https://doi.org/10.1056/ https://doi.org/10.1210/jc.2008-0710.
NEJM199301143280203. 24. Maguire AM, et al. Evaluation of adrenal function

10. Wei C, Crowne EC. The hypothalamic-pituitary- using the human corticotrophin-releasing hormone
adrenal axis in childhood cancer survivors. Endocr test, low dose Synacthen test and 9am cortisol level
Relat Cancer. 2018;25(10):R479-r496. https://doi. in children and adolescents with central adrenal insuf-
org/10.1530/erc-18-0217. ficiency. Clin Endocrinol (Oxf). 2008;68(5):683-91.

11. van lersel L, et al. Hypothalamic-pituitary disor- https://doi.org/10.1111/j.1365-2265.2007.03100.x.
ders in childhood cancer survivors: prevalence, 25. Darzy KH. Radiation-induced hypopituitarism after
risk factors and long-term health outcomes. J Clin cancer therapy: who, how and when to test. Nat Clin
Endocrinol Metab. 2019;104(12):6101-15. https:// Pract Endocrinol Metab. 2009;5(2):88-99. https://doi.
doi.org/10.1210/jc.2019-00834. org/10.1038/ncpendmet1051.

12. Schmiegelow M. Endocrinological late effects fol- 26. Crowley RK, et al. Central hypoadrenalism. J Clin
lowing radiotherapy and chemotherapy of childhood Endocrinol Metab. 2014;99(11):4027-36. https://doi.
brain tumours. Dan Med Bull. 2006;53(3):326—41. org/10.1210/jc.2014-2476.

13. Patterson BC, et al. Adrenal function testing in 27. Kazlauskaite R, Maghnie M. Pitfalls in the diagnosis of
pediatric cancer survivors. Pediatr Blood Cancer. central adrenal insufficiency in children. Endocr Dev.
2009:53(7):1302-7. https://doi.org/10.1002/pbc.22208. 2010;17:96-107. https://doi.org/10.1159/000262532.

14. Rose SR, etal. Hypothalamic dysfunction after chemo- ~ 28. Rose SR, et al. ACTH deficiency in childhood cancer
therapy. J Pediatr Endocrinol Metab. 2004;17(1):55— survivors. Pediatr Blood Cancer. 2005;45(6):808—13.
66. https://doi.org/10.1515/jpem.2004.17.1.55. https://doi.org/10.1002/pbc.20327.

15. van Waas M, et al. Adrenal function in adult long- 29. Shah A, et al. Hazards of pharmacological tests
term survivors of nephroblastoma and neuroblas- of growth hormone secretion in childhood. BMJ.
toma. Eur J Cancer. 2012;48(8):1159—-66. https://doi. 1992;304(6820):173-4.
org/10.1016/j.ejca.2012.02.046. 30. Thaler LM, Blevins LS Jr. The low dose (1-microg)

16. de Filette J, et al. A systematic review and meta- adrenocorticotropin stimulation test in the evaluation
analysis of endocrine-related adverse events of patients with suspected central adrenal insuffi-
associated with immune checkpoint inhibitors. ciency. J Clin Endocrinol Metab. 1998;83(8):2726-9.
Horm Metab Res. 2019;51(3):145-56. https://doi. https://doi.org/10.1210/jcem.83.8.5039.
org/10.1055/a-0843-3366. 31. Tordjman K, et al. The role of the low dose (1 micro-

17. Gordijn MS, et al. Hypothalamic-pituitary- gram) adrenocorticotropin test in the evaluation of

adrenal (HPA) axis suppression after treatment
with glucocorticoid therapy for childhood acute

patients with pituitary diseases. J Clin Endocrinol
Metab. 1995;80(4):1301-5.


https://doi.org/10.1159/000493943
https://doi.org/10.1159/000493943
https://doi.org/10.1210/er.2018-00092
https://doi.org/10.1210/er.2018-00092
https://doi.org/10.1001/jama.2013.6296
https://doi.org/10.1001/jama.2013.6296
https://doi.org/10.1200/jco.2016.66.6545
https://doi.org/10.1200/jco.2016.66.6545
https://doi.org/10.1016/s2213-8587(15)00008-x
https://doi.org/10.1016/s2213-8587(15)00008-x
https://doi.org/10.1159/000207607
https://doi.org/10.1056/NEJM199301143280203
https://doi.org/10.1056/NEJM199301143280203
https://doi.org/10.1530/erc-18-0217
https://doi.org/10.1530/erc-18-0217
https://doi.org/10.1210/jc.2019-00834
https://doi.org/10.1210/jc.2019-00834
https://doi.org/10.1002/pbc.22208
https://doi.org/10.1515/jpem.2004.17.1.55
https://doi.org/10.1016/j.ejca.2012.02.046
https://doi.org/10.1016/j.ejca.2012.02.046
https://doi.org/10.1055/a-0843-3366
https://doi.org/10.1055/a-0843-3366
https://doi.org/10.1002/14651858.CD008727.pub3
https://doi.org/10.1002/14651858.CD008727.pub3
https://doi.org/10.1002/14651858.CD008727.pub4
https://doi.org/10.1210/jc.2018-01175
https://doi.org/10.1210/jc.2018-01175
https://doi.org/10.1136/archdischild-2015-308925
https://doi.org/10.1136/archdischild-2015-308925
https://doi.org/10.1159/000111809
https://doi.org/10.1210/jc.2008-0710
https://doi.org/10.1111/j.1365-2265.2007.03100.x
https://doi.org/10.1038/ncpendmet1051
https://doi.org/10.1038/ncpendmet1051
https://doi.org/10.1210/jc.2014-2476
https://doi.org/10.1210/jc.2014-2476
https://doi.org/10.1159/000262532
https://doi.org/10.1002/pbc.20327
https://doi.org/10.1210/jcem.83.8.5039

106

H. G. Dorr and G. Brabant

32. Abdu TA, et al. Comparison of the low dose short
synacthen test (1 microg), the conventional dose short
synacthen test (250 microg), and the insulin tolerance
test for assessment of the hypothalamo-pituitary-
adrenal axis in patients with pituitary disease. J Clin
Endocrinol Metab. 1999;84(3):838-43.

33. Dickstein G, et al. One microgram is the lowest
ACTH dose to cause a maximal cortisol response.
There is no diurnal variation of cortisol response to
submaximal ACTH stimulation. Eur J Endocrinol.
1997;137(2):172-5.

34. Tordjman K, et al. Low-dose (1 microgram) adre-
nocorticotrophin (ACTH) stimulation as a screening
test for impaired hypothalamo-pituitary-adrenal axis
function: sensitivity, specificity and accuracy in com-
parison with the high-dose (250 microgram) test. Clin
Endocrinol. 2000;52(5):633-40.

35. Ospina NS, et al. ACTH stimulation tests for the diagno-
sis of adrenal insufficiency: systematic review and meta-
analysis. J Clin Endocrinol Metab. 2016;101(2):427-34.
https://doi.org/10.1210/j¢c.2015-1700.

36. Cross AS, et al. International survey on high- and
low-dose synacthen test and assessment of accuracy
in preparing low-dose synacthen. Clin Endocrinol.
2018;88(5):744-51. https://doi.org/10.1111/cen.13559.

37. Ucar A, et al. Diagnosis and management of pediatric
adrenal insufficiency. World J Pediatr. 2016;12(3):261—
74. https://doi.org/10.1007/s12519-016-0018-x.

38.

39.

40.

41.

42.

43.

Wildi-Runge S, et al. A search for variables pre-
dicting cortisol response to low-dose corticotropin
stimulation following supraphysiological doses of
glucocorticoids. J Pediatr. 2013;163(2):484-8. https://
doi.org/10.1016/j.jpeds.2013.01.011.

Johannsson G, et al. Improving glucocorticoid
replacement therapy using a novel modified-release
hydrocortisone tablet: a pharmacokinetic study.
Eur J Endocrinol. 2009;161(1):119-30. https://doi.
org/10.1530/eje-09-0170.

Nilsson AG, et al. Prospective evaluation of long-
term safety of dual-release hydrocortisone replace-
ment administered once daily in patients with adrenal
insufficiency. Eur J Endocrinol. 2014;171(3):369-77.
https://doi.org/10.1530/eje-14-0327.

Gaillard RC, et al. Overall and cause-specific mor-
tality in GH-deficient adults on GH replacement.
Eur J Endocrinol. 2012;166(6):1069-77. https://doi.
org/10.1530/eje-11-1028.

Mills JL, et al. Long-term mortality in the United
States cohort of pituitary-derived growth hormone
recipients. J Pediatr. 2004;144(4):430-6. https://doi.
org/10.1016/j.jpeds.2003.12.036.

Giavoli C, et al. Effect of recombinant human growth
hormone (GH) replacement on the hypothalamic-
pituitary-adrenal axis in adult GH-deficient patients.
J Clin Endocrinol Metab. 2004;89(11):5397-401.
https://doi.org/10.1210/jc.2004-1114.


https://doi.org/10.1210/jc.2015-1700
https://doi.org/10.1111/cen.13559
https://doi.org/10.1007/s12519-016-0018-x
https://doi.org/10.1016/j.jpeds.2013.01.011
https://doi.org/10.1016/j.jpeds.2013.01.011
https://doi.org/10.1530/eje-09-0170
https://doi.org/10.1530/eje-09-0170
https://doi.org/10.1530/eje-14-0327
https://doi.org/10.1530/eje-11-1028
https://doi.org/10.1530/eje-11-1028
https://doi.org/10.1016/j.jpeds.2003.12.036
https://doi.org/10.1016/j.jpeds.2003.12.036
https://doi.org/10.1210/jc.2004-1114

®

Check for
updates

Pregnancy and Birth After
Cancer in the Youth

12

Magdalena Balcerek, Anja Borgmann-Staudt,
Sebastian Findeklee, and Michael von Wolff

12.1 Getting Pregnant

A survey among former childhood cancer patients
revealed that nearly all survivors wished to have an
own child in adulthood, this wish being compara-
ble to the desire in the general population [1].
Nevertheless, a reduced rate of pregnancies has
been shown among childhood cancer survivors
when being compared to the general population
[2]. Despite the fact of increased time to pregnancy
among childhood cancer survivors [3], the rates of
pregnancy remain reduced in all age groups [1] due
to an increased risk of fertility impairment after
cancer therapy in childhood and adolescence [2].
Noteworthy in this context is the reduced reproduc-
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tive window among childhood cancer survivors
due to premature ovarian failure after irradiation
and alkylating agents [4]. This emphasizes the
importance of patient education and motivation to
decide on early family planning rather than post-
poning the decision to a later time point. The preva-
lence and risk factors for fertility impairment are
further described in chap. 9 of this book.

Fertility impairment may make the use
of assisted reproductive technologies neces-
sary (chap. 10 of the book). The likelihood of a
live birth after assisted reproductive technology
procedures among women with cancer history
using autologous oocytes was reduced compared to
women without cancer. Factors acting in the pre- or
periconceptional periods are possibly responsible
for this decline [5]. When donor oocytes were
used, no difference in the outcome among women
with and without cancer history was seen [5].
Postpubertal pelvic irradiation or total body irradi-
ation was followed by an implantation rate of 31%
with oocyte donation, which was comparable to
the unit’s general implantation rate [6]. Autologous
retransplantation of cryopreserved ovarian tissue
following cancer therapy has led to successful
pregnancies and more than 130 live births world-
wide [7]. Generally, the risk of retransplantation of
malignant cells using cryopreserved ovarian tissue
of cancer patients has to be considered [8—10]. A
future possibility to avoid this risk may be pre-
sented by in vitro maturation of oocytes from ovar-
ian tissue and options of artificial ovaries [11].
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If survivors of childhood cancer conceived,
they used their chance to have a child more often
than the German general population, shown by
rate of induced abortions being significantly
reduced among childhood cancer patients when
compared to the rate in general population [12].
Regarding the diagnosis of the formerly diseased
parent, pregnancies among female heritable reti-
noblastoma survivors or the partners of male sur-
vivors were more likely to be terminated because
of reasons relating to the health of the fetus,
whereas there was no increased rate of termi-
nation among survivors of other cancer diagno-
ses [13]. Both, cancer treatment for children and
adolescents, as well as patient counseling have
sustainably improved within the last decades.
These improvements may have led to a decreased
fear among survivors that their children could
suffer from late effects from their cancer or its
treatment or that offspring may get cancer as well
because of inherited genetic traits [1].

Besides, the risk of fertility impairment or fear
of impairment in own offspring’s health, a fear of
relapse following pregnancy can additionally pre-
vent survivors from getting pregnant [ 14]. For early
breast cancer patients, however, data showed a sta-
tistically higher overall survival among patients
who became pregnant at least 10 months after diag-
nosis [15]. A further study showed similar results,
suggesting a “healthy mother effect” [16], which
may be due to possible immunization against
breast cancer cells during pregnancy [17]. A regis-
try-based cohort study that investigated pregnancy
in women surviving leukemia, lymphoma, malig-
nant melanoma, cervical, breast, thyroid, or ovar-
ian cancer showed a significantly lower risk for
cause-specific death in women with a post-cancer
pregnancy than in the reference group [18].

12.2 Pregnancy Following
Chemotherapy
and Radiotherapy

In women, who get pregnant after oncologic ther-
apy, late effects of cytostatic agents like cardiac
or renal impairment may lead to severe preg-
nancy complications, and preterm delivery has to

be considered. Irradiation in children seems to
have a more negative effect on the uterus than
radiotherapy in adults. A radiotherapy of the
adult uterus within total body irradiation therapy
(12 Gray) is associated with an increased risk for
miscarriage, preterm delivery, and low birth
weight. In general, irradiation of the uterus with
>25 Gray in childhood or with >45 Gray in adult-
hood goes along with the recommendation of
avoiding a future pregnancy as a severe
radiotherapy-induced fibrosis has to be expected.

Generally, pregnancy and labor are related to
various changes in the female body. In childhood
cancer survivors who may experience organic
late effects due to their previous cancer treat-
ment, special attention during pregnancy and
labor is necessary.

The cardiac output during pregnancy is higher
in second compared to first and lower in third
compared to second trimester [19]. After delivery
cardiac output is lower than at any time point dur-
ing pregnancy. These physiologic changes dur-
ing pregnancy with a higher cardiac output may
lead to severe problems for asymptomatic patients
treated with cardiotoxic agents like anthracy-
clines. Women who have received anthracycline-
containing chemotherapy should be recommended
to undergo preconceptional transthoracal echo-
cardiography. Close cardiological surveillance
during pregnancy should be provided to women
with an ejection fraction < 40% [20]. An estab-
lished heart disease may cause decompensation
or worse pregnancy outcome [21]. Childhood
cancer survivors who received 500 mg/m? or less
of doxorubicin were found to generally have no
changes in fractional shortening (FS) before and
at least 6 months after pregnancy [22]. While FS
sustained in patients with a FS >30% before preg-
nancy, FS was decreased by 19% during preg-
nancy in patients with an intial FS <30%. Despite
the fact that this finding was not significant, it
is clinically relevant as it represents the dete-
rioration from a mild to moderate left ventricular
dysfunction after pregnancy. In one case deterio-
ration occurred within 2 h after birth. Therefore
those with baseline left ventricular dysfunction
are to be considered at increased risk and need
increased surveillance during pregnancy and spe-
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cial care within the first 24 h after delivery [22].
Childhood cancer survivors with a left ventricular
ejection fraction of less than 40% should be coun-
seled about the potential risk of cardiac failure that
may occur in pregnancy. Care should take place at
specialized centers. Women with a left ventricu-
lar ejection fraction <20% should be warned off a
pregnancy since they are under severe risk of not
being able to sustain cardiac output [20].

Generally, female childhood cancer survivors
showed no increase in the risk of gestational dia-
betes, preeclampsia, and anemia in compari-
son with women without history of cancer [23].
Former patients with a bone tumor, however,
seem to have an increased risk for gestational dia-
betes. An increased risk for anemia during preg-
nancy occurred in former brain tumor patients or
childhood cancer patients who were treated with
chemotherapy initially [23]. Childhood cancer
survivors were found to have normal diastolic
blood pressure during pregnancy [24].

Chemotherapy in general has no distinct
effect on entered pregnancy. Au contraire, use
of chemotherapeutic agents can be considered
during pregnancy after careful balancing of pros
and cons [25]. Radiotherapy, though, may affect
gonadal function in female and male childhood
cancer patients, dependent on age and dose
(Table 12.1.)

Table 12.1 Effects of different irradiation doses due to
age in female and male childhood cancer survivors [26].
(Gy= Gray; POF = premature ovarian failure

Irradiation dose to

the gonads Effect

</=1.5 Gy Girls: no relevant effect

2.5-5 Gy Girls/women: risk for POF ca.
60%

7 Gy Women: 100% POF with 40 years

14 Gy Women: 100% POF with 30 years

16 Gy Women: 100% POF with 20 years

18 Gy Girls: 100% POF with 10 years

20 Gy Girls: 100% POF in every age

2 Gy Girls/women: reduction of the
follicular pool of about ca. 50%

>/=2 Gy Boys/men: long persisting
azoospermia possible

>/=4 Gy Boys/men: permanent
azoospermia possible

>/=1.2 Gy Men: permanent azoospermia

fractioned possible

Higher abdominal or pelvic radiation doses,
total body irradiation and direct irradiation of the
uterus significantly increase the risk of adverse
pregnancy outcomes, with irradiation in (pre)
pubertal children being more harmful to the
uterus than in postpubertal children [27]. The
uterine size in adulthood correlated with age at
irradiation, showing the younger age at radiation
being associated with a smaller uterus [28]. The
uterine growth starts before onset of clinical
signs of puberty, reaches its greatest increase of
volume between Tanner Stages III and IV and is
not completed before 7 years after menarche [29,
30]. Additionally, the uterine artery flow velocity
increases during puberty [31]. Both leads to a
higher vulnerability to irradiation of the uterus
before and during puberty. Regarding the radia-
tion dose administered to the uterus, a uterine
irradiation dose of 4 Gray or less does not seem
to impair uterine function. The post-irradiated
uterus after whole abdominal or pelvic, e.g., as
part of treatment in children suffering Wilms
tumor, rhabdomyosarcoma or Ewing sarcoma,
or total body irradiation (usually 12 Gray) as
part of treatment before stem cell transplantation
showed a reduced mean uterine length and no
detectable uterine blood flow in ultrasound exam-
inations [27, 28]. Following total body irradia-
tion in childhood acute lymphoblastic leukemia
patients, the average uterine volume may decrease
to 40% of normal adult sizes [32]. MRI imaging
supported these findings of reduced uterine vol-
ume 3 months after therapy [33]. Myometrial
changes such as atrophy, including fibrosis in
submucosal and edema in serosal parts, loss of
uterine zonal anatomy and local ischemia may
appeare as early as 1 month after treatment. A
trophic endometrium with thicker and smaller
blood vessels may occur 6 months after therapy
[33]. These changes result in decreased elastic-
ity of the uterine musculature [27, 28]. A study
among patients receiving stem cell transplanta-
tion in childhood showed that total body irradia-
tion and busulfan had the worst effect on uterine
size [34]. High-dose radiation of 20-25 Gray or
more in children commonly lead to irreversible
uterine damage effecting vascular and muscular
function [27, 35]. It still remains unclear whether
radiotherapy and uterine irradiation predispose
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for placentation disorders and uterus rupture dur-
ing pregnancy. Literature just reveals case reports.
However, there are several hints for a thinner and
structurally altered myometrium in women who
have been exposed to radiotherapy [36].

Reduced uterine function after irradiation
leads to higher rates of spontaneous abortions as
well as preterm delivery [37, 38, 40-44], with
threshold uterine doses of more than 10 Gray in
girls treated before menarche increasing the risk
of stillbirth and neonatal death [43]. Even though
assisted reproductive technologies are available,
reduced uterine volume and uterine blood flow
are linked to poor outcomes during these pro-
cedures [34]. In women with premature ovarian
failure following irradiation during childhood
or pregnancy, uterine function perhaps can be
improved by therapeutic application of sexual
steroid hormones. Literature describes estra-
diol 100-150 microgram every 24 h transder-
mal and progesterone vaginal 400 mg every
24 h to be most effective compared with oral
contraceptives.

Generally, the rate of spontaneous abor-
tions among childhood cancer patients has been
reported to be increased [12]. Pregnancy com-
plications seem to further increase when con-
ception results after use of assisted reproductive
technologies[45]. A significant increase was seen
in the rate of spontaneous abortions after oocyte
donation and multiple agent chemotherapy in
childhood [46], in midtrimester miscarriage,
in preterm delivery as well as in intrauterine
growth retardation [27, 42]. Also when concep-
tion occurred within the first year after end of
treatment, an increased risk of stillbirth, prema-
ture birth, and a reduced birth weight has been
observed [47].

Pregnancy after stem cell transplantation is
possible; however, patients who underwent trans-
plantation at older age or who were exposed to
total body irradiation were more likely of being
nulliparous. Women who underwent allogeneic
stem cell transplantation in childhood or early
adulthood showed higher rates of cesarean sec-
tion (42% vs. 16% general population), preterm
delivery (20% vs. 6%), and low birth weight
(23% vs. 6%) [48]. After conditioning regimen in

pre- and postpubertal women that included total
body irradiation as part of stem cell transplanta-
tion, a significant increase in spontaneous abor-
tions (37%), preterm delivery (63%) with low to
very low birth weight was seen [49].

Independent of irradiation, in a group of
patients who suffered Wilms tumor, uterine
anomalies were found that may contribute to risk
of stillbirth or neonatal death [50].

A review performed by the “Scottish
Intercollegiate Guidelines Network™ (SIGN)
refers to the potential risk of reduced bone min-
eral density with a consecutive elevated bone
fracture risk during pregnancy after irradiation of
the cervical region [51].

12.3 Birth and Postpartum

In general, pregnancies and labor in cancer survi-
vors are typically uncomplicated [52].
Nevertheless, women with cancer diagnosed in
childhood, adolescence or early adulthood, are at
elevated risk for induction of labor and elective
rather than urgent cesarean delivery [23, 52].
This may be due to an increase in surveillance and
a lower threshold for interventions in these
patients [37]. Former patients with a bone tumor
in childhood were more likely to undergo cesar-
ean section, whereas those who had an abdominal
or pelvic tumor had no increased rate of cesarean
sections [23]. No increase in the risk of instru-
mental vaginal delivery, malpresentation, placen-
tal pathologies, and postpartum hemorrhage
appeared in survivors of cancer in childhood or
young adulthood [52]. Highest risk for adverse
obstetric outcomes was found in women treated in
childhood (0-14 years) [52]. Childhood cancer
survivors who underwent abdominal irradiation
had an increased risk of postpartum hemorrhage,
without the increased risk of manual removal of
placenta reaching statistical significance [24].

It is generally known, that breastfeeding is
beneficial in regard to different aspects of health,
such as metabolism, including diabetes and obe-
sity, cardiovascular disease, bone mineral den-
sity as well as second malignant neoplasms. It
is likely that not only healthy women and their



12 Pregnancy and Birth After Cancer in the Youth

m

children, but also women with a history of can-
cer and their offspring profit from breastfeeding.
However, lactation may be impaired in cancer
patients. Women who suffered breast cancer with
treatment including radiotherapy are at risk for
lactation problems. Patients who formerly suf-
fered from Hodgkin’s disease with treatment
including mantle radiotherapy showed only 61%
of breastfeeding attempts being successful. In
the subgroup of patients diagnosed at 21 years
of age or younger, the rate was 66% but still
lower than in the sibling control group [53].
Among childhood acute lymphatic leukemia sur-
vivors who had received cranial radiotherapy of
24-25 Gray and chemotherapy , only 17% were
able to lactate successfully [54], suggesting cra-
nial radiotherapy being a risk factor for lactation
impairment.

12.4 Offspring and Offspring
Health

Children born to childhood cancer survivors
showed a comparable gender ratio and a normal
postnatal adaption according to APGAR score
[23, 24]. Children born to mothers who received
abdominal, pelvic, or total body irradiation
including the uterus, were more often preterm
with a low birth weight, also increasing their risk
for perinatal death [37, 38, 40, 41, 43, 44]. Low
birth weight after adjustment for gestational age
seems to be comparable to general population,
though [24]. Stillbirth and neonatal death were
most likely linked to uterine damage rather than
mutagenesis to the germ cells [43]. Men exposed
to gonadal irradiation or total body irradiation do
not seem to have an increased risk of stillbirth or
neonatal death for their children [43].

Children from women that were treated
with doxorubicin (<500 mg/m?) in childhood
were reported of being born after induction of
labor more often, showed lower birth weight, and
were more likely of neonatal hospitalization in
intensive care unit and longer hospital stays [21].

Fear of health impairment in their offspring
may prevent survivors of childhood cancer from
having own children [14]. Generally, studies have

shown no increase in the risk for genetic diseases
or nonhereditary cancers among offspring of
childhood cancer survivors [43, 55-57]. Even
though most studies report no increased risk for
malformations, there have been reports of a slight
increase of malformations among these children,
with this increase not being clinically relevant
[58]. Regarding the frequency and reasons for
hospitalization, childhood cancer survivors’ off-
spring were found to be hospitalized just as often
and for the same reasons as children of parents
without a history of cancer, with the exception
that, due to increased surveillance in these chil-
dren, former patients’ offspring were more likely
of being hospitalized due to hereditary cancers or
to rule out a cancer disease [59].

Up-to-date, there is no information on the fur-
ther development of health in children of former
childhood cancer patients. A study on children
born after prenatal exposure to maternal cancer
with or without treatment, however, did not show
impaired cognitive, cardiac or general develop-
ment in early childhood [60].

12.5 Conclusion

Women with cancer history that are at elevated
risk for pregnancy or birth complications should
be counseled and treated in specialized centers.
For German-speaking countries the FertiProtekt
Network provides addresses of experts in the
field [www.fertiprotekt.de].
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Obesity and an increased risk of developing
diabetes mellitus and cardiovascular disease
are common late complications of childhood
and adolescent cancer, but as such are often
detected late and receive inadequate treatment
[1]. Increased morbidity due to cardiovascular
disease is a major burden for this growing patient
population and leads to reduced quality of life
and excessive mortality [2—4].

13.1 Obesity in Childhood Cancer

Survivors
13.1.1 Epidemiology
Newer data from the Childhood Cancer Survivor

Study (CCSS) demonstrate an increased rela-
tive risk of developing obesity in childhood and
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adolescent cancer survivors who received either
cranial radiation >18 Gy or abdominal or total
body radiation [1]. Previous analyses of the
CCSS cohort showed a differentiated risk of
adverse changes in body composition, including
an increased risk of underweight, depending on
cancer diagnosis, age at cancer diagnosis, sex,
ethnicity, and therapeutic exposure [5]. Among
the main categories of cancer diagnoses in the
CCSS cohort, only adult survivors of acute lym-
phocytic leukemia showed an increased risk of
BMI >30 kg/m? compared to a reference popu-
lation. Furthermore, sex-specific risk factors for
obesity were found in this population. Female
survivors were more likely to be obese in adult-
hood if they were younger at the time of cancer
treatment, were of black, non-Hispanic descent,
and received cranial radiation. In adult male
survivors, Hispanic origin and cranial irradia-
tion were associated with obesity in adulthood
[5]. Data from follow-up investigations in the
CCSS cohort and from a variety of other, mostly
smaller cohort studies confirmed the association
of childhood acute lymphoblastic leukemia with
an increased risk of obesity, but also showed sig-
nificant heterogeneity in terms of possible patho-
genetic factors that could contribute to increased
weight gain and persistent obesity in ALL sur-
vivors [6]. This heterogeneity in study results
may be explained by methodological and statisti-
cal reasons that lead to a lack of certainty and
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Fig. 13.1 Concepts of the pathogenesis of obesity and cardiovascular risk in survivors of childhood and adolescent cancer

consistency in the identification of underlying
etiological factors of increased risk of obesity in
ALL survivors.

The majority of published studies use BMI as
an indicator of overweight and obesity. However,
childhood and adolescent cancer survivors are
often characterized by an increased body fat
mass, and in particular an increased visceral fat
mass, with a simultaneous reduction in lean mass
[7—11]. For this reason, studies using dual-energy
X-ray absorptiometry to estimate body fat mass
show that BMI is the least sensitive anthropomet-
ric parameter for the correct detection of obesity
in childhood cancer survivors, with up to two-
thirds of the patients examined being erroneously
classified as non-obese [12, 13].

13.1.2 Risk Factors

Possible pathophysiological factors that can
lead to overweight and obesity in childhood
cancer survivors include growth hormone defi-
ciency and hypothalamic leptin resistance after
cranial irradiation [14] and high-dose therapy
with corticosteroids. Discussed consequences
of these therapy modalities include permanently

increased energy intake, unfavorable changes in
body fat distribution, impairment of the satiety
signaling pathway, permanently altered food
preferences [15], reduced physical activity and
physical function [16, 17], reduced adherence to
dietary recommendations [18], use of antidepres-
sants [19], and possibly interactions of therapeu-
tic exposures with genetic variants that promote
weight gain [20]. Figure 13.1 summarizes current
concepts of the etiology of obesity and cardio-
vascular risk as long-term consequences of child-
hood and adolescent cancer treatment.

13.1.2.1 Cranial Irradiation (CRT)

The centers for the integration of afferent and
efferent homeostatic signals that regulate body
weight are located in the anterior (paraventricular
nucleus), middle (arcuate nucleus, ventromedial
nucleus), and posterior hypothalamus (dorso-
medial nucleus, dorsal hypothalamic region).
Exposure of the hypothalamus to radiation may
therefore lead not only to growth hormone defi-
ciency and subsequent unfavorable changes in
body composition but also to a disturbance of
satiety regulation, increased energy intake and
reduced energy expenditure [14, 21, 22]. In
fact, a number of studies report an association
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between cranial irradiation and a significantly
increased risk of developing obesity (e.g., [5, 23—
26]), while in other studies this association was
less clear or could not be reproduced (e.g., [27—
31]). Studies that reported a positive association
between CRT and obesity also identified subpop-
ulations with a more pronounced risk of exces-
sive weight gain. These include female patients,
female patients receiving CRT at <10 years of
age, patients at <4 years of age at cancer diagno-
sis, patients receiving higher doses of radiation
(>20 Gy), and patients receiving higher doses
directed to the hypothalamus (e.g., [20, 23, 25,
32]. The potentially adverse effects of CRT on
body composition [7] may be further mediated by
a genetic predisposition, e.g., by polymorphisms
in the leptin receptor gene or also by variants in
genes previously associated with body fat mass
or the regulation of neuronal growth and repair
[20, 33].

13.1.2.2 Glucocorticoid Therapy
Persistently increased cumulative incidence of
obesity in survivors of acute lymphocytic leuke-
mia, although cranial radiation is no longer part of
current treatment protocols for most standard and
medium risk leukemia [34, 35] and the character-
istic pattern of weight gain in ALL patients during
therapy [35, 36] and especially during induction
therapy [37] revived interest in glucocorticoids
as a potentially pivotal pathogenetic factor for
obesity risk. High-dose glucocorticoids (prednis-
olone, dexamethasone) are an important compo-
nent of induction chemotherapy in ALL. Therapy
with glucocorticoids causes the pronounced clini-
cal picture of an iatrogenic Cushing’s syndrome
in pediatric ALL patients with rapid weight
gain, significantly increased energy intake [15],
abdominal obesity and other typical changes in
body fat distribution, impaired sense of satiety,
mood, and sleep disorders and—in a subgroup
of patients—steroid-induced diabetes mellitus.
However, published studies on the effects of glu-
cocorticoids on the risk of obesity in cancer sur-
vivors showed inconsistent results [6], which—as
discussed above—may be due to heterogeneous
clinical cohorts and the use of potentially unsuit-
able surrogate markers for obesity.

13.1.2.3 Physical Activity

Results of the CCSS and other cohort studies
show an increased prevalence of an inactive life-
style with significantly reduced physical activity
in childhood cancer survivors [16, 38—40]. In
addition, survivors are often characterized by a
lower physical activity level compared to con-
trol populations [41-43]. The physical activity
of cancer survivors may be directly affected by
therapeutic exposures that cause reduced muscle
strength (e.g., GHD after CRT [17, 44]) and left
ventricular dysfunction (anthracyclines [45]) and
negatively affect balance, postural control [46,
47], flexibility (asparaginase), and neuropathy
scores (vincristine [48]). A reduced resting met-
abolic rate [49] and comparatively low rates of
total energy expenditure [50, 51] may be addi-
tional factors contributing to a positive energy
balance in childhood cancer survivors.

13.1.3 Survivors at Highest
Obesity Risk

Patients with sellar and suprasellar tumors, and
patients who suffer damage to the hypothalamus
due to tumor growth or neurosurgical interven-
tions, form a high-risk group for the development
of pronounced, usually therapy-refractory obe-
sity. Hypothalamic obesity is characterized by
rapid, extreme weight gain, hyperphagia, reduced
resting energy expenditure, and reduced physical
activity. These main features of hypothalamic
obesity have been best studied in craniopharyn-
gioma patients [52], but have also been reported
as sequelae of other tumor entities (e.g., ganglio-
neuroma, ependymoma) [53]. In general, brain
tumor survivors exposed to high-dose irradiation
of the hypothalamus region may be at increased
risk of obesity [54, 55]. Other cancer survi-
vors at risk for obesity include the large group
of childhood ALL survivors and, among those
female patients, younger patients and patients
exposed to CRT and, in particular, higher doses
of CRT (>20 Gy) [23, 25]. As described above,
BMI does not adequately reflect the altered body
composition in cancer survivors characterized
by increased fat mass, visceral fat depot, and



118

C.Denzer et al.

decreased lean body mass. Further risk groups
for the development of a phenotype of sarcopenic
obesity are therefore childhood cancer survivors
exposed to CRT and TBI, childhood malignant
lymphoma and ALL survivors, and childhood
and adolescent hematopoietic cell transplantation
survivors [7-10, 12, 13, 56-58].

13.2 Metabolic Syndrome
and Cardiovascular Disease

Cardiovascular disease is a major cause of
increased morbidity and mortality of childhood
and adolescent cancer survivors in long-term
follow-up [4, 59]. Cardiovascular disease can be
promoted by exposure to treatment modalities
with direct myocardial or vascular toxicity (e.g.,
anthracyclines, platinum, bleomycin, mediastinal
radiotherapy) [60, 61] or by accelerated athero-
sclerosis resulting from clustering of cardiovas-
cular risk factors [62].

13.2.1 Metabolic Syndrome
in Childhood Cancer Survivors

The metabolic syndrome is a constellation of tra-
ditional risk factors consisting of visceral obesity,
insulin resistance and impaired glucose toler-
ance, dyslipidemia, and hypertension. The meta-
bolic syndrome is associated with a significantly
increased risk of developing type 2 diabetes mel-
litus, atherosclerosis, and cardiovascular disease
[63, 64]. The highest prevalence rates of meta-
bolic syndrome or components of the syndrome
were found in cohorts of ALL survivors as well
as in survivors of hematopoietic stem cell trans-
plantation in childhood and adolescence [62, 65].
Nottage et al. reported a prevalence of metabolic
syndrome of more than 30% after a median sur-
vival of 26.1 years after diagnosis of childhood
ALL [62]. Taskinen et al. reported a prevalence
of key features of the metabolic syndrome (insu-
lin resistance and hypertriglyceridemia) of 39%
in long-term survivors of childhood bone marrow

transplantation [66]. In particular, the available
data clearly show that the cumulative incidences
of cardiovascular risk factors and metabolic syn-
drome do not reach a plateau as survivor’s age and
the length of the follow-up period increases [62].

13.2.2 Risk Factors for the Metabolic
Syndrome in Childhood
Cancer Survivors

Important factors that adversely affect cardiovas-
cular risk include cranial irradiation, TBI, and
abdominal irradiation [67]. Exposure to CRT
and TBI can result in increased body fat mass,
increased visceral fat mass and decreased mus-
cle mass as described above. This phenotype of
sarcopenic obesity in turn causes marked insulin
resistance. Insulin resistance is the central patho-
genetic motif of the metabolic syndrome [68, 69].
Data from CCSS show an increased risk of type
2 diabetes compared with sibling controls after
each radiotherapy with the most significant risk
increases in those who underwent abdominal
radiation or TBI [70]. Higher doses of radiation
to the pancreas, and in particular to the pancreatic
tail, as may occur with abdominal radiotherapy,
are a risk factor for the development of diabe-
tes mellitus, independent of changes in body fat
distribution, and most likely due to a directly
damaging effect on beta cell capacity in affected
survivors [71, 72]. Therefore, the increased risk
for the development of type 2 diabetes can be
understood as a combined occurrence of insu-
lin resistance due to visceral obesity, possibly
radiation-induced impairment of insulin signaling
at the skeletal muscle level [73] and the progres-
sive failure of the beta cell to compensate for the
increasing insulin resistance [74, 75] (Fig. 13.1).

Patients who received total body irradiation
were significantly more likely to develop dyslip-
idemia (hypertriglyceridemia, low HDL choles-
terol) [76, 77] and arterial hypertension [76, 78]
compared to non-TBI-exposed survivors and to
meet the criteria for metabolic syndrome during
follow-up [76].
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Growth hormone deficiency after CRT and
probably also after chemotherapy alone [65, 79]
could be another factor contributing to an unfa-
vorable cardiovascular risk profile in cancer sur-
vivors [65, 80, 81], a relationship first described
by Talvensaari et al. [82].

13.2.3 Cardiovascular Disease
in Childhood Cancer Survivors
During Long-Term Follow-Up

Data from the Danish cancer registry show a
significantly increased cumulative risk of car-
diovascular disease in childhood and adolescent
cancer survivors [4]. According to the population
representative data from this large-scale register,
cancer survivors in the 20-59 age group have an
absolute excess risk of 400 additional cases of
cardiovascular disease per 100,000 person-years
compared to the general population. Relative
morbidity risks are increased across all diagnos-
tic categories of cardiovascular disease, from
hypertension, through ischemic heart disease
and cerebrovascular disease, to arterial disease.
According to CCSS data, childhood cancer survi-
vors are significantly more likely to take antihy-
pertensive, dyslipidemic, or diabetes drugs than
sibling controls [83].

While relapse, progression or secondary
malignancies are the main causes of increased
cumulative mortality among childhood and ado-
lescent cancer survivors [3], CCSS data also
show that survivors are seven times more likely
to die from cardiac causes than the general popu-
lation [2, 3]. Cardiac radiation exposure and
high-dose anthracycline therapy were identified
as the most important treatment-related factors
associated with cardiovascular disease and car-
diac death [2, 84], but exposure to directly car-
diotoxic treatment modalities does not explain
the observation of significantly increased preva-
lence rates of an adverse cardiovascular risk fac-
tor profile in childhood and adolescent cancer
survivors [62].

13.2.4 Metabolic Syndrome
and Cardiovascular Disease:
Special Risk Groups

Patients with sellar and suprasellar tumors, and
here especially patients with craniopharyngio-
mas, are frequently affected by pronounced car-
diovascular morbidity and mortality [85, 86].
Similarly, traditional cardiovascular risk factors
and the metabolic syndrome are highly prevalent
in long-term survivors of childhood and adoles-
cent hematological malignancies. Treatment-
related factors that put patients at highest risk
for metabolic syndrome and cardiovascular dis-
ease include exposure to hematopoietic stem cell
transplantation, CRT, TBI, abdominal radiother-
apy, and cardiotoxic treatments (anthracyclines,
mediastinal radiation).

13.3 Long-Term Follow-Up
and Therapeutic Approaches

Survivors of childhood and adolescent cancer
should have an annual assessment of their weight
status, including a calculation of their BMI. This
is especially true for patients after cranial irra-
diation or TBI. Caring physicians must be aware
of the limitations of BMI in accurately diagnos-
ing increased body fat mass in cancer survivors
and should therefore consider measuring waist
circumference as a supplementary measure
or, in selected cases, using technical methods
(e.g., DXA) to determine body composition.
Weight gain in patients exposed to CRT and
TBI should initiate a diagnostic evaluation for
growth hormone deficiency, hypogonadism, or
hypothyroidism.

All currently available guidelines for the fol-
low-up care of childhood cancer survivors
include monitoring of cardiovascular risk factors,
but the indications, extent and frequency of clini-
cal investigations vary between guidelines [87—
92]. The Scottish SIGN guidelines and the
German S3 guidelines recommend annual moni-
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toring of weight, height, and BMI in long-term
cancer survivors [91]. This is also recommended
by the CIBMTR/EBMT [89] and COG [88]
guidelines for long-term childhood stem cell
transplant survivors. Blood pressure should be
measured at least once a year in long-term survi-
vors [89, 91], and lipid status plus fasting glucose
or HbAlc should be measured every 2 years in
overweight or obese patients and every 5 years in
normal-weight survivors according to the SIGN
recommendations [91] and also every 5 years in
“standard risk” stem cell transplant survivors
[89]. More frequent testing of serum lipids and
glucose homeostasis (fasting glucose or HbAlc)
is indicated in survivors treated with TBI or
abdominal irradiation (every 2 years [88] or
mediastinal irradiation (every 3-5 years [92]).
More frequent evaluation (every 3—6 months) of
lipid status and impairment of glucose metabo-
lism has been proposed high-risk HCT-recipients
actively treated with corticosteroids, sirolimus,
or calcineurin inhibitors [89].

No specific recommendations or programs
have yet been developed for the treatment of the
metabolic syndrome or its components in child-
hood cancer survivors. Lifestyle changes and drug
therapy should therefore follow age-appropriate
guidelines where available. Possible endocrino-
logical late effects of cancer treatment, and in par-
ticular growth hormone deficiency, hypogonadism,
and hypothyroidism, must be diagnosed in a
timely manner and treated adequately, as these dis-
eases may further contribute to an overall increased
cardiovascular risk in affected survivors [80, 93].
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14.1 Introduction
Survivors of childhood cancer experience sub-
stantial premature mortality, for example, from
the original British Childhood Cancer Survivor
Study (BCCSS) cohort (n = 17,981) by 50 years
from diagnosis, 30% of 5-year survivors have
died when 6% would be expected to have died
from mortality rates in the general population
(see Fig. 14.1) [1]. Analysis of the same cohort
revealed that among survivors at least 45 years
from diagnosis, 51% of excess number of deaths
were caused by subsequent primary cancer [1].
The original cohort included survivors of cancer
diagnosed before 1992, and the cohort has now
been extended to include 5-year survivors diag-
nosed up to 2006 (n = 34,489), and analysis of
this extended cohort revealed that among survi-
vors aged 40-49, 50-59 or 60 and older subse-
quent primary cancer caused 37%, 41% and 31%
of the excess number of deaths [2].

We report recent evidence relating to risks,
risk factors, and the international initiative to
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standardise clinical follow-up guidelines which
have been published mostly during the past
decade. Given the space limitations, we have
had to focus on selected research areas where
important new data has emerged or where a spe-
cific area of research has been identified which is
likely to be important for the future.

14.2 Risks of Subsequent Primary
Cancer After Childhood
Cancer

The types of subsequent primary cancer observed
in excess of expected from the general population
vary strongly by both attained age and interval
from diagnosis. For example within the BCCSS
brain tumours (21%) and sarcomas (41%)
accounted for 63% of the excess number of SPNs
observed among survivors aged 5-19 years;
in contrast 52% of the excess number of SPNs
observed among survivors aged over 40 years
were carcinomas of digestive, genitourinary,
respiratory and breast sites, which account for
18%, 18%, 9% and 7% of overall 52%, respec-
tively [3]. These findings were broadly similar
to the large-scale population-based cohort from
the Nordic countries which also had sufficient
follow-up beyond 40 years of age to satisfactorily
assess risk [4].

Recently the German Childhood Cancer
Registry (Deutsches Kinderkrebsregister, DKKR)
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Observed cumulative mortality of all causes of death other than recrrence was 19.0% at 50 years from initial diagnosis, whereas 6.3% was expected based on
rates from the general population. Cumulative mortality of death due to recurrence increased rapidly with time from diagnosis to 8.9% by 15 years but then levelled
off to 12.4% by 50 years. Cumulative mortality for each cause of death takes into account other causes of death as a competing risk. For second primary cancer,
cumulative mortality increased gradually with time to 2.4% by 30 years but then increased rapidly to 8.6% by 50 years. For circulatory disease, the cumulative
mortality was low by 30 years (0.8%) but increased to 3.9% by 50 years. Segment of y-axis shown in blue indicates cumulative mortality range of 0% to 10%.

Error bars indicate 95& confidence intervals.

Fig. 14.1 Cumulative mortality of causes of death among survivors of childhood cancer. With permissions from [1]

published on subsequent primary neoplasms after
a follow-up of up to 35 years in 47,650 survivors
a cumulative incidence of 8.27%. Subsequent
primary neoplasms were more common in female
patients and in those who had a systemic cancer
as their initial malignancy. However only patients
were included (1980-2014) who were no more
than 14 years old at the time of diagnosis and sur-
vived at least 6 months thereafter and there are no
detailed data on the therapy approaches [5].

In the British Childhood Cancer Survivor
Study, the finding that subsequent primary diges-
tive cancer accounted for 18% of the excess
number of subsequent primary cancers observed
overall among those aged over 40 years is of par-
ticular interest because of well-established suc-
cess of bowel cancer screening in the general
population. We therefore compared the risk of
bowel cancer among childhood cancer survivors
who received direct abdominopelvic radiotherapy
with those who have at least one or at least two
first-degree relatives previously diagnosed with
bowel cancer (see Fig. 14.2) [3]. It is clear that
those receiving abdominopelvic radiotherapy

experience a risk of subsequent primary bowel
cancer which exceeds that observed among the
population of individuals with at least two first-
degree relatives diagnosed with bowel cancer. In
Britain the latter population are currently being
considered for screening colonoscopy under the
National Health Service bowel cancer screening
programme, but currently there are no British
survivorship guidelines relating to the directly
irradiated abdominopelvic group of survivors of
childhood cancer.

Survivors of Wilms’ tumour were particularly
at risk because 50% of the excess number of
deaths observed beyond 30 years from diagnosis
was caused by subsequent primary cancer, diges-
tive cancer and most frequently bowel, accounted
for 41% of the excess number of cancers observed
beyond 30 years from diagnosis [6].

As indicated above brain tumours account for
a substantial proportion of the excess number of
subsequent primary neoplasms observed in the
initial years following diagnosis of childhood
cancer. In the BCCSS 9.1% of those irradiated
for a childhood brain tumour experienced a sub-
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dominopelvic irradiation, corresponding cumulative incidence based on incidence rates of colorectal cancer for
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using colorectal cancer incidence rates from the general population of England and Wales.

Fig. 14.2 Cumulative incidence of developing subsequent colorectal cancer for survivors treated with direct abdomi-

nopelvic irradiation. With permissions from [3]

sequent primary brain tumour by 40 years from
diagnosis of original childhood brain tumour [7].

Recently a pan-European collaboration has
begun to exploit the advantages which Europe
has, one of which relates to the establishment
of population-based cancer registration in the
Nordic countries and the UK during the 1940s,
1950s and 1960s. The PanCare Childhood and
Adolescent Cancer Survivor Care and Follow-up
Studies (PanCareSurFup) subsequent primary
cancer cohort comprises the largest ever assem-
bled such cohort comprising 69,460 5-year sur-
vivors of cancer diagnosed before 20 years in 12
European countries within which there was sys-
tematic ascertainment of all subsequent primary
cancers diagnosed [8, 9].

Although there was ascertainment of all
subsequent primary cancers diagnosed among

the PanCareSurFup survivors, there was par-
ticular focus relating to subsequent primary
bone, soft tissue sarcoma, digestive and geni-
tourinary cancers because these four cancer
types account for a substantial proportion of
the excess number of subsequent primary can-
cers in the short and long term. The original
aim was to include approximately 300 subse-
quent primary cancers of each of these four
types in a nested case-control study to inves-
tigate the extent to which cumulative dose of
radiation from radiotherapy, cumulative dose
of specific cytotoxics and particular genotypic
factors extracted from saliva were related to
risk of developing specific types of subsequent
primary cancer. So far we have published the
cohort studies relating to bone [10] and soft tis-
sue sarcoma [11].
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14.3 Risks of Subsequent Primary
Cancer After Adolescent
and Young Adult (AYA)
Cancer

Previous large-scale studies of survivors of AYA
cancer have tended to focus on risks of sub-
sequent primary neoplasms after the common
cancers such as lymphoma, testicular and breast
cancer. Only two studies have investigated the
risks of developing any subsequent primary neo-
plasm after each type of AYA cancer. One study
was based on SEER registry data, and the main
finding from this study was that AYA cancer sur-
vivors had a higher absolute risk of developing a
subsequent primary neoplasm compared to child-
hood or adult cancer survivors [12]. However,
this study did not investigate the risks of specific
subsequent primary neoplasms after each AYA
cancer [12]. Recently published is the largest
ever study to investigate the risks of subsequent
primary neoplasms after each specific AYA can-
cer and the first to provide excess risks of specific
types of subsequent primary neoplasm after each
of 16 types of AYA cancer: breast, cervix, tes-
ticular, Hodgkin lymphoma (female), Hodgkin
lymphoma (male), melanoma, CNS, colorectal,
non-Hodgkin lymphoma, thyroid, soft tissue
sarcoma, ovary, bladder, other female genital,
leukaemia and head and neck, the Teenage and
Young Adult Cancer Survivor Study (TYACSS)
[13]. The TYACSS is a population-based cohort
of 200,945 5-year survivors of cancer diagnosed
when aged 15-39 years in England and Wales
from January 1971 to December 2006. During
2,631,326 person-years of follow-up, 12,321
subsequent primary neoplasms were diagnosed
in 11,565 survivors [13].

We reproduce, Table 14.1, from a recent pub-
lication relating to TYACSS which illustrates two
key new findings [13]. Firstly, in individuals who
survived at least 30 years from diagnosis of cervi-
cal cancer, testicular cancer, Hodgkin lymphoma

in women, breast cancer and Hodgkin lymphoma
in men, we identified a small number of spe-
cific subsequent primary neoplasms that account
for 82%, 61%, 58%, 45% and 41% of the total
excess number of neoplasms, respectively, and
provide an evidence base to inform priorities for
clinical long-term follow-up [13]. Secondly, lung
cancer accounted for a substantial proportion of
the excess number of neoplasms across all AYA
groups investigated and indicates a need for fur-
ther work aimed at preventing and reducing the
risk of this cancer among future survivors. This
latter finding is in marked contrast to survivors
of childhood cancer who do not experience such
substantial excess risks of lung cancer, and this
likely relates to the evidence that survivors of
AYA smoke notably in excess of expected from
the general population, whilst in contrast survi-
vors of childhood cancer smoke much less than
expected from the general population [13].

14.4 Factors Related to the Risk
of Subsequent Primary
Neoplasms

14.4.1 Radiation from Radiotherapy

The extent to which tissue is sensitive to the
carcinogenic effects of radiation from radio-
therapy varies greatly depending on the organ/
tissue which is exposed. In Fig. 14.3 this varia-
tion on radiation dose-response is illustrated
from published reports from the North American
Childhood Cancer Survivor Study [14]. The
dose—response relationships were all linear with
the exception of the thyroid for which there was
a reduction in risk beginning between 15 and
20 Gy exposure [14]. The organs/tissue with
a linear dose-response comprised two distinct
groups: sarcomas, basal cell carcinomas of skin
and meningiomas were each characterised by a
steep increase in the dose-response; whilst sali-
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vary gland cancer, glioma and breast cancer were
associated with a flatter dose—response [14].

There has been a systematic review of the risks
of CNS tumours in survivors of childhood cancer
[15]. Asillustrated by Fig. 14.3, the dose-response
for meningioma is much stronger than that for
glioma. There has also been a study of the mor-
bidity and mortality associated with meningioma
after cranial radiotherapy for mostly leukaemia
and brain tumours in childhood, which confirmed
significant neurological morbidity [16].

There is on-going debate regarding the ben-
efits/harms of MRI screening for the early detec-
tion of meningioma [17-19]. The International
Late Effects of Childhood Cancer Guideline
Harmonization Group [20] is currently assessing
the available evidence and will produce recom-
mendations in due course (see below).

As mentioned above survivors who received
abdominopelvic radiotherapy have a risk of
bowel cancer which exceeds that experienced
by individuals with two first-degree relatives
with bowel cancer. There has been a recent sys-
tematic review of the risk of gastrointestinal

Dose (Gy)

cancers among survivors of childhood cancer
which confirmed abdominopelvic radiotherapy
as a risk factor and also suggested that expo-
sure to procarbazine and platinum anti-cancer
agents may also be risk factors [21]. A very
recent study compared the risk of advanced
colorectal neoplasia (including advanced ade-
nomas, advanced serrated lesions and colorec-
tal cancer) in survivors of Hodgkin lymphoma
treated with abdominopelvic radiotherapy or
procarbazine with the risk in the Dutch general
population [22]. The prevalence of advanced
colorectal neoplasia was higher among Hodgkin
lymphoma survivors than controls [25 of 101
(25%) v. 171 of 1426 (12%); p < 0-001]. The
authors suggested that the implementation of a
colonoscopy surveillance programme should be
considered [22]. The International Late Effects
of Childhood Cancer Guideline Harmonization
Group [20] is also currently considering evi-
dence relating to survivors of childhood cancer
treated with abdominopelvic irradiation and the
potential risks/benefits of colonoscopy screen-
ing (see below).
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14.4.2 Chemotherapy

It has been established for many years that alkyl-
ating agents, epipodophyllotoxins and anthracy-
clines increase the risk of leukaemia in survivors
treated with these drugs. Alkylating agent-related
leukaemia develops mostly beyond 5 years from
exposure and is often characterised with chromo-
somal anomalies relating to chromosomes 5 and
7. Topoisomerase II inhibitors (epipodophyllotox-
ins and anthracyclines) related leukaemia tend to
develop after a shorter period from exposure and are
often characterised with 11g23 anomalies [23-25].

More recently with greater follow-up, there is
increasing evidence that specific types of chemo-
therapy increase the risk of particular subsequent
primary solid cancers. Alkylating agent exposure
increases the risk of sarcoma, lung, stomach,
colorectal, bladder cancer and thyroid cancers
[23, 25, 26]. Anthracycline exposure has been
reported to increase the risk of breast cancer and
sarcoma [26-28].

14.4.3 Genetic Factors

A recent article reviewed the role of genetic
variation as a modifier of the association between
therapeutic exposure and the risk of subsequent
primary neoplasms and reported that almost all
studies have focused on candidate gene studies
exploring genetic variants in DNA damage detec-
tion and repair mechanisms [29]. However most
studies were limited by insufficient sample size
and absence of replication in independent data.
In recent years there have been a small number
of genome-wide association studies (GWAS)
to identify: loci associated with therapy-related
myeloid leukaemia susceptibility [30]; variants
associated with therapy-induced subsequent pri-
mary neoplasms after Hodgkin lymphoma [31];
and loci modifying the radiation-related risk for
breast cancer after childhood cancer [32]. The
role of germline genetics in identifying survi-
vors at risk of adverse effects of cancer treatment

(including subsequent primary neoplasms) was
reviewed recently [33].

14.5 Clinical Follow-Up
Guidelines

In recent years there has been a worldwide ini-
tiative to establish collaborations to produce
(whenever possible evidence-based) internation-
ally standardised guidelines for the long-term
follow-up of survivors of childhood and young
adult cancer—the “International Late Effects
of Childhood Cancer Guideline Harmonization
Group”. [20]

There have been two guidelines published
so far which relate to subsequent primary neo-
plasms: “Recommendations for breast cancer
surveillance for female survivors of childhood,
adolescent and young adult cancer given chest
radiation: a report from the International
Late Effects of Childhood Cancer Guideline
Harmonization Group” [34]; “Balancing the
benefits and harms of thyroid cancer surveil-
lance in survivors of childhood, adolescent
and young adult cancer: recommendation from
International Late Effects of Childhood Cancer
Guideline Harmonization Group in collabora-
tion with the PanCareSurFup consortium” [35].

There are two guidelines currently being
developed in relation to subsequent primary
cancers: one concerns subsequent primary brain
tumours, including meningiomas and the other
concerns colorectal or bowel cancer, as men-
tioned above.
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Intelligence Deficits in Children
with Brain Tumors
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15.1 Introduction
With successes in improving survival rates and
more long-term survivors of children with brain
tumors in clinics, the researchers’ attention has
been shifting to also improve the neuropsycho-
logical outcome [1], which necessitates methods
to measure and differentiate neuropsychological
deficits [2-4].

The problems encountered with these method-
ical approaches are the choice of psychological
tools and the required testing times for compre-
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hensive evaluations. Extensive neuropsychologi-
cal testing during follow-up is hampered by a
number of disease-related and organizational fac-
tors. In addition, multicenter therapeutic trials
require a short, precise, and theory-driven test
battery based on a developmental perception the-
ory for healthy and diseased children. Until
recently, standard tests have been applied which
do not meet the specific needs of children with
brain tumors, notably with tumors of the poste-
rior fossa: these standard tests do not take into
account the tactile and motor deferrals related to
cerebellar changes. Therefore, the HIT 2000
study group has designed a factor-based neuro-
psychological testing that has been subsequently
applied within the brain tumor working group.
This testing allows for the differential testing of
specific well-defined subfactors according to the
psychological model of Cattell-Horn-Carroll
(CHO).

The theory regarded as the gold standard basis
for psychological diagnostics is named “stratum
theory” and was originally formulated by Cattell-
Horn-Carroll (CHC) [5] and then expanded by
Carroll, Flanagan, and McGrew [5-7]. The CHC
or stratum theory differentiates three levels in a
hierarchical model (Fig. 15.1). Stratum I includes
69 narrow abilities. Stratum II differentiates 8—16
factors such as fluid intelligence, psychomotor,
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Cattell-Horn-Carroll (CHC) Theorie of Cognitive Abilities
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Fig.15.1 Part 1 and 2 of Wuerzburg Short Psychological Test (WUEP-KD) and assessed CHC-based factors

and attention abilities [6—8]. Stratum III is the gen-
“g” or general intelligence that relates

eral factor “‘g
to “fluid intelligence,” “crystallized intelligence,”

99 ¢ 99 <

“visual processing,” “short-term memory,” “cogni-
tive processing speed/selective attention,” “reac-
tion speed,” “psychomotor abilities,” and

“psychomotor speed” as well as to the other group
factors (Fig. 15.1). Complete testing of all factors
at Stratum II requires several hours. This pioneer-
ing work of the German pediatric brain tumor
group has been favorably received by the European
Brain Tumour Quality of Survival Group (SIOP-E)
[9], which recommended the international use of
the CHC-model-based neuropsychological testing
tool for pediatric brain tumors.

For children with brain tumors, the CHC test
profile at Stratum II may serve as a first quality
step for a comprehensive assessment. The next
important step was the chosen subtests within the
used CHC factors to examine children with brain
tumors, especially of the fossa posterior. We took

the Coloured Progressive Matrices (CPM) [10]
within the Gf “fluid intelligence” factor (the
capacity to think logically and solve problems in
novel situations), which reflects the fundamental
networking of the cerebrum without any motor
components [8]. CPM reflects the genetically
predispositioned networking capacity of different
brain areas of the individual with the purpose of
internalization, conceptual manipulation, and
problem-solving.

[11,12].

To detect disturbances of appropriation in envi-
ronmentally oriented features of the sensorimotor
perception, the developmental test of visual-motor
integration (VMI, factor: Gv) is needed [13].
Therefore, according to the theories of Luria [14]
and Piaget [15], shape detection can be better used
to analyze feature detection in younger children
than the use of the speech features of crystallized
intelligence (Gc). Thus, the method of “redraw-
ing” the capability of a child is to extract the
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information from his/her surroundings. To save
this information of surroundings for the purpose of
generating an “internal image” of the outer reality
is assessed for the possibility to reproduct it [16].
Shape detection and reproduction are superior age
appropriate tools used to analyze feature detection.
In younger children, this is a better way than an
analysis of the speech features of crystallized
intelligence (Gc) as used in most conventional
intelligence tests. The short-term memory (Gsm)
was measured by the subtest short-term memory
of the K-ABC (K-ABC-number recall), the ability
to store and hold information in immediate aware-
ness and use it within a few seconds, which is a
task of working memory.

Previously, we reported disease- and therapy-
related neuropsychological dysfunction in chil-
dren with medulloblastoma using a 2%2 h lasting
test including K-ABC, CPM, and the VMI [1]. In
this article, we report on the application of the
WUEP-KD, namely, on the results obtained by
WUEP-KD in comparison to those of the stan-
dard intelligence test K-ABC.

15.2 Materials and Methods
15.2.1 Experimental Design

Testing the usefulness of the shorter battery had
three parts: (i) to assess if useful data for the most
important questions can be obtained, (ii) to assess
if those data are valid, and (iii) measuring in a
shorter testing time. We report the short
WUEP-KD test battery, part one, Coloured
Progressive Matrices (CPM [17-19]), visual-
motor integration (VMI [16]), and short-term
memory (K-ABC-NR) and compare them to the
published manual norms of the full mental test
battery Kaufman Assessment Battery for
Children (K-ABC [20, 21]).

Part two of the WUEP-KD evaluates executive
functions of psychomotor abilities (ST-speed),
processing speed, and attention abilities with the
continuous performance test (CPT-short). Thus,
the WUEP-KD saves assessment time avoiding
repeated measurements of the same factor, a
common phenomenon when using standard intel-

ligence batteries. Detailed descriptions of
WUEP-KD are available in [1]. So we can test
the correlation between den main intelligence
factors Gf, Gv, and Gsm of both tests (Fig. 15.1).
The motor and selective attention-oriented tests
were in both batteries the same.

15.2.2 Statistical Analysis

Individual age-related test scores were scaled as
age-independent standardized scores (SS) of test
norms with a mean of 100 and standard deviation
of 15.For construct validity we used SPSS to com-
pute a factor analysis with Kaiser’s varimax
orthogonal rotation method on 13 different test
scores from 10 subtests of WUEP-KD based on a
norm sample of n = 201 children. We calculated
simple linear regression with K-ABC test scores
not included in the WUEP-KD test as criterion and
three subtests CPM, VMI, and K-ABC NR of
WUEP-KD as predictors. Additionally, the multi-
ple correlation coefficient R serves as a measure of
convergent validity between K-ABC subtests and
WUEP-KD subtests. Data entries were the scores
of three tests of WUEP-KD and three K-ABC sub-
tests on 201 children from the norm sample.

15.3 Results

15.3.1 Test Time and Retest
Reliability

The mean duration for testing patients and con-
trols with the WUEP-KD was 65 min (SD
27 min). The range of retest reliability coeffi-
cients was between 0.95 (tapping: speed) and
0.70 (attention test: CPT). Scores >0.70 are
regarded as appropriate for individual testing.

15.3.2 Test Quality and Correlation
with K-ABC

The total IQ of CPM, VMI, and K-ABC-Number-
Recall (part 1 of WUEP-KD) correlated signifi-
cantly (r=0.89, p < 0.001; Pearson) (Table 15.1)
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Table 15.1 Prediction of

Variance
three subgroup scales of the Predictor WUEP-KD explained
K-ABC (full scale IQ; Criterion variables variables standard Correlation | R?
simultaneous proce§sing K-ABC scales WUEP-KD | beta weights | R corr. R?
(SMP) and qu‘ifn“?‘tlh t K-ABC MPC CPM 0.386
Eﬁg:fegcgn(%sggh\]g; with (Full scale) 1Q_ VMI 0.350 0.850 0.693
WUEP-KD scales CPM, VML, Mental processing NR 0.424
and K-ABC-NR composite (MPC)

K-ABC—simultaneous | CPM 0.516

processing (SMP)
VMI 0.701 0.793 0.604
NR

K-ABC—sequential CPM

processing (SQP-) VMI

(without number recall) | NR 0.714 0.714 0.509

Table 15.2 Rotated factor matrix with WUEP-KD scores; n = 201 healthy children, ages 7-14 years

Executive functions/psychomotor
Intelligence domains | Mental intelligence abilities
Cognitive
processing Psycho-
Visual Short term speed/selective | Reaction | motor
Factors Fluid Crystallized | process | memory attention speed speed
Gf Ge Gv Gsm Gs Gt Gps/Gp
CPM 0952 072 0.114 0.059 -0.021 -0.004 | —0.108
ITPA 0.070  10.992 0.003 0.036 —0.041 -0.075 | 0.006
VMI 0.124  10.005 0.916 0.132 —-0.151 0.031 0.004
K-ABC-NR 0.056  |0.036 0.127 0.941 0.007 -0.133 | -0.113
CPT-S: Speed 0.149  10.029 -0.322 1 0.283 —0.492 0.385 0.332
False 0.011 —0.038 -0.203 | 0.050 0.910 —-0.009 | 0.093
Simple vis. —0.140 |0.003 0.050 -0.111 —0.040 0.880 0.078
Reaction: aud. 0.120 —0.095 -0.022 | -0.041 —-0.031 0.863 0.104
Tapping: Speed 0.074 —0.008 -0.049 | 0.159 0.072 0.118 0.850
Steadiness —0.223 |0.012 0.038 —0.180 —0.038 0.066 0.811

Varimax rotation; Kaiser normalization. Seven factors were extracted

Maximum factor load in bold values

with full K-ABC (mental processing composite)
score and (r = 0.96, p < 0.001) of extensive
function-specific neuropsychological assess-
ments (K-ABC with all subtests, CPM, and VMI
sum score) of the same.

The construct validity of the WUEP-KD was
tested using factor analysis. The results strongly
support the association of the theoretically
assigned subtests of the WUEP-KD to the group
factors of Stratum II of CHC theory as outlined in
Table 15.2. Thus, three basic neuropsychological
functions of young children are evaluated by the
WUEP-KD: mental intelligence, executive func-
tions with psychomotor performance, and atten-
tion abilities. The concurrent validity of the

mental abilities of part 1 of the WUEP-KD was
determined with multiple linear regression com-
putations. The results provide high to medium
correlations between K-ABC scales and
WUEP-KD scales indicating a high agreement
between scales.

15.4 Discussion

We evaluated an abbreviated test battery for the
purpose of neuropsychology evaluations of chil-
dren in large multicenter clinical trials and
describe the results of a population of medullo-
blastoma patients (see [1]). Using the novel and
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shorter method, we confirmed previous results
using more comprehensive tests: patients who
had received craniospinal radiation and high-
dose methotrexate chemotherapy to be most
affected and patients, who had received intraven-
tricular and systemic methotrexate least affected
[2]. With longer clinical follow-up since treat-
ment, the new data also describe the development
of these children over the years, indicating that
the deficits may increase with increasing normal
development of healthy controls.

In Table 15.1 we see that the prediction
between the short and the long version of the test
battery confirmed the validity of the abbreviated
test battery.

The concept of the abbreviated neuropsycho-
logical test battery WUEP-KD includes the
CHC or stratum theory [5-7] as well as the
psycho-developmental models of Luria and
Piaget [22, 23]. It includes three tests to mea-
sure the main mental abilities: CPM, VMI, and
K-ABC-NR. Executive functions of psychomo-
tor abilities and selective attention abilities were
derived from tests of cognitive processing, and
exact computerized measurements of finger tap-
ping speed scores were developed from empiri-
cally derived models of the structures of
intelligence, which went beyond single test-
associated concepts. Contrary to classical intel-
ligence tests, the WUEP-KD has not been
developed to create a single general 1Q score
alone; instead, it reflects a multidimensional
profile of essential and independent factors as
offered by the CHC theory, demonstrated by the
own factor analysis (Table 15.2). This specifi-
cally demonstrates the variable processes affect-
ing the main intelligence factors when analyzing
the functional disturbances in individual chil-
dren with brain tumors. While concepts may be
debatable on various levels, our data show that
the resulting product here was functional and
can be used to answer therapeutically relevant
questions, thereby validating the underlying
concepts.

Visual processing is one of the factors
described in CHC [6, 8], and the WUEP-KD
assesses it using the VMI. Contrary to simple
visual differentiation of size and color, the

sophisticated understanding of object character-
istics requires an active sensorimotor exploration
of the child using all cognitive channels for the
identification of environmental facts and objects;
this capability should be measured quantitatively
[24]. This developmental theory-based require-
ment is perfectly met by the visual processing
factor (Gv) in the CHC model description of
McGrews: “The ability to generate, store, retrieve
and transform visual images and sensations in
‘the mind’s eye’” [8] measured by the VMI. Thus,
individual patients’ results can in turn initiate
individually tailored occupational therapy
acknowledging the stage of psychomotor devel-
opment [25, 26]. The VMI represents non-verbal
knowledge of characteristic features which reflect
the learned and internalized structures of the
knowledge of objects (visual-spatial and concep-
tual intelligence) [8, 16, 24, 27, 28]. It closely
correlates with higher cognitive abilities [16, 28,
29]. VMI also reflects the level of internalization
of acquired everyday intelligence integrated in
the WUEP-KD to identify adequate strategies of
developmental psychology for further rehabilita-
tive intervention. The general use of VMI has
been questioned in Europe because it is based on
North American norms. Our own data of 201
healthy German children did not support this
theoretical concern; there were only negligible
differences to IQ scores of the VMI test.

The prognosis of children with medulloblas-
toma younger than 3 years at diagnosis was his-
torically inferior compared to older children,
which was attributed to both tumor biological
differences and age-related limitations to deliver
treatment [1]. Long-term neuropsychological
deficits may be caused by the tumor, increased
intracranial pressure, and treatment elements
such as surgery, craniospinal radiotherapy
(CSD), and chemotherapy (CHT) [30]. Among
those, the choice of drugs, dose and route of
application of chemotherapy as well as the tim-
ing and field of radiation has been subject of
major clinical trials as prominent components
for decreasing intellectual and psychomotor
capabilities [31-34]. The main contribution of
the HIT-SKK trials in the field was the reduction
of radiation and the addition of intraventricular
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methotrexate. This study describes follow-up
neuropsychological data. We confirm the harm-
ful effect of radiation to the brain of young chil-
dren, and we confirm that intraventricular
methotrexate was significantly less harmful than
radiation: results of patients with intraventricu-
lar MTX only were still within normal limits.
The test results from relapsing patients of group
1 indicate clearly that a treatment with intraven-
tricular methotrexate should only be used in
children with a very high chance to avoid cra-
niospinal radiotherapy. After confirmation of
the HIT-SKK’92 experience and the impact of
histological subtypes in the subsequent trial
HIT-SKK’2000, young children with nodular
desmoplastic medulloblastoma seem to espe-
cially qualify for this treatment [35]. The mech-
anisms of the damage to the developing central
nervous system are likely multi-factorial.
Significant correlations between the loss of gray
and white brain matter and the pathological
results in the Raven matrix test and correlation
of inadequate development of white matter and
deficient neurocognitive performance [36] have
been reported.

In conclusion, the WUEP-KD fulfills the cri-
teria of short testing times and yields valid results
and can thus be a highly useful tool for assessment
of children with various neurological diseases,
notably brain tumors. WUEP-KD is an excellent
tool for longitudinal monitoring in prospective
multicenter trials [37].

In the most recent publication [38] the
impact on psychomotor and executive functions
besides general intelligence was explored.
Additional classification of children included
position of brain tumors (medulloblastoma and
ependymoma), and treatment (surgery and
chemotherapy).
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Cancer Survivors and Their
Healthy Peers: Posttraumatic
Stress Disorder/Somatoform

Disorder

Mandy Niemitz, Dunja Tutus, and J6rg M. Fegert

16.1 Background

Every year approximately 215,000 children
(aged 0-14 years) are diagnosed with an onco-
logic disease worldwide. The cancer mortality
for both children and adolescents declined for
multiple cancer types [1-3]. Advances in treat-
ment increased the overall 5-year survival rates to
approximately 80% for many oncological dis-
eases [4-6]. Despite advances in medical thera-
pies, cancer is, however, still the second leading
cause of death (following accidents) in children
and adolescents [1, 6]. Cancers as well as its
treatment represent a specific form of traumatic
event [7]. When a child is diagnosed with cancer,
it always means a great shock for the entire fam-
ily, which is affected by demands of the illness
and its treatment. The cancer diagnosis ranks
among the most serious triggers of a traumatic
crisis. Oncologic diseases are described as a
potentially traumatic experience within the diag-
nostic criteria for posttraumatic stress disorder
(PTSD) of the DSM-IV [8]. Traumatic events and
posttraumatic stress symptoms (PTSS) might fur-
ther increase the risk for other disorders and vice
versa [9]. Cancer-related challenges (such as pre-
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mature confrontation with mortality, changes in
physical appearance, increased dependence on
parents, disruption in social life and school/
employment because of treatment, loss of repro-
ductive capacity, and health-related concerns
about the future) may be particularly distressing
for patients [10, 11]. Psycho-oncology has devel-
oped as a subdiscipline of the oncology at the
mid-1970s and has consequently become more
and more important because of addressing the
individual’s attitudes and beliefs about cancer,
the psychiatric comorbidity and psychosocial
problems [12]. In the meantime psychosocial
care of children and adolescents is a crucial part
of the multidisciplinary therapy. In recent years,
the International Society of Paediatric Oncology
(SIOP) published a series of guidelines on psy-
chosocial issues in paediatric oncology [13-19].
Furthermore, in Germany the S3 guidelines for
the psychosocial care in paediatric oncology and
haematology were published [20].

16.2 Psychosocial Effects
of Paediatric Cancer

Chronic diseases in childhood such as cancer
have important consequences for the psychoso-
cial well-being of children and their families
[21-23]. Compared to same age children/adoles-
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cents without the diagnosis, cancer survivors
report significantly more psychological distress
[24-27]. The achievement of developmental
milestones (decisions about their education or
gaining independence) might be seriously
impeded due to cancer [28, 29]. Especially survi-
vors of childhood cancer are at an increased risk
for different psychological long-term conse-
quences. Chronic health conditions (e.g. cardiac,
endocrine and pulmonary) resulting from child-
hood cancer therapies contribute to emotional
distress in adult survivors [30].

Nevertheless, children/adolescents who suf-
fered from cancer as well as their family mem-
bers can react differently to similar burdens in the
course of this disease. Some of them are psycho-
logically impaired and show PTSS, depressive
symptoms and/or anxiety. The others cope with
the disease and emerge from it stronger than
before. According to O’Leary and Ickovics [31],
four developments if a person’s life has been
shaken by an extremely stressful event, in the
aftermath of the diagnosis, are conceivable (see
Fig. 16.1):

e A continuous downward course occurs, the
initial disabling effect is intensified, and the
person collapses and succumbs to the disease-
related burdens.

e It is also possible that the person overcomes
this adverse event. However, the person has
experienced lasting restrictions in some areas

Fig. 16.1 Potential A
reactions to stressful life
events (modified
according to O’Leary
and Ickovics) [31, 32]

Adverse Event

Level of Functioning

(e.g. Cancer diagnosis)

of life and returns to a lower level of function-
ing than before the event occurred.

e Some patients are considered resilient; they
return to their original level of functioning
more or less rapidly.

e There are patients who can even pull positive
consequences from this event in the long-
term, they grow on it, and in the process they
achieve a higher level of functioning than
before [32].

16.3 Depression and Anxiety

Anxiety is a known psychological consequence
in children, immediately after having received
the cancer diagnosis [33]. However, compared to
healthy peers, at the time of diagnosis, adolescent
cancer patients are not more anxious or depressed
[34, 35]. Only the minority of adolescents
recently diagnosed with cancer score in the clini-
cal range of psychological distress [36]. In con-
trast, the period after treatment is characterized
by a higher risk of psychosocial distress than
within the actual treatment period [24, 37]. A sig-
nificant proportion of childhood survivors experi-
ence persistent anxiety and depression symptoms
after treatment completion. The prevalence of
elevated anxiety symptoms appears to decrease
within the first year of treatment but increases
again after therapy completion, to a level similar
with that observed when receiving the diagnosis

Thriving

Resilience (recovery)

Survival with
impairment

Succumbing

Time
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[31]. Several studies have shown a vulnerability
to develop anxiety symptoms among a subset of
adolescent cancer survivors, particularly during
the transition to survivorship. This might be
explained by the stress related to the cancer diag-
nosis, treatment and transition into survivorship
[32]. Higher levels of anxiety symptoms are
shown for both male and female survivors
(>5 years since diagnosis), when compared to the
general population [25].

Compared to healthy peers, children with clin-
ically relevant anxiety and depression symptoms
at early therapy stages report an increased risk for
persisted distress after treatment completion [33,
38, 39]. Invasive chemotherapy is associated with
a significantly increased risk for depression [40].
Moreover, physical health, cancer-related pain,
depression and primary central nervous system
(CNS) tumour diagnosis are associated with a
heightened risk for suicidal ideations in survivors
[41]. Survivors with less than 12 years of educa-
tion are at a higher risk for developing a major
depression [42]. Risk factors for anxiety and
depression symptoms include low socioeconomic
status (SES), physical health status, female gen-
der, unhealthy family functioning and less reli-
ance on social support coping behaviours [33, 38,
43-45]. On the contrary, being more optimistic
about the further course of the disease, less gath-
ering information about the disease as well as
patient agency are associated with lower level of
anxiety [46, 47].

16.4 Posttraumatic Stress
Disorder

Paediatric cancer survivors had a more than four
times greater risk for developing PTSD, com-
pared to healthy peers [41, 48], with a prevalence
of 5-7% [49]. Meanwhile, adult survivors of
childhood cancer report a significantly higher
prevalence, up to 21% meet the diagnostic crite-
ria for PTSD. The existential threat caused by the
diagnosis is the central point of the posttraumatic
stress concept. Furthermore, the treatment with
possible complications and invasive interven-
tions can be life-threatening experiences [49].

Most of the survivors do not meet the full criteria
for a PTSD diagnosis. PTSS (intrusive thoughts,
avoidance of reminders and dysfunctional cancer-
related cognitions, hypervigilance) are frequently
reported but seem to decrease with time [50-52].
The individual perception of the treatment and its
effectiveness are the strongest predictors of PTSS
[51]. Survivors with PTSD have significant func-
tional impairments and high psychological
comorbidity [53]. Patients at younger age, female
gender, low self-esteem, immature defence style,
somatization and lack of emotional coping, who
recently underwent treatment, are at higher risk
for developing PTSS. Lower SES, less perceived
social support and difficulties in communication
with health care professionals (HCPs) facilitate
this relationship [48, 51, 54-56]. Furthermore,
poor family functioning, including the intra-
familial problem-solving skills, affective respon-
siveness and involvement, increases the risk for
developing cancer-related PTSS in adolescent
survivors [57].

16.5 Posttraumatic Growth

Despite psychosocial restrictions, survivors can
derive personal benefits from the experiences
made with cancer. The concept of posttraumatic
growth (PTG) refers to positive changes result-
ing from the struggle with a traumatic event [58,
59]. Tedeschi and Calhoun suggested that stress
causes growth by challenging the individual’s
world view and precipitating a rethinking or
reordering of priorities [60]. Cancer survivors
commonly report personal growth in three spe-
cific life domains: improved coping skills,
enhanced social and personal resources [51]. So
far, it is not clear which aspects of cancer treat-
ment contribute to the personal growth [59].
PTG is associated with perceived threat regard-
ing the disease (concerns about recurrence,
death and experienced stress). Furthermore, less
years off-therapy, female gender, younger age at
diagnosis, warmth in parenting, being member
of ethnic/minority groups, perceived social sup-
port and emotional/cognitive processing of can-
cer facilitate PTG [7, 51, 54]. Experiencing
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childhood cancer might inoculate individuals to
other negative life experiences and provides
them with feelings of life satisfaction and over-
all psychological well-being [61].

16.6 Somatoform Disorders

Cancer-related fatigue occurs typically in almost
all oncological patients and might persists after
treatment completion. Fatigue is associated with
low health-related quality of life (HrQoL) and
has an impact on the treatment course. Chronic
fatigue might be present for years and impairs
patient’s lifestyle [49, 62]. Little is known about
the etiological causes of fatigue. Several risk fac-
tors in survivors could be identified: female gen-
der, congestive heart failure, pulmonary fibrosis,
depression and being unmarried [63]. For further
information see Chap. 18.

A significant proportion of adult survivors,
especially with CNS tumours, report sleep
disturbances (excessive daytime sleepiness,
obstructive sleep apnoea, central sleep
apnoea, hypersomnia, narcolepsy and insom-
nia) which are associated with physical and
psychological health [64-66]. Insomnia
symptoms might be associated with a migraine
headache history [67].

Headaches (migraine, tension type and
chronic headaches) are the most common neuro-
logic condition in acute lymphoblastic leukaemia
(ALL) survivors, but only a minority reports dis-
ability and reduction of HrQoL [68]. Furthermore,
compared to leukaemia, younger age at diagnosis
and history of non-Hodgkin lymphoma, Wilms
tumour or neuroblastoma are associated with
greater risk for pain conditions. A history of bone
cancer or soft tissue sarcoma correlates with
using analgesics and cancer-related pain attribu-
tion. Non-brain-directed scatter irradiation ele-
vates risk for migraines and cancer-related pain
attribution. Female gender, lower SES, minority
status and being single are related to greater risks
for pain conditions [69]. In a case of similar diag-
nosis, physical status, duration of diagnoses and
pain causes, girls reported higher cancer-related
pain intensity than boys [70].

16.7 Health-Related Quality
of Life

HrQoL is a multidimensional construct including
physical, psychological and social well-being and
functioning [71]. Increased long-term cancer bur-
dens required inpatient treatment, and substan-
tially longer stays in hospitals may profoundly
influence HrQoL of survivors [1, 72]. However,
survivors report generally good HrQoL with
exception of some bone tumours [73]. Low HrQoL
is correlated with increased anxiety, depression,
PTSS and vice versa [74]. Adult survivors with
disease onset during adolescence experience less
life satisfaction and report impaired HrQoL, com-
pared to the general population [75]. Recent
research identified the following risk factors for
impaired HrQoL in cancer survivors: female gen-
der, diagnosis (CNS tumours, ALL and lym-
phoma), lower SES, unmarried status and cranial
radiation in combination with low education [76—
79]. Older age at diagnosis, longer time since diag-
nosis and certain cancer or treatment types are
related to lower physical well-being [73]. Survivors
of CNS tumours and ALL are at risk for educa-
tional deficits, difficulties obtaining work, health
and life insurance [80, 81]. Survivors have prob-
lems with development and maintenance of peer
and family relationships, lower rates of marriages
and parenthood and are worried about their repro-
ductive capacity and/or possible health problems
of their future children [82, 83]. The oldest adult
survivors continue to be at risk for treatment-
related complications that potentially decrease
their life expectancy and compromise their HrQoL
[84]. Patients with severe psychosocial long-term
consequences show impairment in the domains
body image, emotional and physical functioning
and cognitions [85]. HCPs tend to underestimate
or misjudge the health preferences and support
needs of the patients [86].

16.8 Family

When a child is diagnosed with cancer, the entire
family is affected by the demands of the illness
and its treatment. The collective experience of
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the life-threatening disease and the unpredictable
course of the illness place a burden not only onto
the child with cancer but also onto his/her parents
and “healthy children” in the family, who do not
suffer from cancer [21, 87].

16.8.1 Parents

Parents play a crucial role in their child’s recov-
ery from cancer-related traumatic experience and
in the development and maintenance of PTSS
[88]. Emotional distress, higher level of family
conflict and feelings of uncertainty, anxiety,
depressive symptoms and PTSD often occur
shortly after the parents are confronted with
child’s cancer diagnosis, or among parents of
children who are in treatment [89-92]. Almost
80% of the children being currently in treatment
had at least one parent with moderate-to-severe
PTSS [93]. Three months after the treatment, the
PTSS level is stable [94], and 10-30% parents
show PTSS [95, 96]. Emotional distress remains
elevated 1 year after the diagnosis but appears to
decrease in the following years [21]. However,
psychological symptoms persist in a substantial
proportion of the parents, even many years post-
treatment [89]. The factors past time since receiv-
ing the diagnosis, child treatment status and
relapse history significantly predict parental
PTSS. There is some evidence of gender differ-
ences in levels of anxiety, depression and PTSD,
although these differences are not always statisti-
cally significant and may reflect gender differ-
ences in the general population [21]. Common
risk factors are pre-existing psychological prob-
lems, high trait anxiety, low SES and financial
worries, child behaviour problems, high per-
ceived caregiving and reported less social sup-
port [89]. Caregivers with their own psychological
symptoms report communication problems with
their child [97]; they are less likely to provide
support for their children and model appropriate
coping strategies. Hence, parental psychopathol-
ogy can be seen as a risk factor regarding the
recovery of their child from PTSD [88]. Social
support has a buffering effect, especially among
mothers, and might influence psychosocial well-

being. Furthermore, parents benefit from open
and frequent communication about their child’s
disease in terms of both psychological and physi-
cal well-being [21, 98]. Maternal reports of chil-
dren’s behavioural problems are predicted by
maternal health and marital status (i.e. being sin-
gle parent) [99]. Single parents caring for chil-
dren with cancer experience several additional
stressors. The synergy of these cumulative
stresses may have long-term health and financial
implications [100]. Hence, they frequently report
needs for more social-emotional, practical and
financial support [101]. However, this impact, in
terms of caregiving demand and HrQoL, is simi-
lar to that of parents from two-parent families
[102]. Nevertheless, similarly to their children,
parents might also experience PTG [103].

16.8.2 “Healthy Siblings”

“Healthy siblings” face multiple challenges (wit-
nessing the emotional and physical pain of the
child with cancer, his/her physical changes,
changes in family life and routines, separation
from the child with cancer/parents during hospi-
talization, loss of parental attention and their dis-
tress) [104—108]. Family activities are reduced as
a consequence of the treatment protocol.
Conversations in the family are dominated by ill-
ness and treatment [109]. For all these reasons,
the “healthy siblings” are often considered as
“forgotten children” [110].

There is strong evidence that “healthy sib-
lings” are prone to psychosocial problems [23].
They report significantly more emotional distress
and behavioural problems (fear, grief, anger,
helplessness and impaired HrQoL), but typically
not at clinical levels [21, 104, 105, 110, 111].
Due to the diverse burdens on “healthy siblings”,
national German guidelines [20] and interna-
tional recommendations [17, 112] advise to spe-
cifically address the emotional distress of the
siblings. Hence, psychosocial care of children
with cancer should include the “healthy siblings”.
Nevertheless, a subgroup of “healthy siblings”
report positive psychological health, good
HrQoL, satisfaction and PTG [61].
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16.9 Clinical Implications

Communication of relevant information about
the child’s diagnosis and prognosis, at the initial
stage of the disease, improves the child’s emo-
tional well-being and reduces anxiety and
depression [113]. Survivors require age-appro-
priate and flexible care and treatment-related
education that foster autonomy for long-term
survivorship [114].

Screening of psychological symptoms and
HrQoL in children/adolescents with cancer is
highly recommended, at early stage of the dis-
ease, and years after successful treatment com-
pletion [25]. If these problems remain undetected
and appropriate support is not provided, the dis-
tress may become a barrier to physical recovery,
resulting in a vicious cycle of physical and men-
tal disability [115].

Sleep hygiene is highly recommended, since
neurocognitive function in long-term survivors
appears particularly vulnerable to the effects of
fatigue and sleep-disruption [116].

As cancer-related pain might diminish HrQol,
pain management is highly recommended [117].

Early identification and treatment of cancer-
related PTSD can enhance HrQoL [118].
Children/adolescents with cancer-related PTSD
and their parents may benefit from trauma-
focused cognitive behavioural therapy [119,
120], or other psychotherapeutic interventions
including exposure technique, desensitization
and stress management training [51] and internet-
based CBT [121, 122].

Assessment of parental psychological symp-
toms [123] and HrQoL is important in order to
identify those parents requiring psychological
support. Certain coping strategies (e.g. active
problem-solving, seeking social support, opti-
mism) can serve as protective factors. Parents at
risk might benefit from tailored interventions
based on strengths and weaknesses that are tar-
geted to their specific needs with respect to the
phase of childhood cancer [89, 124].

Psychopathological screening of “healthy sib-
lings” is recommended. Each “healthy sibling”
could benefit from a treatment model within he/
she could experience more attention to their own

individual needs (e.g. more knowledge about
cancer, dealing with their emotions) [125].

It is important to note that all family members
who report PTG might experience PTSS at the
same time. Thus, they also need to be regularly
screened and provided with psychological sup-
port, if needed [103].
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Cancer-Related Fatigue

17

Judith Gebauer, Jens U. Riiffer, and Georg Brabant

17.1 Definition and Classification
Cancer-related fatigue (CrF) is observed as a
consequence of cancer treatment. It is character-
ized by more than 6 months of persistent or
relapsing exhaustion affecting everyday life, not
relieved by sleep or rest.

According to National Comprehensive Cancer
Network (NCCN) 2014 Practice Guidelines for
CrF, itis a distressing, persistent, subjective sense
of physical, emotional and/or cognitive tiredness
or exhaustion related to cancer or cancer treat-
ment that is not proportional to recent activity
and that interferes with usual functioning [1].

CrF is classified as mild, moderate or severe
depending on the degree of impairment (mild,
able to care for one self, but days off work to rest
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are needed; moderate, reduced mobility, dis-
turbed sleep patterns and need to sleep in the
afternoon; severe, significantly reduced mobility
and difficulty concentrating).

17.2 Epidemiology and Natural
Cause

Fatigue is a common complaint in the general
population and the principal reason for consulta-
tion in up to 7% of cases in primary care [2].

It is a serious condition that can significantly
impair quality of life and affect all aspects of
everyday life. Even though improvement is pos-
sible, CrF can cause long-term illness and dis-
ability [3].

In the majority of studies, 30—60% of cancer
patients report moderate to severe fatigue,
depending on the patient population, type of
treatment received and method of assessment [4].
A prospective, longitudinal study on 1494 cancer
patients in Germany revealed that 32% of the
patients were classified as fatigued at hospital
admission for the initial cancer therapy. This rate
increased to 40% at discharge from treatment and
dropped to 34% another 6 months later. These
fatigue prevalence rates differed according to
tumour stage, site, age and sex of the patients [5].

These data correspond well to previous data in
different cancer entities such as Hodgkin’s dis-
ease, breast and prostate cancer [6-8].
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Although CrF typically improves in the year
after treatment completion, about one-quarter to
one-third of long-term cancer survivors experi-
ence persistent fatigue for up to 10 years after
cancer diagnosis [4].

The natural cause of CrF is currently underre-
searched. A recent large study on mortality of
patients with proven chronic fatigue syndrome
demonstrated in a cohort of 2147 subjects that
overall mortality is unchanged but evaluation of
suicides within this cohort in comparison to data
in the general population of UK supported a
grossly elevated rate of suicide with a SMR
increased to 6.85 [9].

Another population-based prospective study
of 18,101 men and women aged 40-79 years in
the UK (mean follow-up: 16.6 years) showed that
fatigue was significantly associated with prema-
ture mortality. Participants within the highest
quartile of reported fatigue levels had a 40%
higher mortality risk than those in the lowest
quartile, mainly concerning CVD-related but not
cancer-related death. As vital exhaustion consti-
tutes a known risk factor for ischaemic heart dis-
ease, fatigue appears to pose a significant
cardiovascular risk factor with an observed unad-
justed mortality risk of high-level fatigue similar
to that of being a current smoker [10, 11].

In a large cohort of more than 5000 Hodgkin’s
lymphoma survivors, a high incidence of severe
acute and persistent fatigue was demonstrated.
Recovering from CrF was observed only in the
first year after treatment. No higher incidence of
suicides was observed up to 5 years after treat-
ment [7].

17.2.1 Known Causes of Chronic
Fatigue in Relation to Cancer

The underlying aetiology of CrF in cancer survi-
vors is speculative to date. The fact that a high
proportion of patients complain of fatigue before
cancer diagnosis and initial treatment of the
underlying carcinoma suggests a relation to the
tumour itself [2]. Some data indicate that secre-
tion of cytokines by the tumour may represent a
potential cause [12].

Furthermore, cancer and its treatment activate
the immune system, inducing a release of pro-
inflammatory cytokines that contribute to periph-
eral inflammation. This mechanism triggers a
series of events including alterations in endocrine
functions, HPA axis dysfunction as well as mito-
chondrial impairment. This process is influenced
by genetic factors, e.g. polymorphisms in
cytokine-related genes that are associated with
fatigue [13].

Consequently, skeletal muscle dysfunction
can occur as well as fatigue, depression, sleep
disturbance and cognitive impairments influenc-
ing physical function and performance. The stage
of cancer, type of cancer treatment, comorbidi-
ties, concomitant medications and other factors
can affect these events (Fig. 17.1) [14].

Psychological reasons may play an important
role, and the cancer diagnosis may uncover any
underlying psychological problem. Among psy-
chosocial risk factors, especially childhood
adversity, has been identified as a consistent pre-
dictor of CrF [13]. Familiar causes, genetically
encoded as with coping, may play an additional
role. These patients are at risk for psychiatric
comorbidities and need close psychological
supervision.

In an analysis of data from 751 adult survivors
of childhood Hodgkin’s lymphoma who partici-
pated in the North American Childhood Cancer
Survivor Study, emotional distress, pain and
physical functioning limitations all increased the
risk for fatigue (OR 8.38, 3.73 and 3.28, respec-
tively) in comparison with survivors not affected
by these complications. Moreover, female survi-
vors and survivors currently unemployed had
higher risk of fatigue (OR 4.75 and 2.9, respec-
tively) [15].

The frequently observed sleep disturbances
may be related to the depressive mood of the
patients but may as well represent treatment-
related problems affecting day/night rhythms and
melatonin secretion. A major causes with insidi-
ous onset many months or years following cancer
treatment are hormonal deficiencies which are
most frequently observed following irradiation to
endocrine organs such as to hypothalamus/pitu-
itary, thyroid or gonads.
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Fig. 17.1 Influencing factors of cancer-related fatigue, modified [14]

It is important to mention that great individual
variability in the experience of fatigue has been
reported, mainly as a consequence of different
combinations of predisposing, precipitating and
perpetuating factors. Predisposing factors are
defined as enduring traits increasing an individu-
al’s general susceptibility to develop fatigue
symptoms, precipitating factors as situational
conditions that trigger the onset of these symp-
toms and perpetuating factors as circumstances
contributing to the maintenance of fatigue symp-
toms over time. This has been illustrated in detail
in a recent review by Julienne Bower [13].

17.3 Diagnosis

Existing national guidelines for the diagnosis of
CrF vary between countries but only the guide-
line of the ASCO specifically mentions cancer
survivors and defines treatable conditions under
these circumstances [16]. The UK-based National
Institute for Health and Care Excellence (NICE)
defined specific criteria including a duration of at

least 4 months, the lack of any other conditions
explaining the major symptoms such as lack of
energy, problems in sleeping, feeling anxious and
depressed, muscle pain, shortness of breath,
problems to concentrate and loss of interest [17].
Because of the heterogeneity of symptoms
and the overlap between CrF and depression, the
anamnestic exploration is of great importance
and should include a standardized questionnaire
for depression. All patients should be screened at
least annually by a standardized questionnaire
and an evaluation of their sleep pattern, social
and environment related factors, their drug his-
tory, their use of any addictive drugs as well as
their medical history and their physical activity.
First, a focused fatigue history including
onset, pattern and duration as well as change over
time and possible associated factors of the symp-
toms should be assessed. Furthermore, a detailed
evaluation of the cancer disease regarding, e.g.
risk of recurrence is needed. Moreover, treatable
contributing factors should be assessed. These
are cardiac, renal, pulmonary or endocrine dys-
functions as well as anaemia, arthritis or neuro-
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muscular diseases which should be excluded
when clinically appropriate. The drug history of
the patients (as well as possible drug or alcohol
abuse) should be elucidated carefully. Besides, an
evaluation of nutritional issues, functional status
and activity level is recommended (Table 17.1).
For an assessment of the extent of fatigue, a
visual analogue scale from 0 = no fatigue to
10 = severe fatigue is used. All scores beyond
four are further assessed. Potential instruments
for the measurement of fatigue, which could be
used to supplement this initial screening, include
unidimensional (tending to measure the physical
impact of fatigue, e.g. EORTC QLQ C30,
FACT-F) as well as multidimensional (tending to
measure cognitive or affective symptoms, e.g.
BFI, FSI) scales, validated in mixed cancer popu-
lations (Table 17.2). A more detailed review is
provided by the American Society of Clinical
Oncology Clinical Practice Guideline [16].

Table 17.1 Potential treatable factors possibly associ-
ated with fatigue symptoms and their possible diagnostic
evaluation (should be undertaken only when clinically
appropriate), modified [16]

Treatable factors
Possibly associated
with fatigue
symptoms Possible diagnostic evaluation

Echocardiogram, (stress) ECG

Cardiac dysfunction

Endocrine Measuring HgbA[1C, fasting

dysfunction blood sugar, TSH, free
thyroxine, testosterone, short
synacthen test

Pulmonary Pulmonary function test,

dysfunction oxygen saturation, chest x-ray

Renal dysfunction Kidney and electrolyte

chemistries
Anaemia Complete blood cell count
Arthritis Sedimentation rate, serologies

Sleep disturbance Assessing sleep with
standardized questionnaire,
sleep laboratory

EMG, grip strength test,

neuropathy sensory testing

Neuromuscular
complications

Evaluation with standardized
assessment tool

Pain

Evaluation with standardized
assessment tool

Emotional distress

Note: This list is not meant to be exhaustive
ECG electrocardiogram, HgbA1C glycosylated hemoglobin,
TSH thyroid-stimulating hormone, EMG electromyogram

Among the treatable conditions, endocrine
disturbances are most important.

Hypopituitarism is well-known to develop as a
consequence of external beam irradiation to
hypothalamus and pituitary. It rarely occurs when
irradiated with doses below 20Gy, but this thresh-
old is age-dependent [18].

Among the different pituitary axes, GH is most
sensitive affected with doses <40Gy and resulting
in isolated GH deficiency. Consequently growth
hormone deficiency (GHD) is the most common
pituitary hormone deficit following cranial radio-
therapy and due to its symptoms needs to be
excluded in cancer survivors with CrF. In GH
deficient patients, mental alertness and physical
activity are impaired, and typically body fat distri-
bution is altered with an abdominal fat accumula-
tion. Diagnosis of GH deficiency is made by using
two independent GH stimulation tests when an
isolated GH deficiency is suspected and all other
pituitary hormones are normally secreted. If there
are clear other deficiencies than GH, a single
pathological stimulation test is sufficient to diag-
nose GH deficiency. Upon diagnosis of GH defi-
ciency, replacement treatment with recombinant
GH may help to improve symptoms in cancer sur-
vivors classified as CrF. On the basis of increasing
data concerning the safety of GH replacement
(GHR) in childhood cancer survivors, there is no
known increase in recurrence rates [19, 20].

Other pituitary functions are affected less
likely with ACTH and TSH secretion least sensi-
tive and the posterior pituitary function only very
rarely affected.

Gonadal failure may result as primary failure
following direct radiation of the ovaries or testes.
The gonads are exquisitely sensitive to irradiation
but may as well respond to many chemotherapeutic
agents with premature failure [21]. The resulting
symptoms are fatigue due to hypogonadism, lack of
pubertal development, osteoporosis, infertility and
sexual dysfunction. They are more easily detected
in females where oligo-amenorrhea results, whereas
in males the gradual decrease of testosterone levels
may escape diagnosis. Hypogonadism due to pri-
mary damage to ovary or testes characteristically
lead to grossly elevated gonadotropins, LH and
FSH with low peripheral sex steroids (estradiol/pro-
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Table 17.2 Selected instruments used to measure cancer-related fatigue, modified [16]

Scale ‘ Description

Unidimensional (dimension: severity)

FACT-F 13-item standalone questionnaire

Studied in mixed cancer populations
EORTC QLQ | 30-item quality-of-life questionnaire with 3-item fatigue subscale (independently validated)
C30 Independently assessed in lung cancer, bone marrow transplantation and metastatic cancer
POMS-F 65-item questionnaire with 7-item fatigue subscale

Assessed in both noncancer and cancer populations

Multidimensional

BFI 9-item numeric scale
Validated for use in mixed cancer population
Dimensions: severity and interference
Chalder 11-item scale
fatigue scale | Validated in general practice setting
(FQ) Dimensions: physical and mental
FSI 13-item scale
Validated in breast cancer population and mixed cancers
Dimensions: severity, duration, interference
MFI-20 20-item scale
Designed for use in patients with cancer, validated in Army trainees and physicians undertaking
shift work as well as in patients with cancer
Dimensions: general fatigue, physical fatigue, mental fatigue, reduced motivation, reduced activity
MFSI-30 30-item scale
Investigated in patients with breast cancer undergoing treatment and in mixed cancer population
Dimensions: general fatigue, physical fatigue, emotional fatigue, mental fatigue, vigour
Revised piper | 22-item revised version of original scale

fatigue scale | Validated in breast cancer survivors

Dimensions: behavioural, severity, affective meaning, sensory, cognitive/mood

Schwartz 28-item scale
cancer fatigue | Validated in mixed cancer population undergoing treatment
scale Dimensions: total score and physical and perceptual subscores

BF1I Brief Fatigue Inventory, EORTC QLQ C30 European Organisation for Research and Treatment of Cancer Quality-
of-Life Questionnaire Core 30, FACIT Functional Assessment of Chronic Illness Therapy, FACT-F Functional
Assessment of Cancer Therapy-Fatigue, FQ Fatigue Questionnaire, FSI Fatigue Symptom Inventory, MFI-20 20-item
Multidimensional Fatigue Inventory, MFSI-30 Multidimensional Fatigue Symptom Inventory 30-item short form;

POMS-F Profile of Mood States-Fatigue

gesterone in females where history of menstrual
cycles is more important and testosterone in males).
Gonadotropin deficiency may be functionally sup-
ported by an increase in prolactin which is as well
observed following brain irradiation [22].

ACTH deficiency is the most important to
diagnose as an adrenal crisis can be life threat-
ening. Partial ACTH deficiency may lead to
symptoms as in CrF, so all diagnostic proce-
dures to exclude ACTH/cortisol deficiency
should be widely applied if the patient under-
went irradiation of >20Gy. It occurs almost
never as a single deficiency but is accompanied
by other pituitary deficits mainly GH and
gonadotropin deficiency [18]. Furthermore, pro-

longed treatment with dexamethasone can sup-
press the hypothalamic-pituitary-adrenal axis
and subsequently results in isolated ACTH
insufficiency. This places patients at risk to
develop hypoadrenal crisis as recovery of the
HPA axis subsequent to glucocorticoid excess
may take up to 2 years. A relevant ACTH defi-
ciency is almost certainly excluded when morn-
ing cortisol levels are within the normal range
(>550 nmol/L). In doubt, it can be diagnosed
using insulin tolerance test, glucagon stimula-
tion test or a short synacthen test.

Patients with symptoms of CrF who have under-
gone cancer treatment to the hypothalamic-pituitary
axis or head and neck including the thyroid need to
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be tested for thyroid dysfunction. Again irradiation
is an important factor in developing primary hypo-
thyroidism, particularly in females. In addition, new
biological agents such as tyrosine receptor kinase
inhibitors (TKI) are increasingly important to affect
thyroid function, both via pituitary and primary thy-
roid mechanisms [23-26].

The diagnosis of central hypothyroidism is
difficult, whereas primary failure of the thyroid
can easily be detected by measurement of TSH
and free thyroid hormones, namely, free thyrox-
ine. Deficiency of TSH occurs following other
hormone deficiencies, and not typically within
the first 2-3 years post radiotherapy. TSH, fre-
quently used to diagnose thyroid status, is no lon-
ger helpful as a marker of thyroid function when
central hypothyroidism is suspected. Thus, diag-
nosis rests on low free thyroid hormones (in asso-
ciation with an inappropriately low/normal TSH).

Of course, total thyroidectomy for treatment
of head and neck or thyroid cancer will result in
postsurgical hypothyroidism and a life-long
requirement for L-thyroxine replacement.

Apart from radiation damage to the hypothala-
mus/pituitary leading to secondary hypothyroid-
ism, direct radiation-induced damage to the thyroid
gland may result in hypothyroidism, particularly
when radiation doses are >30 Gy. According to
large studies, e.g. in Hodgkin patients, this will
occur in app. 30% of patients [13].

Finally, isolated deficiency of anterior pituitary
function particularly affecting single axes like the
adrenocorticotropic or thyreotropic axis may occur
in relation to lymphocytic hypophysitis induced by
new immunomodulatory treatment modalities like
checkpoint inhibitors [27]. These deficiencies may
closely mimic CrF and need to be investigated in
patients exposed to such treatment.

17.4 Treatment

Treatment for CrF aims to reduce the symptoms. If
a clear underlying cause of CrF is detected such as
in endocrine deficiencies, this needs to be supported
as well to avoid further problems in the future. The
hormone deficiency therapy will be performed as
suggested by specific international guidelines.

It is important to inform patients about a pos-
sible persistence of fatigue after cancer treat-
ment. This should include an overview of the
causes and contributing factors as well as infor-
mation about the difference between normal and
cancer-related fatigue. Furthermore, advice on
the management of fatigue-related symptoms
should be offered. For instance a continuous self-
monitoring of fatigue levels can be helpful for the
evaluation and development of therapeutic
strategies. If a specific treatment is initiated, reg-
ular reevaluations of therapy effectiveness are
recommended. To date, no consistent recommen-
dations on when to start fatigue treatment and
which patient may benefit from a specific treat-
ment are available [16].

Whether people with CrF improve over time
remains unclear. There are conflicting results
concerning recovery. This is mainly due to the
fact that there are missing data in observational
studies in respect to individually applied inter-
ventions. It is also likely that there will be periods
when symptoms get better or worse. Children
and young people with CrF are more likely to
recover fully [7].

The general approach to CrF management,
especially education and counselling, should be
used for survivors of all fatigue levels. Other spe-
cific interventions are grouped into nonpharma-
cologic and pharmacologic interventions [28].

17.4.1 Nonpharmacologic
Interventions

This group includes psychosocial interventions,
exercise, yoga, physically based therapy, dietary
management and sleep therapy. Psychosocial
interventions and exercise have the most support-
ive evidence in treatment of CrF and are thus pre-
sented in more detail.

17.4.2 Exercise

Physical exercise may prevent or reduce cancer-
related fatigue. Several trials demonstrated a
reduction of CrF when an adequate level of phys-
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ical activity after cancer treatment was initiated
or maintained, respectively [29-31].

A meta-analysis on breast cancer patients
undergoing different exercise programs showed
significant beneficial effects of physical exercise
on general fatigue but mostly on physical fatigue.
The authors concluded that this might be the
fatigue dimension most sensitive to physical
exercise, as effects on cognitive and affective
fatigue could not be demonstrated [32].

A recently published Dutch study described
CrF and its relation to physical activity over time
in childhood cancer patients aged 7—18 years. It
provided evidence that, during a 1-year follow-
up, increased physical activity was longitudinally
associated with less general, sleep/rest and total
CrF in this population [33]. Physical exercise
aimed to improve CrF may be more successful in
children than in adult patients as there is often no
chronic deconditioning before the disease and
children have usually more adaptability to
training [34].

It is therefore recommended to encourage all
patients to optimize their level of physical activ-
ity. The choice of the individual training program
depends strongly on the patients’ preferences as
well as its physical preconditions as cancer survi-
vors generally are at a higher risk of injury due to
treatment-related late effects such as cardiomy-
opathy or neuropathy. As a beginning the
American College of Sports Medicine recom-
mends walking programs which seems generally
safe for the majority of cancer survivors [35].

Nevertheless a consultation of a physical ther-
apist or exercise specialist prior to the onset of a
new training program is reasonable and may be
supplemented by formal exercise testing.

Some patients struggle to adapt these recom-
mendations in daily life. There are numerous
causes ranging from disease-related limitations
(e.g. pain, weakness) to personal issues (e.g. lack
of encouragement, interest, time) and local limi-
tations (e.g. lack of facilities) [36, 37].

To encourage exercise adherence, regular
counselling as well as information on how to
integrate a minimum level of regular physical
activity in daily life may be beneficial for these
patients [16, 38].

17.4.3 Psychosocial Interventions

There is evidence that (cognitive) behavioural
therapy can reduce fatigue symptoms (e.g. dys-
functional thoughts about fatigue, poor coping
strategies, sleep disturbance) in some patients.
These improvements may even sustain over a
long period of time [39, 40].

Furthermore, (psycho)educational therapies
focussing on the comprehensive presentation of
cancer-related fatigue, its symptoms and possi-
ble interventions can be beneficial for cancer
survivors [41].

Therefore patients should be referred to psy-
chosocial service providers specializing in cancer
and cancer-related fatigue.

17.4.4 Other Nonpharmacologic
Interventions

Complemental interventions such as yoga, physi-
cally based therapy (acupuncture and massage
therapy) and mindfulness-based approaches have
demonstrated effectiveness in managing fatigue
[16, 42-44]. Moreover, as sleep disturbances
may exacerbate CrF, some patients also benefit
from sleep therapy [28].

17.4.5 Pharmacologic Interventions

Several trials demonstrated that patients benefit
from psychostimulants (e.g. methylphenidate)
and other wakefulness agents (e.g. modafinil)
when applied during cancer treatment. However,
the efficacy of modafinil on CrF showed weaker
correlations compared to the results from the
methylphenidate studies [28]. These agents are
the most frequently prescribed drugs aiming at
improving CrF in cancer survivors, although
supporting evidence on their efficacy is weak
and their role in the therapy of cancer-related
fatigue following active treatment still needs to
be evaluated [28, 45]. Antidepressants may be
applied when CrF is accompanied by depression
but are not recommended as a primary treatment
of CrF as they did not show improvement in CrF
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levels. Corticosteroids for CrF have shown effec-
tiveness in reducing CrF but, due to their long-
term toxicity, are usually only applied in a
palliative care setting. Vitamins and supplements
as well as complementary agents such as gin-
seng and guarana have been studied in the treat-
ment of CrF but have shown no benefit or
inconclusive results and are thus not generally
recommended [28].
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oS Overall survival

PCRT Preventive cranial irradiation

PGR Prednisone good responders

PPR Prednisone poor responders

PVA Prednisone vincristine
asparaginase

SG Study group

SMN Secondary malignant neoplasm

SR Standard risk

TBI Total body irradiation

TKI Tyrosine kinase inhibitor

TRM Treatment-related mortality

18.1 Introduction, Epidemiology,
and Clinical Features

Acute lymphoblastic leukemia (ALL) is the most
common malignant disease in children and ado-
lescents <18 years accounting for almost 25% of
cases [1]. In Germany, between 550 and 600
young people are diagnosed with ALL every
year. The wide majority is precursor cell leuke-
mias, others are mature B—/T-cell leukemias. The
age standardized incidence rate for ALL in chil-
dren is 39 per million with an age peak of
24 years and a sex ratio (m/f) of 1.3 [1].
Prognostic factors that have been established
and used for patient stratification into risk groups
are response to treatment (“induction failure” in
the 1960s established as an adverse factor, “pred-
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nisone response” after one week of treatment
[2—4] since the 1980s, since the 1990s minimal
residual disease (MRD)), age (>10 years) leuko-
cyte count (>25/nL) at diagnosis (since the
1980s), presence of extramedullary disease and
since the 1980s immunophenotype (Pro-B and
T-ALL). Cytogenetic abnormalities such as high
hyperdiploidy (51-66 chromosomes) which is
detected in one third of patients with ALL and the
most frequently found molecular translocation
ETV6/RUNXI1 (25% of patients [5, 6]) are asso-
ciated with a good prognosis [7, 8], whereas
t(9;22), iIAMP21, MLL-translocations, and hypo-
diploidy are related to a higher relapse risk [7].
Increasing knowledge of the biology of ALL
allows definition of new adverse prognostic
markers. Among those are IKAROS (IKZF1)
deletions [9] and a Ph-like subtype [10]. Some of
these aberrations might be suitable as targets for
individualized treatment in the future.

Refinement and, if possible, reduction of che-
motherapy, advanced supportive care, and the
correct allocation of patients to hematopoetic
stem cell transplantation (HSCT) within multi-
center studies have improved survival rates of
ALL markedly. Whereas the disease was incur-
able in the earlier decades of the twentieth cen-
tury, the probability of overall survival (pOS)
now exceeds 90% [1]. Balancing undertreatment
with the risk of relapse and overtreatment with
the risk of acute toxicity and late effects remains
a challenge. Various late effects after treatment of
ALL are known, e.g., cardiac, renal, or auditive
impairment, osteonecrosis, neuropsychological
deficits, secondary malignant neoplasms (SMN),
or dysregulation of endocrine functions.
Previously reported cumulative incidences (CI)
of SMN after treatment of ALL vary depending
on intensity and duration of antileukemic treat-
ment and completeness of follow-up [1], and
treatment of SMN, especially in heavily pre-
treated patients, is difficult. The introduction of
new, immune-based therapies during the recent
years offers the opportunity to reduce toxicity by
providing a targeted treatment. However, late
effects of these new treatment options have not
completely been revealed yet due to the relatively
short follow-up.

18.2 Treatment of pB—/T-ALL

(Inter-)National collaborations of pediatric
oncology study groups (SG) have led to a stan-
dardized yet risk-adapted treatment of patients
with ALL with increasing survival rates and
reduction of toxicity [11]. In Germany and other
European countries, the Berlin-Frankfurt-
Muenster (BFM) SG and the cooperative SG for
childhood ALL (CoALL-SG) have been conduct-
ing randomized multicenter studies since 1970
and 1980, respectively.

ALL treatment consists of four main chemo-
therapy combination phases lasting in total
2 years. Induction treatment aims at achieving
remission by using chemotherapeutics with dif-
ferent mechanisms of action. This is followed by
the consolidation and reintensification phase to
maintain remission and target more resistant sub-
clones. After the intensive treatment phase, oral
maintenance therapy is added for several months
to prevent relapses or, in subgroups, HSCT (see
below). For cumulative drug doses and dosage of
intrathecal treatment, see Tables 18.1 and 18.2.

18.2.1 Evolution of the Different
Treatment Phases for ALL

Induction

and Reintensification

BFM trials were preceded by the “West-Berlin
study” from 1970 to 1976, a clinical trial that
combined the at the time most effective antileu-
kemic agents (eight-drug remission induction
lasting 8 weeks with prednisone, vincristine,
asparaginase, daunorubicin, cyclophosphamide,
cytarabine, methotrexate, and mercaptopurine
called “protocol I”’) with central nervous system
(CNS)-directed radiotherapy to control (sub)clin-
ical CNS involvement [12]. This was followed by
an antimetabolite-based maintenance phase (see
below). The initial CoALL studies used a compa-
rable, modified treatment regimen (later use of
asparaginase) with the aim to reduce treatment-
related morbidity and mortality (TRM) [13].
Since ALL-BFM 83, induction was preceded by
a cytoreductive prednisone prephase to limit

18.2.1.1
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Table 18.1 Cumulative drug doses in AIEOP-BFM ALL and CoALL protocols

Drug Decade/protocol | Risk group Dose Unit
6-Mercaptopurine BFM 80 All risk groups 1680 mg/
mZ
BFM 90/since All risk groups except HR (since 3080
2000 2000)
BFM since 2000 | HR 1680
BFM Risk group dependent Approx. 25,000
maintenance
CoALL Risk group dependent Approx. 27,000-41,000
6-Thioguanine BFM All risk groups 840 mg/
80/90/2000 m?
ALL-BFM 2009 |HR 2520
CoALL 80 and |LR/HR 1008/2100
since 97
CoALL92 LR randomization, HR 1400/29,650, 2100/ 26,850
randomization
CNS irradiation ALL-BFM 81 SR/MR 18 Gy
ALL-BFM HR 24 (CNS+ 30)
81/83
ALL-BFM SR-1, MR1 (86) 12
83/86
ALL-BFM SR-2/MR, MR2/HR (86) 18
83/86
CoALL since 80 |LR 12-18
CoALL since 80 | HR 16-24
ALL-BFM 90 MR/HR 12 (CNS+ 24)
CoALL since 92 | HR subgroups 0-12 (CNS+ 18)
ALL-BFM MR (T-ALL)/HR 12 (CNS+ 18)
95/2000
ALL-BFM 2009 | Subgroups HR/T-ALL 12 (CNS+ 18)
Clofarabine CoALL 09 LR 200 mg/
m2
Cyclophosphamide | BFEM 80 SR 2000-3000 mg/
m2
ALL-BFM 83 HR 4000
CoALL since 80 | All 1800-3600
BFM 90 All risk groups, except HR (since | 3000
2000)
CoALL since 90 |LR/HR 900/3600
BFM since 2000 | HR 3500-5000
Cytarabine ALL-BFM All risk groups (81), SR/ MR (83) | 1200-1800 mg/
81/83 m?
ALL-BFM 83 HR 2400
CoALL 80-82 All (except LR 82) 2160-2640 (1440)
ALL-BFM 86 MR2 9800
ALL-BFM 86 HR 17,800
CoALL 85 LR/HR 1080/1320-25,320
Since ALL- SR/MR/MRI1 (86) 1800
BFM 86
ALL-BFM 90 HR (if no SCT) 36,000
ALL-BFM 95 HR 24,600
ALL-BFM 2000 |HR 25,800

(continued)
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Table 18.1 (continued)

Drug Decade/protocol | Risk group Dose Unit
ALL-BFM 2009 | pB—/T-ALL HR SCT (FLA) 13,800 (23,800)
ALL-BFM 2009 | pB—/T-ALL HR 15,000
CoALL since LR (randomization) 12,660 (660)
2000
HR 13,320/ 25,320
Daunorubicin BFM 80 All risk groups 120-160 (CoALL-144) mg/
mZ
BFM 90/ since SR/MR 60-120
2000
BFM 90 HR 180-270
CoALL 80 All 144-180
BFM since 2000 | HR 150-180
CoALL since LR 144-216
2000
CoALL since HR 144-288
2000
Daunoxome ALL-BFM 2009 | pB/T-ALL HR SCT/ FLA 180 mg/
mZ
Dexamethasone BFM 80 SR 166.25-236 mg/
mZ
BFM 80 MR/HR 236-306.25
CoALL 85 HR 280
CoALL since 89 | LR/HR 140/280
BFM 90 SR/MR 236
BFM 90 HR 837-900 mg/
mZ
ALL-BFM SR/MR-PRED/pB-ALL SR/MR 236,716
2000/2009 (2009), HR PRED 2000
ALL-BFM 2000 | SR/MR-DEXA/T-ALL non HR 472, 1192
(2009), HR-DEXA
ALL-BFM 2009 |pB HR SZT FLA/T-ALL HR SZT | 526, 829
FLA, pB/T-ALL HR
Doxorubicin BFM 80, SR (in CoALL 82 for LR 0 mg/ 60-120 mg/
CoALL 80 m?) m?
BEFM 80/90 MR/HR, SR/MR (90) 120
BFM 90 HR 120-360
ALL-BFM 2000 | All risk groups (2000), pB ALL 120
non HR/T-ALL non HR/MR
ALL-BFM 2009 | pB—/T-ALL HR SZT FLA, 60, 160
pB/T-ALL HR
CoALL since LR (HR) 0-120 (-150)
2000
Fludarabine ALL-BFM 2009 |pB/T-ALL HR SZT FLA 150 mg/
m2
MHD-MTX ALL-BFM SR, all risk groups (83) 2000 mg/
81/83 m?
CoALL 80 All 0-3000
CoALL 82/85 LR/HR 1500/4000-9000
CoALL since 89 | LR/HR 3000-4000

(continued)
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Table 18.1 (continued)
Drug Decade/protocol | Risk group Dose Unit
HD-MTX ALL-BFM All risk groups, SR/MR (90) 20,000 mg/
86/90 m?
ALL-BFM 90 HR 30,000
ALL-BFM All risk groups 20,000
95/2000
ALL-BFM 2009 | pB/T-ALL non HR 24,000
ALL-BFM 2009 |pB/T-ALL HR SZT FLA 10,000
Mitoxantrone ALL-BFM 86 HR 40 mg/
m2
MTX/ARA-C/Pred | BFM 90 HR 9% (95 6x) Age
it
ALL-BFM 2000 |HR 6% (CNS + 12x) Dep.
MTX i.th. ALL-BFM 81 Risk group dependent 10x (SR no irradiation), Age
6x (all others)
CoALL 80, 82 All/ 82 LR 6x/5x (— CNS-Rx), 11x Dep.
(+ CNS-Rx)
ALL-BFM 83 Risk group dependent 8% (SR1), 10x (SR2/MR),
12x (HR)
CoALL 85 LR/HR 8% (+ CNS-Rx), 14x
(— CNS-Rx)/9x
ALL-BFM 86 All risk groups 9%
CoALL 89 LR/HR 18x (= CNS-Rx), 12x (+
CNS-Rx)/12x
ALL-BFM SR/MR 11x, since 2000 15x (if
90/95 CNS+)
CoALL 97 LR/HR 12x/9% (+ CNS-Rx), 18x
(= CNS-Rx)
ALL-BFM 2000 |HR 7x (CNS—), 11x (CNS+)
ALL-BFM 2009 | pB/T-ALL non HR/SZT/FLA 11x (CNS—-), 15x (CNS+)
ALL-BFM 2009 | pB/T-ALL HR SZT 10x (CNS—), 14x (CNS+)
ALL-BFM 2009 |pB-ALL/T-ALL HR 14x (CNS-), 20x (CNS+)
Since CoALL LR 11x (+ CNS-Rx), 14x
03 (— CNS-Rx)
CoALL 03/07 HR 8-10x (+ CNS-Rx),
14-16x (— CNS-Rx)
Prednisone BFM All risk groups, SR/ MR (90), SR/ | 1838 mg/
80/90/2000 MR/HR-PRED (2000) m?
CoALL 80 LR/HR 4836-4980/5676-5820
Since CoALL All/CoALL 82 HR/CoALL 09 1680/3360/5680
82 intensification
ALL-BFM 86 MR2 3238
ALL-BFM 86 HR 4638
ALL-BFM 90 HR 1418
ALL-BFM SR/MR/HR-DEXA, T-ALL non 420
200072009 HR (2009)
ALL-BFM 2009 |pB-ALL non HR/T-ALL HR/pB 1838
ALL HR
Vincristine BFM 80, SR, CoALL LR 6-9, 7.2-27 mg/
CoALL 80 m?
BFM 80, MR/HR, CoALL HR 12, 14.4-30.6
CoALL 80

(continued)
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Table 18.1 (continued)

Drug Decade/protocol | Risk group Dose Unit
BEM since 90 SR, HR 6-12, 1218
Vincristine CoALL since 92 | LR/ HR (CoALL 09 intensification | 9/12 mg/
13.5) m’
BFM since 2000 | SR/ MR, HR 9-12, 12-18
VP-16 (Etoposide) BFM 90 HR 1000-1350 mg/
m2
Since 2000 HR 500-10,000
Since CoALL LR/ HR 165/330 (for subgroup
09 since 2010: 1330)

Abbreviations: SR standard risk, HR high risk, LR low risk, MTX methotrexate, ARA-C cytarabine, Pred. prednisone,
age dep. age dependent, i.t. intrathecal, CNS central nervous system, + CNS-Rx with CNS irradiation, —CNS-Rx without

CNS irradiation, SCT stem cell transplantation

Drug doses are displayed for treatment decades, whenever possible
BFM 80: Protocols ALL-BFM 81, 83, 86; BFM 90: Protocols ALL-BFM 90, 95; BFM 2000: Protocols ALL-BFM

2000, 2009

CoALL 80: Protocols CoALL 01-80, 02-82, 03-85, 04-89; CoALL 90: Protocols CoALL 05-92, 06-97; CoALL

2000: Protocols CoALL 07-03, 08-09

Table 18.2 Dosage of intrathecal drugs within the
CoALL and AIEOP-BFM ALL protocols

Age/drug MTX |ARA-C |PRED | Unit
<1 year 6 16 4 mg
>1 and <2 years | 8 20 6

>2 and <3 years | 10 26 8

>3 years 12 30 10

early toxicity including tumor lysis syndrome.
Dexamethasone was randomized against predni-
sone in induction in ALL 2000 and has been used
since AIEOP-BFM ALL 2009 for all T-ALL
prednisone good responders.

In trial ALL-BFM 76, the reintensification
element “Protocol II,” a chemotherapy combina-
tion similar to the induction phase (prednisone
and daunorubicin in induction versus dexametha-
sone and doxorubicin in “reinduction,” combined
with vincristine, asparaginase, cyclophospha-
mide, cytarabine and thioguanine), improved
outcomes for high-risk (HR) patients [14] so that
reintensification “Protocol III” was introduced
for standard-risk (SR) patients as well [15].
Concurrently, a risk adapted reinduction has been
an important element in CoALL studies [13]. The
importance of reinduction in SR patients was
demonstrated in ALL-BFM 83 with a superior
outcome of randomized low-risk patients receiv-
ing reinduction [16, 17]. In summary, the concept

of “delayed intensification” can be counted
among the essential breakthroughs in ALL
treatment.

Improvement of event-free survival (EFS) in
HR patients was achieved by intensification of
HR blocks (short, intensive chemotherapy com-
binations of dexamethasone, vincristine, high-
dose (HD) cytarabine, HD methotrexate,
cyclophosphamide, asparaginase, vindesine, dau-
norubicin, ifosfamide, and etoposide) and rein-
troduction of Protocol II as late reintensification
in ALL-BFM 95.

18.2.1.2 CNS Treatment

and Consolidation
In the West-Berlin study, all patients were irradi-
ated with 8.5 Gy (neuroaxis) and after 1972 in the
BFM and CoALL study group with 18 Gy (cra-
nium and the three upper cervical segments) with
dose reductions in children <2 years. All patients

received intrathecal methotrexate, and this
remains an essential element of treatment until
today.

Several therapeutic attempts are aimed at
reducing irradiation toxicity. Among these were
stepwise reduction of the irradiation dose, nar-
rowing of the irradiation field (craniospinal ver-
sus cranial), and limitation of the indication for
irradiation by identification of patients with high
CNS relapse risk (CNS positive, high white blood
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count [WBC], T-ALL). Intensification of consoli-
dation treatment (protocol M) by introduction of
HD-methotrexate (4 X 5 g/m?*24 h) in ALL-BFM
86 [18] enabled omission of preventive cranial
irradiation (pCRT) in SR patients. In AIEOP-
BFM ALL 2000, only patients with T-ALL and
HR patients received pCRT. In AIEOP-BFM
ALL 2009, pCRT was omitted in T-ALL patients
with adequate prednisone response as well as
pB-ALL patients of the HR group with favorable
MRD response. Patients <2 years no longer
received pCRT due to the high rate of radiation-
associated late effects.

The CoALL SG achieved risk-adapted treat-
ment deintensification and replacement of CNS
irradiation through MHD-methotrexate (1 g/m?),
HD-cytarabine, and intrathecal treatment also
during maintenance therapy.

18.2.1.3 Maintenance Treatment

Maintenance treatment consists of daily
6-mercaptopurine and weekly methotrexate with
the therapeutic aim of 2-3/nL. WBC. Duration of
maintenance, use of drug pulses, and choice of
antimetabolite differed over the last decades. The
randomized use of vincristine and prednisone
pulses had not shown benefit for SR patients in
ALL-BFM 79 and patients in CoALL 80 [13,
19]; neither did dexamethasone/vincristine pulses
for MR patients in ALL-BFM 95 [20]. A by
6 months shortened maintenance treatment
(18 months total treatment duration) which has
been randomized against a 24 months total treat-
ment duration in ALL-BFM 81 and 83 was asso-
ciated with a higher event rate [21]. The use of
6-mercaptopurine was randomized against
6-thioguanine in CoALL 92, COG, and UKALL
studies with EFS-benefit of 6-thioguanine for
males <10 years old but no difference in OS [22].

18.2.2 Risk Stratification and Risk-
Adapted Treatment

Results and treatment outcomes of the mentioned
multicenter studies revealed risk factors that were
used for patient stratification into risk groups
and, subsequently, risk-adapted treatment. Both

BFM and CoALL SG soon aimed at reducing
acute and long-term toxicity and treatment bur-
den for low-risk patients and intensifying, as
much as necessary, treatment for HR patients.

Early in vivo treatment response (prednisone
response) after 1 week of prednisone pre-phase
plus one dose of intrathecal methotrexate was
prospectively evaluated and identified as impor-
tant prognostic factor in ALL-BFM 8§3.
Prednisone poor responders (PPR, patients with
>1000 blasts/uL blood at day 8 of therapy)
accounted for approximately 10% of patients and
had an inferior prognosis [3].

In ALL-BFM 95, a new stratification strategy
based on age, initial WBC, cytogenetics, immu-
nophenotype, and prednisone response was intro-
duced [23]. SR patients tolerated a significant
reduction of the anthracycline dose with excel-
lent EFS rates.

Treatment intensity in CoALL consolidation
differs between low- and high-risk (>10 years, >
25/mL WBC and Pro-B or T-ALL) patients (four
versus six consolidation elements and less inten-
sive reinduction) aiming at preventing toxicity in
favorable-risk groups.

In AIEOP-BFM ALL 2000, patient stratifica-
tion and treatment adaptation due to early molecu-
lar response to treatment (MRD) were prospectively
applied, as well as in CoALL 07-03. Therefore,
patient stratification was substantially changed and
EFS rates further improved. For patients being
MRD negative at the end of induction, reinduction
therapy was markedly reduced since CoALL
07-03 without a decrease in EFS.

18.2.3 Implementation of Strategies
to Avoid and Reduce Late
Effects of Treatment

With satisfying survival rates, BEFM/CoALL tri-
als were designed to reduce or avoid not only
acute but also late toxicities and adverse effects
of treatment. Treatment stratification became
more and more refined.

A major milestone was the stepwise reduction
of the cranial irradiation dose and limitation of
pCRT indication (see above). The gradual reduc-
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tion in CNS irradiation led to a decreased inci-
dence of brain tumors as SMN [24].

Another approach was the dose reduction of che-
motherapeutic agents, e.g., anthracyclines, which
have been associated with an increased risk of car-
diomyopathy [25, 26]. Since CoALL trial 06-97
omission of anthracyclines during delayed intensifi-
cation has been performed for patients, with excel-
lent prognosis, without jeopardizing efficacy.

Reduced-intensity delayed intensification was
randomized against standard-intensity delayed
intensification in AIEOP-BFM ALL 2000 in SR
patients, resulting in an increased relapse risk
within the reduced treatment group [27].

Late effects: Numerous long-term sequelae
after (frontline) treatment for ALL have been
reported. Steroid treatment has been associated
with development of osteonecrosis [28]. Irradiation
significantly increased the risk of SMN [29, 30],
especially if performed at a young age [31]. A
strong association of SMN and previous treatment
with alkylating agents (cyclophosphamide, ifos-
famide) has been shown [32]. Additionally, drugs
as etoposide or 6-mercaptopurine as well as germ-
line predisposition syndromes may favor develop-
ment of SMN. The most frequent SMN after ALL
were MDS/AML (9.3%, long-term follow-up of
German Childhood Cancer Registry), astrocytoma
(5.2%), and other brain tumors (3.9%) with a
median time from start of primary treatment to
diagnosis of SMN of 6 years [33]. Anthracyclines
have been linked to cardiac impairment and vinca-
alkaloids to peripheral neuropathy [34], and an
overall increased incidence of chronic musculo-
skeletal, cardiac, or neurological medical condi-
tions [35] after treatment for ALL has been
described.

18.2.4 Current Treatment Regimen
for ALL in Germany

Newly diagnosed patients are included into
CoALL 08-09 (2010-2019) or AIEOP-BFM
ALL registry (since January 01, 2017, until open-
ing of AIEOP-BFM ALL 2017).

In CoALL 08-09, the MRD-based cytotoxic
efficacy of clofarabine versus HD cytarabine is

tested in a randomized manner [36]. Clofarabine is
a purine analogue used since 2000 for refractory
and relapsed ALL and has been shown to be effec-
tive in combination with etoposide and cyclophos-
phamide [37]. The frequency of infectious
complications after a randomized use of doxorubi-
cin versus daunorubicin during reinduction is eval-
uated [Haematologica, under submission].

The most recent BFM-study, AIEOP-BFM
ALL 2009 (recruitment completed), aimed at fur-
ther reducing the anthracycline dose in induction
in SR patients, whereas induction treatment in
T-ALL patients and PPR was intensified.

18.3 Treatment of B-AL

Mature B-cell leukemia (B-AL) accounts for 1%
of malignancies in children and adolescents [1].
The molecular features are that of mature B-cell
non-Hodgkin lymphoma (B-NHL), so B-AL is
treated accordingly (currently within clinical trial
B-NHL 2013). Until the 1970s, survival rates were
poor [38]. Results from study BFM-NHL 75 dem-
onstrated the efficacy for ALL-BFM-type chemo-
therapy for T- but not for B-NHL. Treatment
strategy was adapted to the high proliferation rate
of the disease, and thus high-intensity chemother-
apy courses with short time intervals in between
and efficient CNS-directed treatment were applied
[38]. 5y OS for B-AL in children under 15 years of
age is currently reported with 88% [1]. Total treat-
ment duration for B-AL is 4-6 months of intensive
chemotherapy blocks. A cytoreductive prephase
with steroids, cyclophosphamide, and triple
(methotrexate/prednisolone/cytarabine) intrathe-
cal treatment is followed by short, intensive che-
motherapy combination courses (dexamethasone,
methotrexate, cyclophosphamide, ifosfamide,
cytarabine, etoposide, doxorubicin, vincristine,
and vindesine). Almost all pediatric B-NHL
express CD20. Therefore, the anti-CD20 antibody
rituximab is suitable as a targeted treatment for
this disease entity. Rituximab has been adminis-
tered as a single agent within a phase II upfront
window study from 2004 to 2008 [39]. CI of SMN
after B-AL in children under 15 years of age has
been reported with 8.4% within 30 years [1].
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18.4 Treatment of Infant ALL

ALL in infants <1 year of age at diagnosis is rare
(4% of cases), and inferior outcomes of this sub-
group mainly due to relapses but also because of
a higher incidence of TRM have been described
[40]. In the 1980s, treatment consisted of inten-
sive chemotherapy blocks, followed by mainte-
nance treatment, resembling the regimen for
B-ALL. In the 1990, infants with ALL were
treated as HR patients. Since the establishment of
the INTERFANT group in 1999, infants with
ALL have been included into an international
protocol [41]. The majority of infant ALL are
immature pro-B-ALL with MLL-rearrangement
[42]. The susceptibility of the malignant cells is
different from patients >1 year; this accounts
especially for cytarabine which is metabolized in
a different way [43]. Therefore, the INTERFANT
scheme contains a substantial higher amount of
cytarabine already in induction as compared to
BFM or CoALL protocols. In INTERFANT
2006, AML-like chemotherapy blocks with mito-
xantrone and etoposide were randomized in MR
and HR patients (results are still pending). Risk
stratification is based on presence or absence of
MLL rearrangement, age (more or less than
6 months), leukocyte count, and prednisone
response. For HR and patients with poor treat-
ment response, HSCT is indicated. The role of
HSCT in infants remains difficult despite or
because of the overall dismal prognosis with
early relapses and high TRM; however patients
with poor prognostic factors treated with the
INTERFANT 99 protocol had a significantly bet-
ter DFS with HSCT [44]. Because of the high
SCT-related mortality in infants with ALL, a less
toxic conditioning regimen with busulfan, thio-
tepa, and fludarabine is recommended.

18.5 Treatment of BCR/ABL+ ALL

The translocation t(9;22)(q34;ql11), found in
3-5% of patients with ALL, equals the BCR/
ABLI rearrangement known as ‘“Philadelphia
chromosome” and has been associated with a
poor prognosis in ALL patients [45]. This patient

group is currently being treated with the national
chemotherapy backbone for HR patients and
additionally with the tyrosine kinase inhibitor
(TKI) imatinib within trial EsPhALL [46].
Integration of TKI in 2003 into treatment
improved prognosis for this patient group. TKI
were administered subsequently for 14 days after
chemotherapy blocks until 2010 and since then
concurrently with chemotherapy, continuously
for 2 years in total or until 1 year after
HSCT. Children with BCR/ABL+ ALL were
subsequently transplanted until 2015. For patients
with a very good treatment response, omission of
HSCT is currently evaluated.

Late effects after treatment with TKI have
been described in the context of CML treatment
(see Chap. 20).

18.6 Treatment of Relapsed ALL

With improved frontline treatment for children
with ALL, relapse numbers have decreased from
~25% in 1983 when relapse trials were com-
menced [47] to currently 5-15% of cases, and
treatment of relapsed or refractory ALL remains
challenging with leukemic cells more resistant to
chemotherapy [48]. Relapsed ALL contributes to
a significant proportion of cancer-related deaths
[49], and EFS rates for HR patients have been
reported as low as 30%. Stratification of patients
is based on time point and site of relapse (BM,
extramedullary, or combined) and immunophe-
notype. Treatment response monitored by MRD
is of high prognostic value also at relapse [50, 51]
and has been used for therapeutic decision-
making (allocation of SR patients to HSCT and
optimization of remission on HR patients before
HSCT).

Standardized treatment of relapsed ALL in
Germany and other European countries has been
introduced with the pilot protocol ALL-REZ
BFM 1983. Relapse treatment consists of inten-
sive short polychemotherapy blocks containing
drugs also used in first-line treatment and non-
cross-resistant chemotherapy to achieve a second
remission. In ALL-REZ BFM 2002, induction
treatment was two polchemotherapy blocks
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(containing steroids, vincristine, intermediate-
dose methotrexate, asparaginase, triple intrathe-
cal treatment, and high-dose cytarabine).
Intermediate-dose methotrexate (1 g/m%36 h) has
been established as feasible application for this
drug at relapse [52]. For consolidation, patients
received either rotating short chemotherapy
courses or a continuous element containing ida-
rubicin. This was followed by further short che-
motherapy blocks and maintenance treatment or,
for HR patients and patients with poor treatment
response, HSCT [53].

CNS-directed treatment with intrathecal triple
therapy (methotrexate, prednisolone, cytarabine)
is an essential part of ALL relapse protocols.
PCRT (plus three upper cervical segments) with
18 Gy (in children <2 years 12 Gy) plus pro-
longed triple intrathecal chemotherapy was intro-
duced in ALL-REZ BFM 87 after an excess of
CNS relapses after isolated BM relapse treated
without irradiation in the preceding trial. This
significantly reduced the occurrence of CNS
relapses and improved outcome [54]. Irradiation
dose in patients with BM relapse was reduced to
12 Gy in ALL-REZ BFM 90. In the most recent
trial IntReALL2010, pCRT is omitted in patients
with isolated BM relapse and replaced by intra-
thecal chemotherapy during maintenance treat-
ment. Patients with CNS relapse received
craniospinal irradiation up to 24/20 (cranial/ spi-
nal) Gy in ALL-REZ BFM 83-87, and reduced
doses of 18/18 Gy in following trials, depending
on age and previous irradiation dose. Since ALL-
REZ BFM 95, only cranium and upper three cer-
vical segments were irradiated although
craniospinal irradiation was permitted.

Local treatment for testicular relapse included
removal of a clinically involved testis and irradia-
tion with 15/18 Gy of a contralateral clinically
not involved and by biopsy negative/positive tes-
tis, respectively. This allows spontaneous puberty
in a number of patients [55].

The duration of maintenance treatment with
oral 6-mercaptopurine and intravenous metho-
trexate (after 2002 oral methotrexate) varied dur-
ing the ALL-REZ studies with a total treatment
duration between 1.25 and 2.5 years. In ALL-
REZ 96 and 2002, MR patients (risk group S2)

received
etoposide.
Patients with relapsed ALL are currently
treated within the IntReALL2010 trial. For SR
patients, the most effective treatment strategies of
the largest study groups are randomized, and the
efficacy of an anti-CD22 antibody (eprazutumab)
is tested. Maintenance treatment includes, in one
of the treatment arms, vincristine and dexametha-
sone pulses. Overall treatment duration is
~2.5 years. The proteasome inhibitor bortezomib
has demonstrated synergistic activity with ste-
roids and chemotherapy and will be integrated
into induction treatment for HR patients [56].
Before HSCT, HR patients may be subjected to
an investigational window randomizing blinatu-
momab against a conventional chemo block.

additional reinduction pulses with

18.7 New Agents in Treatment
of ALL

While most agents used for childhood (relapsed)
ALL were developed before the 1980s [57],
increasing molecular and genetic knowledge
allows development of new drugs with more spe-
cific antileukemic activity. Among those are
TKIs, proteasome inhibitors, mTOR or FLT3
inhibitors, apoptosis regulators, (un)conjugated
monoclonal antibodies, and genetically modified
immune effector cells. Ideally, the integration of
new agents into treatment will replace conven-
tional chemotherapy and thereby reduce acute

and long-term toxicity of chemotherapy.
Humoral immunotherapy includes the use of
(un)conjugated monoclonal antibodies.

Blinatumomab is a bispecific T-cell engager
binding to CD19/CD3 [58] which exerts its cyto-
toxic effect in close proximity to the CD19-
expressing tumor cell. Eligible pediatric patients
with relapsed/refractory ALL in Germany have
been treated with blinatumomab since 2012. A
phase I/II study revealed antileukemic activity
across all age groups with acceptable toxicity
[59]. Inotuzumab ozogamicin is a humanized
anti-CD22 antibody which has shown superior
results as standard treatment in adults with
relapsed ALL [60]. Cellular immunotherapy
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comprises genetically modified immune effector
cells expressing chimeric antigen receptors
(CAR) that enhance cytotoxicity against other-
wise resistant tumor cells. (CAR-)T cells induced
high remission rates in children and adults with
relapsed ALL. Both inotuzumab ozogamicin and
CAR-T cells have only been used in very few
patients in Europe so far.

Few new agents are available and attractive
for use in primary and relapsed/refractory
T-ALL. Nelarabine is a purine analogue with spe-
cific activity on T-lymphocytes that showed effi-
cacy as monotherapy in adults and children with
relapsed T-ALL [61] and is being integrated in
several studies for (relapsed) ALL in children and
adults worldwide. Severe acute neurotoxic side
effects have been observed in some patients.

Main challenges of these new treatment
approaches were acute toxicities so far not
observed in ALL treatment, e.g., severe cytokine
release syndrome [62], as well as severe acute
neurotoxicity different from what is known after
chemotherapy [60, 63]. Late effects may result
from sustainable modulation of the immune sys-
tem with B-cell aplasia but will be revealed in
future years when long-term follow-up is
possible.

18.8 HSCT in Children with ALL

Despite successful treatment of most patients
with ALL, HR patients require intensive therapy
after achieving CR with chemotherapy.
Allogeneic HSCT can provide antileukemic dis-
ease control exhibited by graft-versus-leukemia
effect but is associated with TRM of 5-10% [64]
as well as various late effects. Allogeneic HSCT
has been applied since the late 1980s in a small
number of patients and more uniformly in the fol-
lowing studies. Indications for HSCT differed
over the years and have altogether decreased.
Currently, less than 10% of children with front-
line ALL are eligible for HSCT.

For decades, total body irradiation (TBI) has
been the most frequently used myeloablative reg-
imen in patients with ALL before HSCT. Other
conditioning regimens included TBIl/etoposide,

TBI/cyclophosphamide, busulfan, fludarabine,
treosulfan, and thiotepa. GVHD prophylaxis was
performed with cyclosporine, MTX, and antithy-
mocyte globulin. During the last decade, better
matching of the donors by HLA typing led to less
severe graft-versus-host disease (GvHD), and
intensified supportive care (e.g., antifungal and
anti-infectious treatment) helped in improving
the outcomes after HSCT. Since 2003 transplant
procedures are recommended within the
European ALL-SCT trial.

Among late effects after TBI are growth
impairment (especially if TBI was performed in
patients <10 years), SMN, development of cata-
ract, and infertility [65, 66]. Busulfan has been
linked with gonadal insufficiency and pulmonary
complications. The reduced immune surveillance
after HSCT can lead to uncontrolled (EBV-
associated) proliferation of B-cells and develop-
ment of SMN. Chronic GVHD can affect multiple
organs and thereby decrease quality of life and
life expectancy significantly.

18.9 Recommendations
for Follow-Up of Patients
Treated for ALL

As ALL therapy is adapted to risk groups, inten-
sity and duration may differ significantly.
Follow-up of patients after treatment for ALL
should therefore be performed in a risk-adapted
way, depending on the received treatment.
Important considerations are time point and treat-
ment intensity of the used regimen, use of prophy-
lactic or therapeutic irradiation, HSCT with or
without TBI, and individual risk factors such as
pre-existing conditions. Follow-up includes (of
course not all of the following each time) assess-
ment of physical status, growth and weight, vital
parameters, puberty stages, blood sampling (blood
count, clinical chemistry, endocrinological tests),
urine sampling, ECG/echocardiogram, EEG, neu-
ropsychological testing, and auditive and ophthal-
mological assessment. In year one after end of
treatment, monthly visits are recommended, dur-
ing year two three-monthly, during year three
twice/year, and after year four once/year.
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18.10 Summary of Late Effects

All patients should be informed according to
theier risk group on late effects. The survivorship
care has to be adjusted to the many treatment
changes during decades for example in minimiz-
ing CNS irradiation. Most important CNS toxici-
ties are neurocognitive impairments, endocrine
disorders and secondary tumours mainly after
irradiation. Special attention should be given also
on cardiovascular diseases, the metabilic syn-
drome and osteonecrosis. For further information
please use: https://www.cancer.gov/types/child-
hood-cancers/ccss.

The reader is also referred to the Chaps. 1, 2,
7-9, 12-14, 16, 17 of this book.

For long-term follow-up an interdisciplinary
care team is of utmost importance especially in
the adult age of survivors.

18.11 Psychosocial Follow-Up

The reader is also referred to the guidelines pre-
pared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Himatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).

18.12 Recomendation for a
Long-Term Follow-Up
Schedule

Long-term follow-up is performed according to the
recommendations of the International Guideline
Harmonisation Group (www.ighg.org), of the
Children’s Oncology Group (COG) (http://www.
survivorshipguidelines.org/) and the LESS group
(www.nachsorge-ist-vorsorge.de) in Germany.
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19.1 Introduction

Acute myelogenous leukemia (AML) in children
and adolescents is significantly less frequent than
acute lymphoblastic leukemia (ALL), with a per-
centage of 15-20% of all leukemias [1]. Even if
chemotherapy resistance is higher in AML than in
ALL, treatment results in children with AML have
significantly improved in the last 30 years. The
5-year survival probability is currently over 70%
in children with AML in Germany [2]. Therapy is
extremely intensive with high doses of chemother-
apy especially with anthracyclines and purine ana-
logs (such as cytarabine) and with hematopoietic
stem cell transplantation (HSCT) in selected
patients. A cranial irradiation was part of the ther-
apy schedule in the AML-BFM protocols until a
few years ago. However, intensive treatment is the
only way to achieve high survival rates.

Recent reports on late effects indicate that
50% of survivors of childhood AML, who
received chemotherapy only, suffered from
chronic health conditions after 20 years of
follow-up [3]. Late effects are related to the
individual therapy modality (chemotherapy, radi-
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ation, HSCT) and may affect all organs. In
patients with AML, the main complications
include cardiopulmonary toxicities, endocrine
dysfunction, renal and gastrointestinal impair-
ment, and subsequent malignancies. According
to the analysis of the children’s oncology group
(CCQ), severe or life-threatening chronic health
conditions are significant more frequently in the
allogeneic HSCT group compared with survivors
of childhood AML receiving only post remission
chemotherapy (33% vs. 16%, p = 0.02) [4].
However, here we will focus on possible late
effects, which can be traced back to the given
chemo- or radiation treatment. Details on late
effects after HSCT and recommendations for
follow-up are reported elsewhere [5, 6].

19.2 AML Therapy

AML therapy in children and adults starts with
intensive remission induction treatment, which
contains anthracyclines (daunorubicin, doxorubi-
cin, idarubicin or liposomal daunorubicin) and
cytarabine, and in some protocols, a third drug like
etoposide is also supplemented [7]. This kind of
cytotoxic therapy is required to achieve remission.
It always results in transient but severe myelosup-
pression with a risk of bleeding and infection.
After induction therapy, further intensive post-
remission courses are required to eliminate resid-
ual leukemia cells. In general, 4-5 intensive
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courses, called consolidation and/or intensifica-
tion, are administered together with intrathecal
therapy for CNS treatment. CNS irradiation was
standard in the AML-BFM studies until 2010. The
need for a subsequent, less intensive, maintenance
therapy is controversial. An allogeneic HSCT may
be necessary as a form of intensification for main-
taining remission in high-risk patients [7].

19.3 Late Treatment Effects

Possible serious late effects include cardiomyopa-
thy after treatment with anthracyclines, neurotoxic-
ity after administration of vincristine and/or
high-dose cytarabine, and hepatotoxicity after
mitoxantrone and/or cytarabine. Cranial irradiation
may particularly affect the endocrine system. One
of the most severe sequelae of cancer is secondary
malignancy. In more than 1800 patients of the
AML-BFM studies (1993-2010), the cumulative
incidence of secondary malignancies is approxi-
mately 2% after 10 years (unpublished results).

19.3.1 Cardiotoxicity

Anthracyclines are, besides cytarabine, the most
effective antineoplastic drugs in AML. For both
drugs, dose intensity and cumulative doses are
especially important for achieving high survival
rates. However, the use of anthracyclines is lim-
ited by toxic cardiomyopathy resulting in irre-
versible myocyte damage with both acute and
subacute manifestations [8].
Anthracycline-associated ~ cardiomyopathy
can be divided into early and late cardiotoxicity.
Early cardiotoxicities can happen immediately
after the anthracycline administration and are
both dose- and schedule dependent. These inju-
ries may cause transient tachycardia, dysrhyth-
mias, and non-specific electrocardiography
changes. There are conflicting reports whether
these abnormalities are predictive of the subse-
quent development of chronic toxicity [8§—10].
Late cardiotoxicity may occur after more than
1 year after the end of treatment [9] and corre-
lates with the administered cumulative dose of

anthracyclines [8, 9]. The clinical manifestation
is primarily congestive heart failure which may
occur with other manifestations, e.g., arrhythmia
and pericardial effusion.

Due to the dose-related cardiotoxicity which
occurs already at cumulative doses of 300 mg/m?
(given as daunorubicin dosage), the cumulative
dose of anthracyclines was generally risk-adapted
in the AML-BFM therapy protocols to 300-
450 mg/m?, and anthracyclines were given as 1- to
4-h infusions of anthracyclines with the assumed
lowest cardiotoxic potential or given twice daily.
[11]. Recently, liposomal anthracyclines were
introduced in the AML-BFM studies. Outcome
results with liposomal daunorubicin were compa-
rable with those of idarubicin; however, the car-
diac toxicity profile of liposomal daunorubicin
was favorable even with an increased cumulative
dose [2]. However, only early cardiotoxicity,
which was low after induction in both arms, was
evaluated. Results for long-term anthracycline
cardiotoxicity were still lacking. Results from the
prior AML-BFM trials (mainly with idarubicin
treatment) showed a relatively low rate of early
clinical and subclinical cardiotoxicity, and the
11-year cumulate incidence of late clinical cardio-
toxicity was 2.5% [11]. Current data on acute and
long-term  cardiotoxicity—although  prelimi-
nary—clearly reveal that an induction dose of
3 x 80 mg/m*/day L-DNR does not increase car-
diotoxicity. Cardioprotection with dexrazoxane
might be another option to reduce anthracycline
cardiotoxicity [12].

Our studies and others show that cardiomyopa-
thy can occur many years after completion of ther-
apy and that the onset may be spontaneous or
coincide with exertion or pregnancy. Risk factors
known to be associated with anthracycline-related
cardiotoxicity include mediastinal radiation,
uncontrolled hypertension, exposure to other che-
motherapeutic agents like cyclophosphamide,
younger age, and female gender. In general, cumu-
lative dosages above 300 mg/m? in patients
younger than 18 years of age at the time of treat-
ment and >550 mg/m? in older patients are associ-
ated with significant later cardiac toxicity [13, 14].

The reader is also referred to Chap. 1 of this
book.
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19.3.2 Hepatotoxicity

Hepatotoxicity may be caused by high-dose cyta-
rabine or infection (chronic viral hepatitis). It
was also described after the application of
6-thioguanine, which is used during maintenance
in the AML-BFM studies. However, in contrast
to studies in ALL, liver toxicity with the clinical
symptoms of hepatic veno-occlusive disease [15]
has not been reported in these studies, which may
be due to a lower dosage of the drug.

The reader is also referred to Chap. 5 of this
book.

19.3.3 Neurotoxicity

Neurotoxicity, e.g., peripheral neuropathy after
administration of vincristine, was rarely seen in
the past. Vincristine is no longer included in the
AML-BFM protocols for more than 12 years.

High-dose cytarabine may rarely cause leuko-
encephalopathy. Rubin et al. reported an associa-
tion between the occurrence of neurotoxicity and
elevated serum creatinin, increasing age, and
alkaline phosphatase [16].

19.3.4 Endocrine Function

The endocrine system is particularly susceptible
to the long-term effects of radiotherapy, which
affect the normal function of the hypothalamic-
pituitary axis, the thyroid, and the gonads [13].
Endocrinological late effects were most frequently
seen after HSCT (32% of patients grade 3/4) and
were, however, also found after cranial irradiation
and chemotherapy (14.5% of patients) [17].
Deficiency of hypothalamo-pituitary hormones
may occur after low-dose cranial irradiation (18—
24 Gy). However, the cumulative incidence of fur-
ther functional deficits in this group is much lower
than after a higher-dose cranial irradiation [18].
Cranial irradiation can affect the normal func-
tion of the hypothalamic-pituitary axis, the thy-
roid, and the gonads. [t may induce hypopituitarism,
e.g., deficiency of one or more anterior pituitary

hormones like gonadotropins [luteinizing hor-
mones (LH), follicle-stimulating hormone (FSH)],
adrenocorticotrophic hormone (ACTH), thyroid-
stimulating hormone (TSH), and growth hormone
(GH)]. Premature or early pubertal development
after low-dose cranial irradiation is usually
observed only in a minority of the girls, but not in
boys [18].

Growth hormone (GH): Children and adoles-
cents who received low-dose cranial or craniospi-
nal radiotherapy (18-24 Gy) are significantly
more likely to show growth disturbances than
non-irradiated patients [18]. This has been found
in ALL patients with abnormalities of GH secre-
tion even 25 years after prophylactic CNS irradi-
ation [19]. The effects on growth are likely to be
age-related, with a poorer outcome (final high
score) at a lower age at diagnosis and therapy
[20]. However, even when the majority of patients
will have a normal final growth, GH-deficient
adults complain of fatigue and have abnormal
body composition (fat mass is increased and lean
mass decreased), and they are osteopenic and
show an increased cardiovascular risk profile
[13]. GH is important for skeletal health espe-
cially in the years after achieving final height.

It has been shown that in adolescents treated
for GH deficiency during childhood and receiv-
ing further GH substitution, the rate of bone mar-
row mass accrual was doubled compared to
patients who got no further GH therapy [21].

The reader is also referred to the Chaps. 7, 8,
11-13 of this book.

19.3.5 Endocrine Function
and Fertility

According to the report from Leung et al., hypo-
gonadism and infertility were rarely seen after
chemotherapy with or without cranial irradiation
in contrast to patients with stem-cell transplanta-
tion. Only one male (without stem-cell transplan-
tation) failed to have a child due to testicular
irradiation after bilateral testicular relapse [20].

The reader is also referred to the Chaps. 9, 10
of this book.
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19.3.6 Neuropsychological Sequelae

Neuropsychological sequelae have been compared
in CNS-irradiated (12-18 Gy) vs. non-irradiated
children with AML. There was no significant intel-
lectual impairment in children with cranial irradia-
tion when compared to non-irradiated patients.
However, more irradiated patients reported learn-
ing problems and subjective concentration deficits.
This was a trend (P = 0.18) in girls and in younger
patients (<5 years) [22]. These late effects are less
impressive compared to ALL patients who suf-
fered from more intellectual and educational
sequelae of cranial irradiation [23]. However, in
ALL, several factors may explain the differences:
(1) the median age is lower for children with ALL
(4-5 years) as in AML (8-9 years), a time when
brain development or modulation is largely com-
pleted, and (2) in the earlier ALL therapy proto-
cols, usually 24 Gy was used, whereas in AML
only a radiation dose of 12-18 Gy was applied
depending on age.

The reader is also referred to the Chaps. 15-17
of this book.

19.4 Quality of Health

The quality of health in survivors of childhood
AML treated with chemotherapy only was
reported to be good and comparable with their
siblings. Many survivors were smoking which
may increase the risk of late effects [24].

The reader is also referred to the Chap. 43 of
this book.

19.5 Recommendations
for Aftercare

In late follow-up diagnostics, specific examina-
tions are necessary for the detection of organ-
related late sequelae: cardiological (anthracycline
cardiomyopathy), endocrinological (by alkylated
drugs and radiotherapy), hepatic (caused by cyta-
rabine or infectious), and central nervous system
examinations (after cranial irradiation).

19.6 Recommendations for
Long-Term Follow-Up

Recommendations for screening were published
from the Children’s Oncology Group (COG) as
long-term follow-up guidelines (http://www.sur-
vivorshipguidelines.org/).

Patients exposed to anthracyclines should
undergo monitoring for late-onset cardiomyopa-
thy using serial noninvasive testing (echocardio-
gram) and physical examination. The frequency
of echocardiographic screening can range from 1
to 2 to every 5 years (http://www.ighg.org/),
depending on cumulative anthracycline dose and
age at exposure. Pregnant women with prior
exposure to anthracyclines should be monitored
closely, since changes in blood volume during
the third trimester could add significant stress to
an already compromised myocardium. Lifestyles
that promote good heart health should be recom-
mended to all survivors, including a regular exer-
cise program, dietary recommendations, and
screening for (and aggressive management of)
dyslipidemia, hypertension, and diabetes [6].
Further specific recommendations for monitor-
ing, based on age and therapeutic exposure, are
delineated within the Children’s Oncology
Group’s (COG) long-term follow-up guidelines
(http://www.survivorshipguidelines.org/).

Screening recommendations for radiation-
related second cancers include careful physical
examination of the skin and underlying tissues in
the radiation field [6].

19.7 Therapy Recommendations

General therapy recommendations are not useful,
since chronic health conditions differ depending
on differences in therapy intensity or individual
condition, including age at treatment, which will
influence these advices.

Special recommendation in case of growth
deficiency: Survivors with premature puberty and
concomitant growth hormone deficiency achieve
a better final size by the combined use of growth
hormone and gonadotropin-releasing hormone
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agonists (GnRH) with the aim of a temporary
suppression of puberty progress [25]. There is
evidence that growth hormone therapy in the
adult age positively affects the quality of life and
improves metabolic parameters such as body fat
mass, plasma lipid status, and bone density to a
limited extent [18].

Finally, it has to be mentioned that most AML
patients have none or rarely chronic health condi-
tions if no stem-cell transplantation was per-
formed. Long-term survivors should avoid
tobacco, alcohol, and marijuana exposure,
because this exposure is associated with a sub-
stantial health risk, and cancer survivorship may
compound this risk [26].

19.8 Recomendation for a Long-
Term Follow-Up Schedule

Long-term follow-up is performed due to the recom-
mendations of the International Guideline
Harmonization Group (www.ighg.org), of the
Children’s Oncology Group (COG) (http://www.
survivorshipguidelines.org/) and due to the LESS
study (www.nachsorge-ist-vorsorge.de) in Germany.

19.9 Psychosocial Follow-Up

The reader is also referred to the guidelines pre-
pared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Himatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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20.1 The Majority of Patients
with Chronic Myeloid
Leukemia (CML) Probably

Needs Lifelong Treatment

20.1.1 CML as a Model Disease
for Oncology

In the past until to the end of the last millennium,
CML—representing a hematopoietic stem cell
disorder—was curable by allogeneic SCT only
[1]. Introduction of the TKI imatinib as a new
treatment option in 1997 dramatically improved
the median survival probability from previously
50-60% to >90% [2]. Tyrosine kinase inhibitors
(TKIs) administered orally block the activity of
the BCR-ABL1 oncogen, thus eliminating all
clinical signs of the leukemia within weeks. This
is followed by a cytogenetic remission (no
Ph + detectable) within 6-12 months. The
achievement of a molecular minimal residual dis-
ease (MRD) threshold level below the ratio 0.1%
BCR-ABL1/housekeeping gene at a defined time
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point (“milestone of response”) is associated
with a good prognosis [2, 3]. Failure of first-line
treatment with imatinib due to development of
resistance or drug intolerance may occur with an
overall probability of 30% in all patients; how-
ever, second- or third-generation TKIs have been
successfully applied in these situations [4].
Today, three out of five TKIs (imatinib, nilotinib,
dasatinib) are approved for front line use in chil-
dren [5-7]. As of March 2019, a phase 1/2 trial on
bosutinib is ongoing, but ponatinib so far is used
off-label only in minors.

CML in childhood and adolescents is rare;
approximately 20 new cases younger than
18 years are diagnosed in Germany annually [8].
The etiology of CML in childhood remains
obscure; contrasting acute leukemia a missing
concordance in twins points to a “first hit” post-
partum [9]. Single rare cases of CML diagnosed
as secondary neoplasm following antiprolifera-
tive treatment of a primary cancer have also been
described in children [10-12]. Late effect sur-
veillance programs in these rare cases should fol-
low guidelines established for the primary cancer
(see other chapters within this book) and should
be adapted to the ongoing CML treatment [13].

After having achieved a prolonged period of
deep molecular remission, stopping TKI treat-
ment can be offered to 20-30% of all patients
with CML. Without further treatment, mainte-
nance of CMR is achieved in 40-50% of adult
cohorts [14, 15], while the success rate seems to
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be considerably lower in children [16]. However,
for the majority of cases to achieve this goal—as
shown by mathematical models describing the
eradication of the malignant clone by TKIs—
treatment might be necessary for more than 2-3
decades [17].

CML has become a model disease in oncol-
ogy. The highly probable scenario of necessity
for a lifelong treatment in most patients to control
the malignant cell clone instead of eradicating it
sharply separates CML from other malignant dis-
eases dealt with in the context of this book.
Monitoring of “late” effects of an ongoing anti-
neoplastic TKI treatment is a novelty in pediatric
oncology. Compared to other pediatric malignan-
cies with an accumulated experience of late
effects after treatment covering now >5 decades,
the rare number of pediatric CML cases and the
relatively short TKI era since the year 2000 con-
tribute to the difficulties in describing the “untar-
geted consequences of targeted treatment.”
Systematic investigations on TKI late effects in
adults are missing, and the cumulative toxicity of
ongoing exposure in a growing organism is pres-
ently hard to be judged on [18, 19].

Diagnosis of CML

1970
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20.1.2 Late Effects in Patients
with CML Treated with Stem
Cell Transplantation (SCT)

Present and future management of late effects has
to take into account older patients who in the 1980
may have been treated for prolonged time intervals
with busulfan and/or hydroxyurea and/or inter-
feron before undergoing SCT (Fig. 20.1). From
1990 onward, with increasing numbers of suitable
marrow donors, the majority of patients underwent
transplantation within a year from diagnosis [20,
21]. Late effects of SCT in CML do not differ from
those observed after SCT because of other indica-
tions and depend on the selected conditioning regi-
men and if complicated by graft-versus-host
disease (GvHD) on its severity and duration. These
SCT-specific late effects are dealt with in another
chapter of this book. It remains unclear so far as to
which extent a prolonged treatment with CML-
specific drugs (busulfan, hydroxyurea, interferon)
preceding SCT may cause specific late effects. As
far as busulfan is concerned, data are published
sparsely [22]. Hydroxyurea is also used for long-
term treatment of children with sickle cell disease.
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Fig. 20.1 Change of up-front treatment in CML during the last five decades
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Besides well-known acute toxicities, the small
number of children in long-term studies limits
conclusions about late toxicities [23]. As late
sequelae of interferon alpha, an increased inci-
dence of autoimmune diseases has been described
[24, 25]. However, follow-up of children treated at
young age with interferon because of hemangioma
showed no late toxicity [26]. Overall, late effects
of SCT associated with a myeloablative condition-
ing can be expected to be severe thus overlaying
the effects of prior treatment with CML-specific
drugs administered for some months.

20.1.3 Relapse After Stem Cell
Transplantation (SCT)

As a particular feature of CML, it must be kept in
mind that relapse may occur still many years after
SCT [27]. Follow-up examinations therefore should
include analysis of the disease-specific BCR-ABL1
transcript by RT-PCR [28]. The threshold for detec-
tion using this technique is in the range of 0.001%
tumor cells within healthy cells, thus being 100-fold
more sensitive than analysis of chimerism by VNTR
polymorphisms which is performed in most patients
after SCT on a routine basis [29]. Ideally, therapeu-
tic interventions should start when molecular
relapse is diagnosed [30]. Options include donor
lymphocyte infusions (DLI), which, however, also
harbor the risk of inducing severe GvHD [31].
Treatment with TKI is a less risky alternative, but
drug resistance has to be ruled out. In cases with no
response to either DLI or TKI, a second SCT should
be considered (Fig. 20.1).

20.2 Specific and Potential Side
Effects of Tyrosine Kinase
Inhibitors (TKIs)

20.2.1 Disturbances of Bone
Metabolism

20.2.1.1 Longitudinal Growth

Impairment

Soon after imatinib was administered to children,

it was learned that TKIs dysregulate bone remod-

eling. This is caused by off-target inhibition TKIs

exert on tyrosine kinases besides ABL1 like the
macrophage colony-stimulating factor receptor
(c-FMS) and platelet-derived growth factors alpha
and beta which are key regulators of osteoclast
and osteoblast activity [32—-37]. A number of stud-
ies have reported impaired longitudinal growth in
children with CML treated with TKIs [38-45].
Own findings in the largest pediatric cohort so far
analyzed (Table 20.1) showed that children in
whom TKI treatment was started at prepubertal
age were affected more severely decreasing in
their median height z-score by —0.75 during the
first year, while at older age, the pubertal growth
spurt probably partially may have compensated
growth impairment [46]. Taken together, all stud-
ies suggest that children treated with TKI for sev-
eral years at prepubertal age will show up as
adults with a reduced body height compared to
their prospective genetic final height.

20.2.1.2 Alterations in Calcium
Homoeostasis and in Bone
Mineral Content

Impaired bone remodeling by TKIs is associated
with a disturbed calcium and phosphate metabo-
lism. Adult patients exhibited hyperparathyroid-
ism and a significant decrease in blood calcium
levels, possibly related to net sequestration of
bone minerals due to a decrease in bone resorp-
tion and increase in bone deposition. Thus, bone
mineralization in adult patients is enhanced and
the trabecular bone volume increased [37].
However, findings in two of four pediatric patients
with CML who were on imatinib therapy detected
a reduction in bone mineral density thus contrast-
ing the adult data [39]. This could suggest that the
bone metabolism in not outgrown patients is more
prone to increased bone resorption. Like adults,
children also exhibit moderate secondary hyper-
parathyroidism as a resulting consequence of
imatinib treatment [37, 47, 48]. The association of
impaired bone remodeling with the clinical obser-
vation that skeletal pain may be severe under TKI
treatment but usually disappears by the end of the
first year after diagnosis is still obscure [46].

20.2.1.3 Alterations in Bone Strength
CML at diagnosis as well as in relapse can
manifest as a solid bone infiltrating tumor
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Table 20.1 Changes in Z-scores of body height in pediatric patients on imatinib treatment. Results from trial CML-

PAED II [46]

Body height (z-score)
Patients at diagnosis after 1 year after 2 years
N 108 77 32
mean + SD +0.43 = 1.40 +0.15 + 1.38 -0.15+ 1.59
Total cohort
median +0.38 +0.07 -0.31
95%Cl +0.16 — 0.70 -0.16 - 0.47 -0.72 — 0.42
N 28 24 12
Pre- mean + SD +0.76 = 1.82 +0.12 £ 1.90 +0.26 + 2.16
pubertal median +0.66 -0.29 -0.39
95%Cl +0.05 - 1.46 -0.68 - 0.92 -1.11-1.64
N 44 31 15
mean + SD +0.25 + 1.28 +0.13 £ 1.17 -0.67 = 1.09
Pubertal
median +0.25 +0.14 -0.44
95%Cl -0.14 - 0.64 -0.29 - 0.56 -1.27 - -0.06
N 36 22 5
Post- mean + SD +0.38 = 1.14 +0.22 = 1.02 +0.43 £ 0.72
pubertal median +0.30 +0.06 +0.17
95%Cl -0.01 - 0.76 -0.23 - 0.67 -0.46 —1.32

(“chloroma”) resulting in a pathological fracture.
These cases have to be classified as CML in blast
crisis by definition of an extramedullary manifes-
tation of the disease [49-51]. CML per se seems
to be associated with an increased fracture risk in
adults. A Danish population-based cohort study
investigated the risk of proximal femoral osteopo-
rotic fractures among patients with CML in
chronic phase compared to a matched cohort from
the general population [52]. In these adult CML
patients, the adjusted hazard ratio for femoral
fracture was increased by 2.67-fold. When com-
paring patients under TKI treatment from the
years 2000-2010 to those treated in the decade
before without TKIs, no statistically significant
differences were found. The authors conclude that
CML patients are at higher risk of osteoporotic

fractures than the general population and that TKI
treatment does not mitigate this risk. However, in
single cases, uncommon fractures or disturbed
bone healing under imatinib treatment has been
described in adults and in children [53-55].

In a juvenile rat model animals were long-
term exposed to different TKIs, starting shortly
after weaning until young adulthood. Data gener-
ated exhibited dose-dependently reductions in
femoral, tibial, and vertebral bone length in con-
junction with reduced trabecular bone mass den-
sity and femoral breaking strength. The latter
changes were seen only by the end of the experi-
ment in adult animals after long-term, high-dose
exposure since early age [56, 57]. These findings
raise concerns that the inhibition of bone turn-
over will ultimately increase bone fragility due to
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decreased mechanical strength. Thus, possible
osseous changes mandate close monitoring in
pediatric patients under long-term TKI exposure.
If patients experience unprovoked bone fractures
or if decreased bone mineral density is noted on
plain radiograph, bone mineral density should be
quantitatively evaluated by DXA radiography in
patients 12 years of age or older [18].

20.2.2 Vitamin D Deficiency

In conjunction with hyperparathyroidism, patients
on imatinib also exhibit pathologically low vita-
min D; levels [47, 48]. Vitamin D is an important
controller of bone mineralization [58]. In cell cul-
ture assays using keratinocytes, it was demon-
strated that imatinib interferes with the pathway
of vitamin D; synthesis by inhibiting CYP27B1,
which is responsible for the renal 1-alpha-hydrox-
ylation of 25-hydroxyvitamin D3 to the active
1,25-dihydroxyvitamin D3 [59]. Based on the
current knowledge, it might be prudent to monitor
calcium, phosphorous, parathyroid hormone, and
vitamin D levels in patients under TKI treatment.

20.2.3 Hypothalamic-Hypophyseal
Axis and Growth Hormone
Deficiency

Like in adults, in pediatric patients on TKIs, there
is now an increasing evidence of growth hormone
(GH) deficiency/insensitivity and low blood lev-
els of the products of downstream GH signaling
cascades, e.g., insulin-like growth factor 1 (IGF-
1) and IGF-binding protein 3 (IGFBP-3) [43, 60,
61]. Thus, as additional causes of poor longitudi-
nal growth, TKIs may act in part by disruption of
the GH-releasing hormone (GHRH) signaling
cascade, GH signaling cascade, and IGF-1 signal
transduction [43, 60]. In a small cohort of 21 pedi-
atric CML patients on imatinib, IGF-1 and
IGFBP-3 blood levels were significantly lower
than those in age-matched controls, and these
findings could also be modeled in the juvenile rat
model described above [61]. GH stimulation
testing was found to be abnormal in patients on
TKI therapy pointing to pituitary or hypothalamic

disturbance. Whether injection of GH or recombi-
nant IGF-1 will improve final adult height in pedi-
atric patients with CML concomitant TKI
treatment is a matter of an ongoing debate. As a
word of caution, however, although there is no
conclusive evidence that pediatric GH therapy
increases the risk of de novo cancers in adults, the
use of GH therapy during active cancer treatment
would raise a concern [62, 63]. Suggestions based
on expert opinion demand to wait at least 1 year
from malignoma treatment completion to ensure
there is no early recurrence [62, 64].

20.2.4 Homoeostasis of Blood
Glucose Level

TKIs may also interfere with glucose homoeosta-
sis causing both hyperglycemia and hypoglycemia
[65]. Several case reports followed by clinical
studies showed that treatment with imatinib
improves glucose control in type 2 diabetes melli-
tus. Up to half of the adult diabetic patients were
able to discontinue their antidiabetic medications
[66]. The underlying mechanism is not known in
detail and debated controversely [67, 68].
However, in contrast to imatinib and dasatinib,
nilotinib has been shown to lead to hyperglycemia.
A mechanism of impaired secretion of endoge-
nous insulin has been suggested, but remains
poorly understood in details [69]. In the ENESTnd
trial in patients evaluated with pre-existing type 2
diabetes mellitus prospectively, all grade hyper-
glycemia was found in 38% of those on nilotinib
600 mg, in 42% of those on 800 mg, and in 22% of
those in the imatinib arm. However, no patients
discontinued therapy due to hyperglycemia or had
any serious diabetic adverse events [70].

20.2.5 Thyroid Function

Whether thyroid dysfunction is a side effect of
TKIs is still not clear. When assessed by
retrospective evaluation, either hypothyroidism
or hyperthyroidism in 25 and 29% of the cases,
respectively, seems to be common in adult
patients with CML (n = 73) being treated with the
first- and second-generation TKIs imatinib, nilo-
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Table 20.2 Incidence of o4, cardio-vascular
cardiovascular adverse Study TKI ° AE Ref
events (AE) under TKI as
reported in adults Imatinib 285
ENEST [57]
Nilotinib 12.9
Imatinib 2.7
DAISSION [13]
Dasatinib 7.7
PACE Ponatinib 7.1 [11]

tinib, and dasatinib. However, only three patients
ultimately needed therapy [71, 72]. A retrospec-
tive chart review in a small cohort of seven pedi-
atric patients reported all had normal thyroid
function [44]. A pattern of either hypo- or hyper-
thyroidism makes it difficult to speculate on the
multiple biochemical pathways being altered by
TKIs and has been claimed to be causative. As a
pragmatic approach, it might be prudent to moni-
tor thyroid function on a regular basis. Overt
hypothyroidism should be treated with levothy-
roxine, but subclinical hypothyroidism should be
treated only if a patient develops symptoms [73].

The reader is also referred to Chap. 8 of this
book.

20.2.6 Cardiovascular Side Effects

Cardiovascular toxicity (CVT) in adults is a well-
known side effect of several TKIs and highly prob-
ably represents a “class effect” as the regular
ABL1-kinase is inhibited by TKIs. ABLI is essen-
tial for survival of contractile cardiomyocytes and
exhibits cell protective effects [74]. In the ENEST
study, 10% of patients treated daily with nilotinib
600 mg and 16% on nilotinib 800 mg, respectively,
exhibited CVT compared to 2.5% of the patients
receiving imatinib 400 mg [5]. CVT observed com-
prised coronary heart disease, ischemic stroke, and
peripheral artery occlusive disease (PAOD) and
occurred mostly during the first 3 years of TKI
treatment (Table 20.2). Eighty-five percent of those
adult patients exhibited at least one cardiovascular
risk factor (e.g., hyperglycemia, hypercholesterol-
emia) and were not medicated optimally [75].
Pulmonary arterial hypertension and pleural effu-
sion have been reported under dasatinib treatment

affecting up to 30% of adults older than 65 years
[76-78]. CVT events were similar in the BELA
study (bosutinib versus imatinib) [79]. Ponatinib
caused cardiovascular adverse events in 7.1%, isch-
emic stroke in 3.6%, and PAOD in 4.9% of adults
with CML [80]. The impact of CVT in a juvenile
organism is still unclear. However, as a precaution-
ary measure, regular clinical examination during
follow-up should include electrocardiogram; car-
diac ultrasound; treatment of risk factors, e.g., over-
weight; and thromboembolic preventive measures
(no smoking, optimal selection of contraception).

The reader is also referred to Chap. 1 of this
book.

20.2.7 Additional Organ-Related
Toxicity and Metabolic
Alterations

When selecting a TKI for an individual patient,
the substance-specific toxicity profile in the con-
text of the class-specific profile (transient myelo-
suppression, fatigue, erythema, exanthema,
laboratory abnormalities) must be taken into
account [81, 82]. Besides biological features of
CML, patient-specific factors (lifestyle, adher-
ence to treatment, personal preferences) also
have to be counterbalanced against data and rec-
ommendations derived from adult guidelines
(Table 20.3). Side effects from TKI treatment are
rarely severe, and cross intolerance between dif-
ferent TKI is observed only rarely [13, 83, 84].
Supportive measures aiming at compensation of
side effects (e.g., gastrointestinal toxicity, skin
rash, bone pain, pleural effusion) are essential to
maintain adherence to TKI treatment [85]. Any
change in laboratory findings or reported health
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Table 20.3 Clinically observed toxicity profile of TKIs licensed for use in adult patients

' Imatinib ' Nilotinib | Dasatinib | Bosutinib Ponatinib
Hematological toxicity (grade 3 and grade 4)
Neutropenia ++ ++ ++++ ++ ++
Thrombocytopenia | ++ ++ ++++ +++ ++++
Anemia + + + + +
Non-hematological toxicity (grades 1-4)
Edema ++++ + ++ ++ —
Nausea ++++ ++ ++ e ++
Vomiting ++ + + ++++ —
Diarrhea +++ + +++ ++++ +
Fatigue ++ ++ +++ ++ ++
Rash ++ +++ ++ +++ ++++
Headache ++ ++ ++ ++ ++
Pleural effusion — +) ++ + _
Vascular/cardiac - + - - ++
Changes in laboratory parameters
Liver enzymes + + - +++ +
Lipase + ++ - + ++
Hyperglycemia - + - - —
Hyperlipidemia - + — - _

Legend: Listed side effect was not investigated (—) in adult study populations. Listed side effect was observed in 0—-10%
(+), 10-20% (++), 20-30% (+++), or >30% (++++) of the adult study populations [76, 81, 90]

Data are derived from first-line and second-line treatments

Table 20.4 Etiology of factors influencing the response

to TKI treatment

Etiology is tumor cell

Dependent

Independent

Quiescence of CML stem

Gender (male | vs.

cell | female 1)
Activation of alternative cell | Previous interferon
survival signaling pathways | exposure 1

l

Influx and efflux Duration of the TKI

transporters affecting the
intracellular TKI
concentration (1 or )

exposure (long
exposure 1)

Selection of resistant
subclones by TKI treatment

1

Reduced intestinal drug
absorption |

Genomic instability leading
to mutations other than
BCR-ABLI; clonal
evolution |

Increased hepatic drug
metabolism by enzyme
induction |

Epigenetic reprogramming
of leukemic stem cells 1

Immune response by
NK-T-cells 1

Drug-drug interactions

(Torl)

Noncompliance |

Arrows denote a favorable (1) or negative (|) impact

(Modified from [108])

problems should take TKIs into consideration as
a causative agent.

TKI treatment is typically associated with
hepatic toxicity (elevated serum transaminases
and bilirubin) [86]. However, grade 3 or 4 liver
toxicity was observed in clinical studies on ima-
tinib or dasatinib in less than 1% of adult patients,
while nilotinib caused elevated ALT or bilirubin
in 4% [87, 88]. Liver toxicity in bosutinib seems
to be more frequent. Side effects with nilotinib
commonly observed in adults comprise hyper-
glycemia, altered lipid metabolism, and increased
risk of PAOD. To what extent these complica-
tions as listed in Table 20.4 also play a role when
treating pediatric CML and are the reason for
switching of TKI treatment still has to be investi-
gated in a systematic fashion [84, 89].

As a more or less specific side effect of dasat-
inib, pulmonary hypertension and pleural effu-
sions have been described in adults [85]; however,
this side effect was not observed in minors [6].
Gastrointestinal toxicity (nausea, diarrhea) is a
major side effect of bosutinib—usually observed
transiently—which requires intensive supportive
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measures in most adults. No clinical data on
ponatinib so far are available for minors. Besides
cutaneous side effects, CVT with venous and
arterial thromboses are of special concern in
adults harboring risk factors [80, 90].

20.2.8 Induction of Malignoma

The development of secondary malignancy is
among the question raised of late effects.
Secondary cancers occur in a small percentage of
patients receiving TKI therapy for CML. One pre-
vious report suggested an unexpected increased
incidence of cancers among patients treated with
imatinib after failure to IFN [91]. Reviewing the
records of 1445 TKI-treated patients experiencing
malignancies demonstrated that secondary can-
cers occur in a small percentage of patients.
However, when analyzed in the context of the
underlying lifetime risk of developing cancer by
the general population and in patients who survive
cancer, no evidence at the moment suggests that
exposure to TKIs is carcinogenic [92].

20.2.9 Gonadal Function
and Pregnancy

Preclinical research in animals suggests that
treatment with TKI can affect both the male and
female reproductive function [93-95]. In adoles-
cents with CML, the long-term effects of first- or
second-generation TKI therapy on puberty or
fertility have been investigated in small cohorts
only suggesting that fertility may be impacted by
TKI therapy [39]. In the largest study to date,
normal testosterone and inhibin B serum levels in
13 boys (median age 13 years, range 8—19 years)
receiving imatinib for a median of 18 months
(range 3-58 months) were reported [95]. Data
from a single study on 48 Chinese adult men
treated for CML with imatinib exhibited reduced
sperm counts, sperm survival rates, and sperm
activity [96]. Ultrasound demonstrated that the
shape and size of the testis and epididymis were
normal; however, in 19 of these patients, hydro-

cele testes were detected. Sex hormone levels in
the sera of these patients were normal. Thus, in
teenagers on long-term TKI exposure, it seems
reasonable to follow pubertal development every
4—6 months. If puberty is delayed or evidence of
sex steroid deficiency is noted, further workup is
warranted, including testis ultrasound examina-
tion and measurement of gonadotropins and sex
steroids.

As of today, more than 150 men have fathered
healthy children while receiving imatinib treat-
ment. Hence, men wanting to have children can
safely remain on imatinib [97, 98]. The data on
second-generation TKIs dasatinib and nilotinib
on this issue are sparse but in small series seem
not to differ completely, while no reports con-
cerning men taking bosutinib or ponatinib are
published [97]. Evidently further studies are
needed to clarify the long-term impact of TKIs
on fertility endpoints for both prepubertal and
postpubertal patients [99, 100].

Concerning pregnancy, all five TKIs are asso-
ciated with a significant embryo-fetal toxicity in
animal studies. Due to the occurrence of congeni-
tal malformations in association with imatinib in
human pregnancy (ranging from minor to more
severe and including skeletal, renal, respiratory,
and gastrointestinal malformations), females of
childbearing age who are receiving TKI therapy
should be counseled on the potential teratogenic-
ity risk to the fetus, particularly when exposure
occurs in early pregnancy [101, 102]. Proper con-
traception should start early in teenagers at child-
bearing age. When a female patient becomes
pregnant while receiving TKI treatment, the dif-
ficulty lies in balancing the risk of possible
teratogenicity to the fetus against the risk to the
patient of treatment change with potentially loos-
ing optimal disease response [97, 103, 104].

If a woman with CML on TKI treatment plans
to become pregnant, the leukemia should ideally
be under control with stable low-level molecular
disease. From a psychological viewpoint, teen-
age girls should be informed early that in adult
medicine clear recommendations and treatment
plans are established to manage pregnancy in
CML [97, 102, 105].
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20.3 Problems in Everyday Life
While on TKI

20.3.1 Ongoing Monitoring
of Residual Disease Is
Mandatory

Operational cure means disappearance of all signs
of CML and return to a “normal” healthy state.
Yet, it remains obscure whether complete eradica-
tion of all leukemic cells has been achieved.
Considering a patient is cured when every leuke-
mia cell has been eradicated is probably an over-
simplification. Thus, the role of adherence to
treatment cannot be over-emphasized as noncom-
pliance arises as a significant obstacle to the suc-
cess of treatment [13, 106, 107]. Evaluating for
adherence at each clinic visit, monitoring BCR-
ABLI test results over time to help identify non-
adherence, and educating patients on staying with
the prescribed treatment regimen can help to opti-
mize treatment outcomes. Once a complete cyto-
genetic remission is diagnosed, molecular
response should be checked every 3 months by
real-time quantitative PCR technology. Secondary
resistance to TKI treatment can be observed at
any time, and mechanisms behind—among many
others (Table 20.4)—may involve point mutations
within the ABL1 kinase domain [108]. Thus,
mutation analysis should be done if treatment
fails, response is suboptimal, or transcript ratio
increases [109]. Transplantation remains the only
potentially curative option for patients in blast
phase, patients with refractory mutations like
T3151, and after failure or intolerance of second-
generation TKI [3, 13, 19, 21, 110]. Thus, CML
management of constantly increasing numbers of
patients on chronic TKI treatment needs standards
as set in guidelines [109], and young CML
patients evidently should be monitored closely.
Side effects occurring in the long-term should be
treated and recorded in a standardized fashion.

20.3.2 Vaccination in TKI-Treated
Individuals

Patients on TKI therapy may receive inactivated
vaccines safely, although lack of knowledge about
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immune dysfunction with TKI is hindering rou-
tine vaccination. Giving live vaccines during TKI
treatment is not recommended in general,
although one study suggests that varicella vaccine
can be given to some immunocompromised chil-
dren [111]. In adults, a study showed that under
TKI treatment, [gM humoral response to pneumo-
coccal vaccine was impaired compared to healthy
controls [112, 113]. However, one report indi-
cated a higher seroconversion rate to HIN1 influ-
enza vaccine in adult CML patients compared to
patients with B-cell malignancies or HSCT recip-
ients. Protective antibody titers were observed in
85% and 95% of the CML patients after the first
and second doses, respectively, compared to con-
trols (100% after the first dose) [112]. Although
data are lacking, a safe alternative might be, when
a deep molecular response is achieved after a few
years of TKI treatment, to interrupt the TKI treat-
ment for several weeks to provide a window for
administering live vaccines [3, 18].

20.3.3 Lifelong TKI Medication and
Aspects of Pharmacokinetics
and Drug-Drug Interactions
(DDils)

DDIs are always a significant safety concern when
continuous medication is required. Many patients
may be treated with polypharmacy because of TKI
side effects or other underlying diseases. Most
TKIs are substrates and inhibitors of cytochrome
P450s (CYPs), raising the potential for harmful
TKI-drug interactions [114]. Overall, after oral
intake, TKIs reach their maximum plasma levels
relatively fast, have a so-far ill-defined absolute
bioavailability, and are highly protein bound and
extensively distributed [115]. The drugs are pri-
marily metabolized by CYP3A4 with other CYP
enzymes playing a secondary role. Fecal excretion
dominates over a minor fraction eliminated with
the urine. The efflux ATP-binding cassette trans-
porters B1 and G2 function in cellular excretion
[116]. Because of the inherent risk of either
reduced activity or enhanced toxicity of the con-
comitant medication and/or TKI, drugs known to
interact with the same CYP isoenzymes (2D6 and
3A4) as imatinib and having a narrow therapeutic
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window (e.g., cyclosporine, sirolimus, tacrolimus)
should be used with caution [109, 114]. In addition
to drugs, grapefruit juice has been shown to
increase blood serum levels of nilotinib, but not of
imatinib [117, 118]. Also the medicinal herb St
John’s wort (Hypericum perforatum) should be
used only with great caution [119]. Nilotinib was
shown to be a potent inhibitor of CYP1A2, 2C9,
and 3A4, while dasatinib is only a weak inhibitor
of these CYP enzymes [120].

20.4 Onthe Way to Cure CML?
20.4.1 Stopping TKI Treatment

Deep molecular responses are achieved by the
majority of patients under imatinib treatment. If
the response is as profound as defined in the first
stopping trial in adults (PCR negative for a period
exceeding 2 years), cessation of TKI treatment can
be successfully performed with maintained
RT-PCR negativity in 40% of adult patients for a
mean period exceeding 4 years. Molecular relapse
in the remaining 60% of patients occurred rapidly
within the first 6 months after stopping in all, but
2%, however, responded in all cases to resuming
TKI treatment [ 14, 121]. No patients progressed to
the advanced phase of CML. Contrasting these
data from adults, only 28% of children fulfilling
the criteria for cessation could stop imatinib suc-
cessfully [16]. As this data stem from a small
cohort of 14 patients only, it might be too early to
conclude that the success rate of stopping attempts
in minors seems to be inferior compared to adults.
Given the earlier and deeper response achieved by
second-generation TKIs, it seems plausible that
nilotinib and dasatinib will induce a situation
when the TKI may be stopped earlier. However, it
should be kept in mind that this cure should be
termed “operational cure” as a DNA-based PCR
might reveal BCR-ABL1-positive cells that were
not detected by RNA-based real-time quantitative
PCR [122, 123]. Ongoing monitoring by RT-PCR
for BCR-ABLI therefore is mandatory after stop-
ping TKI in close intervals. To make things more
complicated, an ultrasensitive PCR technique can
even discover a low level of BCR-ABL1 transcript
in the blood of normal individuals [124, 125].

Stopping TKI in pediatric patients has so far
been reported in less than ten patients [16, 126,
127]. Following recommendations as established
for adults, children should have achieved a very
low level of MRD (<MR4.5) and maintained this
level for a 2-year period before the TKI is with-
held. Evidently a 3-log reduction is not safe
enough to stop treatment because in adults the
STIM study used a 4.7-log reduction and the
Australian Twister study used a 4.5-log reduction
for their definition of complete molecular remis-
sion [14, 15]. As scoring systems applied in adults
(Sokal-, Euro-, EUTOS-score) are of non-proven
value in children, no prognostic parameters so far
can help with decision-making in minors [128]. It
must be emphasized that with the currently very
limited experience accumulated, TKIs should be
discontinued only in the setting of a clinical trial.

20.4.2 Antitumor Cell Vaccines

It has been learned from donor lymphocyte infu-
sions in the context of SCT that CML cells are erad-
icable by immune attacks. Ongoing immunotherapy
approaches are directed at (1) the immune control in
stable molecular remission and (2) targeting at the
leukemic stem cell [108, 129]. The BCR-ABLI
kinase represents a tumor-specific protein because
of its unique amino acid sequence across the junc-
tion region. Peptides derived from this junction
region have been administered in vaccination stud-
ies. Another approach is based on the use of
GM-CSF transduced KJ562 cells as allogeneic vac-
cine. Antigens that are overexpressed in leukemic
cells and either not expressed or at low level
expressed in normal cells have been investigated
with the most promising candidates PRTN3, WT1,
and HMMR having entered already clinical trials.
As a more general promising approach against leu-
kemias and solid cancers, the generation of potent
cytotoxic T-cells in vitro is considered [130-132]. It
is anticipated that effective vaccination strategy
would enable a greater proportion of patients to
safely discontinue TKI treatment, but presently
these studies are recruiting adult patients only.
When having reached the age of 18 years, it might
be prudent to enroll adolescents and young adults
early in such vaccination trials if appropriate.
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20.4.3 Cure of CML by Targeting
Leukemic Stem Cell

Overcoming mechanisms of resistance for treat-
ment of insufficient response and failure are the
goals of treatment using new substances with or
without in combination with TKIs. A compre-
hensive overview of all approaches presently
tested preclinically or in phase I trials is beyond
the scope of this article. Figure 20.2 gives an
impression of the multiple possible cellular
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Fig.20.2 Alternative signaling pathways for overcoming
resistance of CML stem cells against tyrosine kinase
inhibitors. Abbreviations: Sonic hedgehog (Shh), Indian
hedgehog (Ihh), Desert hedgehog (Dhh), Smoothened
(Smo), STATS (signal transducer and activator of tran-
scription), Retroinverso BCL6 peptide inhibitor (RI-BPI),

pathways representing possible future targets as
a challenge to overcome CML stem cell resis-
tance to all currently available TKIs [108, 133].
The strategies that specifically target CML stem
cells which are currently being explored look
promising; however, it seems not unlikely that
side effects and late effects may also be associ-
ated with these approaches. Ongoing monitor-
ing and a well-organized transition of pediatric

patients into internal medicine are mandatory
(Table 20.5).
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Table 20.5 Lifelong monitoring of CML and management of possible TKI side effects

Issue

Assessment

Time point

Consequences and tests

Monitoring of minimal
residual disease (MRD)

Quantitative analysis of ratio
BCR-ABL1/control gene
from peripheral blood

Every 3 months

None, if ratio <0.1 (MR3.0) is
maintained

If ratio increases from a very low
level by half a log and if this is
confirmed within 4 weeks,
suspect imminent relapse or
resistance to TKI, and seek
advice of a CML specialist to
switch to a different TKI

If ratio <0.01 (MR4.0) is
maintained continuously or even
undetectable for a minimum of
longer than 2 years, seek advice
of a CML specialist for inclusion
into a stopping trial

Monitoring to exclude or
detect organ-specific side
effects

Full blood count and
differential count

Every 3 months

Extend diagnostics if not within
the normal range, seek advice of
an hematologist

Cardiac toxicity and pleural
effusions

Every 6 months

Monitoring by ECG, ECHO

Thyroid gland

Every 6 months

TSH, T3, T4

Skin

When side effect
is complained

Edema: Limit sodium diet

(2 g/d); add diuretics if severe
Morbilliform eruption: topical
steroids or short course of oral
steroids; treatment interruption if
grade III/IV

Pigmentary changes: typically
reversible with dose reduction/
termination

Bone quality

Every
12-24 months

DEXA scan; refer to
endocrinologist if irregular
findings are observed

Glucose metabolism

Every 3 months

HbA ¢ blood level; refer to
endocrinologists if irregular
glucose metabolism is suspected.
Keep in mind that treatment with
imatinib may result in an
improved fasting blood glucose
level thus allowing a consequent
reduction of oral antidiabetic
drugs or insulin dosage

Teratogeni-city of TKIs Only applies to sexu-ally Depending on Safety and practicability of
active and premenopausal contraceptive optional contraceptive measures
females measures must be discussed and adopted to

the individual case

Planned pregnancy Options depend on prior Individual Ideally postponed until low-level
duration and success of CML | approach MRD is achieved. TKI treatment

treatment

must be stopped prior to
conception and may be replaced
by treatment with IFN. Seek
advice of a CML expert
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20.5 Recommendation for a
Long-Term Follow-Up
Schedule

Long-term follow-up is performed according to
the recommendations of the International
Guideline Harmonisation Group (www.ighg.org)
and of the Children’s Oncology Group (COG)
(http://www.survivorshipguidelines.org/). ~ For
Psychosocial Follow-Upthe reader is also
referred to the guidelines prepared by the
PSAPOH (Psychosoziale Arbeitsgruppe in der
Padiatrischen Onkologie und Hématologie) for
the psychosocial care of childhood and adoles-
cent cancer patients, even if the main focus is on
acute care (www.awmf.org/leitlinien/detail/
11/025-002.html).
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Childhood NHL diseases tend to an early sys-

Childhood and adolescent non-Hodgkin lympho-
mas (NHL) are a heterogeneous group of various
lymphoid neoplasms. These include all malig-
nant lymphomas that are not classified as
Hodgkin’s lymphoma. NHL were a near-fatal
disease until the early 1970s. Over 80% of
affected children died within the first 2 years
after diagnosis. This situation has changed com-
pletely as today, in modern industrial nations,
more than 80% of children with NHL are cured
by combination cytostatic therapy.

Lymphoblastic lymphomas are treated accord-
ing to therapeutic strategies as used in acute lym-
phoblastic leukemia. Burkitt lymphomas and
non-lymphoblastic NHL are treated with short
intensive high-dose chemotherapy courses based on
corticosteroids, cyclophosphamide, and methotrex-
ate (MTX). Both therapy regimes are also effective
in treatment of large-cell anaplastic lymphomas.
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temic generalization. Thus effective combina-
tion chemotherapy is the backbone of a
successful treatment strategy. The risk for relapse
increases with grade of spread and tumor mass
which are important criteria for setting intensity
and duration of therapy. Because of the high ten-
dency for systemic spread, the treatment of the
extra compartments central nervous system
(CNS) and testicles has a similar importance as
in the treatment of acute leukemia. A key step in
the development of today’s treatment concepts
was the recognition that different NHL subtypes
require a very different chemotherapy strategy.
The distinction between lymphoblastic and non-
lymphoblastic lymphomas is the most important
therapeutic strategy subdivision [1]. For lym-
phoblastic lymphomas, therapeutic strategies of
ALL based on the principle of continuous expo-
sure to cytostatic drugs over long periods of time
are an adequate treatment [2-5]. In the therapy
of Burkitt-type lymphomas and other highly
malignant non-lymphoblastic NHL, a strategy of
short intensive chemotherapy courses with high-
dose intensity based on corticosteroids, cyclo-
phosphamide, and MTX proved more effective
[2-7]. This therapy is in principle also effective
in the treatment of large-cell anaplastic lympho-
mas [8, 9]. Internationally, a division of child-
hood NHL into three major therapeutic groups
has prevailed:
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1. Lymphoblastic lymphomas
2. Peripheral B-cell lymphomas (B-NHL)
including Burkitt lymphoma and B-ALL
3. Large-cell anaplastic lymphomas (indepen-
dent of immunophenotype)
With such a stratified therapy, patients of all enti-
ties have approximately comparable chances of
survival. For some numerically small subentities
as peripheral T-cell lymphomas and NK-cell
lymphomas, the most appropriate form of ther-
apy is still unclear. It is noteworthy that the suc-
cesses of the 1980s and 1990s were achieved
with medicines already available in the 1970s.
The event-free survival after 5 years increases
from 61% in first NHL-BFM study to 84% in
study NHL-BFM 95.

21.2 Treatment of NHL in the Past
and at Present

21.2.1 First NHL-BFM Study 1975/81

In 1975 Hansjoerg Riehm initiated at Children’s
Hospital of Free University in West Berlin the
first cooperative multicenter therapeutic study of
the BFM group on childhood and adolescent
NHL. From 1975 to 1981, 116 patients up to the
age of 16 were included from 17 institutions in
Western Germany, West Berlin, and Vienna
(Austria). Due to the common lymphoid origin
of NHL, the treatment strategy was based in gen-
eral on childhood acute lymphoblastic leukemia
(ALL) treatment protocol of the BFM group
which has been effective in the treatment of chil-
dren with ALL. Thus therapy in study NHL-
BFM 1975/81 contained of an initial single dose
of cyclophosphamide and a multidrug induction
therapy for 8 weeks (protocol I) with prednisone,
vincristine,  daunorubicin, L-Asparaginase,
cyclophosphamide, Ara-C, MTX (intrathecal),
6-mercaptopurine, and a cranial radiotherapy
with 18 Gy for patients with standard risk for
relapse or 24 Gy for patients with high risk for
relapse; for CNS-positive patients, the dosage
for cranial radiotherapy was 30 and 24 Gy for
neuroaxis [2]. Additionally, patients of high-risk

group received the reintensification strategy
(protocol II) for 6 weeks with dexamethasone,
vincristine, doxorubicin, L-Asparaginase, cyclo-
phosphamide, Ara-C, intrathecal MTX, and
6-thioguanine. Study BFM 1975/81 was the first
one which reached well results of continuous
complete remission (CCR) in 61% for all patients
(74% for patients with lymphoblastic NHL), but
the results for B-NHL were much worse with
CCR of 32%. The treatment strategy for lym-
phoblastic NHL is based on the elements “induc-
tion” and “reintensification” for stages III and IV
which is similar to therapy of acute lymphoblas-
tic leukemia with some modifications to mini-
mize late effects by decreasing the dosage of
radiotherapy. The therapy used in the BFM
1975/81 study was ineffective in treating patients
with B-NHL. Thus a new therapy was developed
for that group.

21.2.2 Study NHL-BFM 81/83: Short
Pulse-Type Chemotherapy
for B-NHL

Based on the results of study NHL-BFM
1975/81, the BFM group developed a new treat-
ment regimen for patients with B-NHL in the
subsequent study NHL-BFM 81/83. The ther-
apy consisted of two alternating 5-day courses
based upon dexamethasone, intermediate-dose
MTX (500 mg/m?), cyclophosphamide, and
intrathecal MTX supplemented by VM26 and
cytarabine in course 1 and by doxorubicine in
course 2 [3]. The principles of the treatment
strategy by Giinter Henze, Berlin, for B-NHL
were:

1. Combination of drugs with different mecha-
nisms of action and few overlapping
toxicities

2. High-dose intensity over time by keeping
intervals between therapy courses as short as
possible

3. Efficient CNS-directed therapy to block the
strong tendency for invasion of the CNS

Dexamethasone was included because of its activ-

ity in the cerebrospinal fluid. Cyclophosphamide
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had been proven to be effective as a single agent
in children with Burkitt lymphoma in Africa [10].
And higher doses up to 30 mg/kg MTX in single
use combined with leucovorin had been demon-
strated efficacious in children with Burkitt lym-
phoma [11]. Pharmacologic studies showed that
therapeutic levels of MTX could be achieved in
the cerebrospinal fluid by systemic administration
of higher doses [12] and epipodophyllotoxins had
proven to be active in resistant NHL in adults
[13]. The proliferation activity of Burkitt lym-
phoma with a cell doubling of 25 h is extremely
high [14], so a principle on this course based ther-
apy was to maintain cytotoxically active drug
concentrations by means of fractionated adminis-
tration or continuous infusion over a period that is
long enough to impact as many lymphoma cells
as possible during the vulnerable active cell cycle
[6]. So in consequence the regimen of two alter-
nating 5-day courses increased the continuous
complete remission for patients with dissemi-
nated B-NHL to 67% compared to 34% in study
NHL-BFM 1975/81.

21.2.3 Stratification of Treatment

The results of study NHL-BFM 1975/81 showed
that stage of disease had a prognostic impact in
B-NHL, so in subsequent studies, the role of
stage for stratification differed between the treat-
ment groups. In the treatment group lymphoblas-
tic lymphoma, formerly called nonB, treatment
intensity was stratified according to stage I + II
versus stage III and IV since the study NHL-
BFM 81/83. Patients with stages III or IV
received delayed reintensification with protocol
IIT or protocol II from starting with study NHL-
BFM 86.

In therapy group B-NHL, treatment intensity
was also stratified by stage. In the NHL-BFM
81/83 study, patients with stage II were subdi-
vided into (1) the tumor was completely resected
(stage II-R) or (2) not (stage II-NR). Patients with
stage I and II-R received only four of the newly
designed B-courses resulting in a rate for CCR of
100% [3]. In the subsequent studies for these
patients, the number of therapy courses was

reduced to three in study NHL-BFM 86 and only
two courses in studies NHL-BFM 90 and NHL-
BFM 95 without an increase of relapses [4, 15,
16]. Patients with stages II-NR, III, and IV
received eight courses of the newly designed
B-type therapy in study NHL-BFM 81/83 result-
ing in rate for continuous complete remission of
67% as described above. All in all, three param-
eters seemed to have significant influence on
treatment outcome. That results to the subdivi-
sion into three arms of therapy intensity: bone
marrow involvement, CNS involvement, and
serum concentration of lactic dehydrogenase
(LDH) as a parameter of tumor mass. In study
NHL-BFM 86, a benefit was found for patients
with NHL of stage IV and B-cell acute lympho-
blastic leukemia by introducing treatment of
high-dose MTX (HD-MTX; 5 g/m?) [17]. Results
of a retrospective analysis of study NHL-BFM 86
showed that patients with stage III and prethera-
peutic serum LDH concentrations >500 U/L had
a significantly worse event-free survival (43%)
compared to stage III patients with LDH
<500 U/L (85%). Thus in study NHL-BFM 90,
LDH was used as an additional parameter for
stratification of therapy intensity [15]. Since
study NHL-BFM 95, stratification into four treat-
ment arms based on stage, resection status, LDH,
and CNS involvement was done. That treatment
strategy provided for patients with resected dis-
ease (10% of patients) or unresected and low
LDH (45% of patients) an event-free survival of
>95% with only two and four therapy courses,
while patients with intermediate LDH of very
LDH 1000 U/L or/and CNS involvement
achieved an event-free survival of >80% with five
and six therapy courses [18].

21.2.4 Local Therapy

The role of local therapy changed over the period
of the studies from an obligatory part of treatment
to an optional role for specific patients. The initial
surgery has mainly scientific reasons for asserva-
tion of appropriate tumor issue for comprehensive
diagnostics. Complete resection is only beneficial
for patients with localized B-NHL so they have a
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favorable outcome with only 5-day chemotherapy
courses. Meanwhile the outcome for patients with
localized tumors is favorable with chemotherapy
alone, so surgery is not required [18]. Debulking
surgery for patients with large tumors has no ben-
efit but potentially decreases the prognosis due to
delay of starting treatment with chemotherapy [8].

Second-look surgery after two or three ther-
apy courses was mandatory in studies BFM-NHL
81/83 and BFM-NHL 83/86 for patients with
B-NHL and was confined to B-NHL patients
with residual tumor on imaging since study
BFM-NHL 86. Since study NHL-BFM 95 indi-
cation of second look surgery was reduced to
B-NHL patients with residual tumors after five
courses of chemotherapy [18].

In the first study BFM-NHL 1975/81, local
radiotherapy was mandatory for all patients [2]
and was confined to patients with incomplete
response in the subsequent studies and com-
pletely canceled in study NHL-BFM 90 without
increase of local relapses [4].

21.2.5 CNS Therapy and Prevention

In study NHL-BFM 1975/81, all patients received
cranial radiotherapy for prevention of CNS
relapses. In case of detection lymphoma cells in
CNS at diagnosis, additional spinal irradiation
was performed [2]. In studies NHL-BFM 83/86
and NHL-BFM 90, there was performed an intra-
ventricular administration of MTX for CNS-
positive patients by an ommaya reservoir but
there was no survival benefit achieved. During
the subsequent studies, irradiation of the CNS
was stepwise eliminated and substituted by sys-
temic HD-MTX combined with intrathecally
administered chemotherapy without increase of
CNS relapses [19]. Since study NHL-BFM 95,
only CNS-positive patients up from 1 year of
age with lymphoblastic lymphoma receive cra-
nial irradiation in age-adapted dosage [20].

21.2.6 Methotrexate as a Key Drug

MTX administered by continuous infusion over
24 h combined with tetrahydrofolic acid was part

of the newly designed treatment courses (by
Giinter Henze) which resulted in a dramatically
improved outcome of patients with advanced-
stage B-NHL in study NHL-BFM 81/83 [3].

In the subsequent studies, it became clear that
MTX is akey drug in the treatment of B-NHL. The
event-free survival increased from 50 to 75%,
while the dose increased tenfold from 0.5 g/m? in
studies NHL-BFM 81/83 and NHL-BFM 83/86 to
5 g/m? in study NHL-BFM 86 [17]. In contrast
HD-MTX contributes to the toxicity of treatment,
especially orointestinal mucositis, which increases
the risk of sepsis and toxic death. Prolonging the
duration of exposure to MTX increases its activity
in vitro but also its clinical toxicity [21, 22]. Study
NHL-BFM 95 showed that shortening the infu-
sion time pf HD-MTX from 24 to 4 h reduced the
incidence of severe mucositis [18], but in patients
of higher-risk groups R3 and R4, the failure rate
increased when the infusion time of MTX was
reduced. By contrast, shortening the infusion time
of MTX to 4 h had no adverse impact on outcome
in intermediate- and low-risk groups R1 and R2.
In the subsequent study B-NHL-BFM 04, the
MTX regimen for patients with B-NHL was 1 g/
m? by infusion over 4 h in risk groups R1 and R2
and 5 g/m? by infusion over 24 h in risk groups R3
and R4.

21.3 Late Effects After NHL
Treatment

One of the treatment’s consequences for child-
hood cancer survivors compared to the healthy
control group is an increased risk for late mortal-
ity beyond 5 years after cancer diagnosis even
though it was decreased over the last years due to
the therapy modifications [23]. In this section the
issues of late effects focused on childhood NHL
survivors are described.

21.3.1 Toxicity of Substances in NHL
Treatment

Substances used in treatment of NHL can cause
several late effects years or even decades after
finishing therapy which are:
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1. Prednisone and dexamethasone: reduced bone
density, osteonecrosis, and cataract,

2. Vincristine: polyneuropathy and paresthesia,

3. Daunorubicin and doxorubicin: acute myelog-
enous leukemia (second neoplasm) and
cardiotoxicity,

4. Cyclophosphamide and ifosfamide: infertil-
ity, acute myelogenous leukemia (second neo-
plasm), and myelodysplastic syndrome,

5. Cytarabine: neurocognitive deficits,
and reduced intelligence quotient (IQ),

6. Methotrexate: reduced bone density, neuro-
cognitive deficits, and reduced intelligence
quotient (IQ),

7. 6-mercaptopurine and 6-thioguanine: hepatic
impairment and veno-occlusive disease as the
result of acute toxicity

21.3.2 Summary of Late Effects

Among all childhood cancer survivors,
non cancer-related mortality is the leading cause
of death by approximately 30 years from cancer
diagnosis. Thus survivors of childhood NHL
have increased mortality rates compared to the
general population. As investigated by the
Childhood Cancer Survivor Study, NHL survi-
vors are at risk for all-cause mortality [standard-
ized mortality ratio (SMR) 4.2] and increased
risk for death from subsequent malignant neo-
plasms (SMR 26.7), cardiac disease (SMR 6.9),
and pneumonia with or without the history of
splenectomy (SMR 15.4) [24].

Additionally, it is well-known that cranial
radiotherapy can cause neurocognitive deficits
and motor function deficits as late effects [11].
Current data about acute leukemia patients show
also an increased risk of developing this issue of
late effects also for those patients who received
chemotherapy only [25]. Adult survivors of child-
hood NHL may have also impaired neurocogni-
tive function, which is associated with lower
social attainment and poor quality of life [26].
There are also signs of accelerated aging shown
25 years after NHL therapy [19]. NHL survivors
have an increased risk for depression from the
group of psychological diseases as well [27].

An analysis by Ehrhardt et al. which focused on
childhood NHL survivors of the St. Jude Lifetime
Cohort Study (SJLIFE) showed as most prevalent
severe life-threatening conditions (grades 3-4)
obesity (35%), hypertension (9%), impairment of
executive function (13%), attention (9%), memory
(4%), impaired strength (48%), flexibility (39%),
muscular endurance (36%), and mobilty (36%);
the most prevalent chronic conditions in the same
investigation were overweight/obesity (65%), ele-
vated fasting glucose (37%), high total cholesterol
(35%), and hypertension (25%) [28].

According to an investigation by Bhakta et al.
from the St Jude Lifetime Cohort Study, child-
hood NHL survivors experience on average 15.1
grade 1-5 and 3.9 grade 3-5 chronic health con-
ditions per individual by 50 years of age [29].
According to that study, the diagnosis groups of
late effects are auditory, infections, reproductive,
neurology, muscoloskeletal, endocrine, pulmo-
nary, gastrointestinal, ocular, hematology, renal,
cardiovascular, and neoplasms.

For several years rituximab, a chimeric anti-
CD20 monoclonal antibody, has led to improved
response rates in the treatment of childhood
B-NHL, but from the current point of view, there
is no knowledge about late effects which should
be investigated in future trials [30].

The reader is also referred to the Chaps. 1-17,
37-44 of this book.

Long-term follow-up of childhood NHL survi-
vors is performed according to the recommenda-
tions of the International Guideline Harmonization
Group (www.ighg.org), to the Children’s
Oncology Group (COG) (http://www.survivor-
shipguidelines.org/) and to the LESS study (www.
nachsorge-ist-vorsorge.de) in Germany.

21.3.3 Psychosocial Follow-Up

The reader is also referred to the guidelines pre-
pared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pédiatrischen Onkologie
und Héamatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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and Christine Mauz-Koérholz

22.1 Treatment for Hodgkin
Lymphoma in Childhood

and Adolescence

Pediatric Hodgkin lymphoma (HL) has now been
treated successfully in cooperative group trials
[1-5] since the late 1970s. In adult patients with
early-stage disease, high-dose extended field
radiation was shown to be effective.
Chemotherapy combinations of mechloretha-
mine, vincristine, procarbazine and prednisone as
well as doxorubicin, bleomycin, vinblastine and
dacarbazine (ABVD) or combined-modality
treatment were only given for advanced disease
[6]. For children, these treatments were modified
by reducing radiotherapy and field size and
applying chemotherapy across all disease stages.
When concerns about late effects of treatment in
aging survivors of pediatric cancer emerged [7—
10], general treatment approaches started to
change. The use of alkylators was reduced, and
the number and composition of chemotherapy
cycles were adapted to individual risk factors
[2—4, 11, 12]. Radiotherapy (RT) was limited to
involved fields and doses adapted to disease risk
[1-4]. Furthermore, the concept of tailoring ther-
apy in dose-dense regimens by using early
response  assessment was refined [12].
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Procarbazine was gradually eliminated to reduce
the risk of male infertility; etoposide and doxoru-
bicine were substituted to reduce the cumulative
alkylating dose [12-15]. Varied treatment
approaches for pediatric HL have evolved by col-
laboration among cooperative groups. Most
European and North American study groups have

pursued combined-modality treatment
approaches [4, 14, 16-25]. Central and South
American groups however used to favor

chemotherapy-only regimes [26, 27].

22.1.1 Evolution of Treatment by
Consecutive Trials

The most recent European trial builds on the
experience from eight successive DAL/GPOH
study generations starting the first trial in 1978.
Treatment of pediatric Hodgkin’s lymphoma has
stepwise been optimized since and established
the current standard in the participating coun-
tries. From the second study generation
(DAL-HD-82) onward, the backbone of the treat-
ment strategy has been constituted, and changes
have evolved gradually.

Patients have been stratified into three treat-
ment groups (TG-1, TG-2, and TG-3) according
to Ann Arbor stage (TG-1 stage IA/B and IIA;
TG-2 stage IEA/B, IIEA, IIB, and IIA; TG-3
stage IIEB, IIIEA/B, IIIB, and IVA/B). All
patients started treatment with two intensive
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induction chemotherapy cycles. Initially, the
OPPA cycle comprised the standard treatment for
induction, and later the OEPA cycle was used.

Patients in TG-2 and TG-3 received two and
four chemotherapy cycles for consolidation,
respectively. The COPP cycle comprised the
standard consolidation treatment, and the
COPDAC cycle was used later.

Following chemotherapy, all patients used to
receive involved field radiotherapy (RT). Then
involved-node RT was administered in selected
cases only and based on response assessment.
For details and treatment evolution over 30 years
from DAL-HD 78 up to GPOH- HD 2002, see
Table 22.1.

22.1.2 Elimination of Procarbazine
and Introduction of Dose-
Dense Chemotherapy
Regimen to Preserve Male
Fertility

After it became apparent that procarbazine
induces male infertility [28], several attempts
were made to eliminate procarbazine from the
OPPA (vincristine, procarbazine, prednisone,
doxorubicin) and COPP (cyclophosphamide,
vincristine, procarbazine, prednisone) cycle in
order to reduce male infertility and preserve high
cure rates.

In the DAL-HD 85 study, procarbazine was
omitted in OPA (vincristine, prednisone, doxoru-
bicin) and replaced by methotrexate in COMP
(cyclophosphamide, vincristine, methotrexate,
prednisone). By eliminating procarbazine, male
fertility indeed was preserved [28, 29], but treat-
ment efficacy was compromised with 4-year EFS
rate dropping to 54-86% [30]. In the following
study generation DAL-HD 87, procarbazine was
reintroduced into the COPP cycle but still omit-
ted in the OPA cycle. 7-year EFS and overall sur-
vival (OS) rates for all patients improved (85%
and 97%, respectively) [31] but still were lower
than in the previous DAL-HD 82 study genera-
tion. Induction treatment was therefore re-
intensified in the following DAL-HD 90 study:
female patients received again OPPA cycles; in

male patients, procarbazine was replaced by
500 mg/m? etoposide given over 4 days (OEPA)
[4]. With this strategy, EFS rate and OS improved
again to results comparable to the previous
DAL-HD 82 study although therapy intensity
was clearly reduced. By introducing etoposide,
the rate of male infertility was significantly
reduced [32] in TG-1 (2x OEPA), while about
half of the male patients in TG-2 and TG-3 still
showed abnormal FSH values after 2x or 4x
COPP cycles. There was however a tendency for
worse EFS in male patients compared to female
patients. Based on the assumption that OEPA was
less effective than OPPA, OEPA was intensified
extending etoposide administration from 4 to
5 days (OE*PA with 20% more etoposide).
Furthermore procarbazine was replaced by dacar-
bazine in the COPP cycle resulting in COPDAC
(cyclophosphamide, vincristine, dacarbazine,
prednisone) as procarbazine could not be dropped
without being replaced by an appropriate substi-
tute. Dacarbazine is less likely to cause infertility
in males and a premature menopause in females.
In the following HD 2002 pilot study, all male
patients received a completely procarbazine-free
regimen with intensified OE*PA and COPDAC
cycles. Outcomes of male patients treated with
the OEPA-COPDAC regimen were comparable
to those of female patients receiving the OPPA-
COPP standard treatment [14]. In contrast to
these gender-stratified trials, the effect of OE*PA-
COPDAC versus OE*PA-COPP was the subject
of the following EuroNET-PHL-C1 trial. All
patients now received OE*PA, but patients in
intermediate- (TG-2) and high-risk (TG-3)
groups were randomized to receive either COPP
or COPDAC.

22.1.3 Response Adaptation
to Reduce or Eliminate RT

In HL trials in adults, RT remains an essential com-
ponent of treatment, especially for patients with
early-stage disease who are treated with ABVD
chemotherapy. The combined-modality approaches
provide high response rates with EFS rates of 90%,
but the risk of radiation-induced late effects such as
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secondary malignancies, cardiovascular disease,
and thyroid dysfunction in survivors after pediatric
HL increases throughout their lifetime [9, 10, 33—
35]. Pediatric HL. study groups therefore balance
the risk-benefit ration differently.

The DAL/GPOH-HD/EuroNet-PHL study
group successfully reduced RT over eight con-
secutive trials. For the development of RT regi-
men by systematic radiotherapy reduction and
elimination strategies in the DAL/GPOH-HD/
EuroNet-PHL trials, see Table 22.1.

In the GPOH-HD 95 trial, RT was omitted for
the first time in patients achieving anatomic CR
after OEPA-COPP chemotherapy. In contrast to
patients with low-risk disease, patients with inter-
mediate- and advanced-stage disease and CR
showed a significantly lower 10-year progression-
free survival (PFS) than patients who did not
achieved CR and therefore received IFRT [21]. In
conclusion, assessment by anatomic response at
completion of chemotherapy was not adequate to
identify patients in whom RT can be spared with-
out increasing the risk of relapse. In the following
EuroNet-PHL-C1 study, RT was omitted in patients
whose PET scans were negative after two initial
intensified OE*PA cycles. Preliminary data sug-
gest that this strategy is feasible to identify patients
to have good long-term survival without RT.

The reader is also referred to the Chaps. 39, 40
of this book.

22.1.4 Standardizing the Definitions
for FDG-PET Imaging
for Initial Staging
and Response Assessment

Functional FDG-PET imaging was increasingly
used in Hodgkin’s lymphoma already in the
1990s, and it is now routinely used in most cen-
ters. FDG-PET can image the entire body detect-
ing peripheral metastatic lesions and more lesions
than detected by CT/MRI. It can also better dis-
tinguish between vital and fibrotic/necrotic resid-
ual masses. This may have impact on disease
stage and thus treatment intensity for some
patients. FDG-PET images are currently inter-
preted visually, which is subject to high intraob-
server variability [36] and should therefore be

centrally reviewed within a clinical trial for qual-
ity assurance. FDG-PET-guided response adap-
tion is increasingly used, but evaluation may
differ by study groups. For the current EuroNet-
PHL C2 trial, the definition for PET response
was changed to a higher threshold for PET posi-
tivity with the aim to omit RT in more than 50%
of all patients. Figure 22.1 shows FDG PET scan
at initial staging and response assessment.

22.1.5 New Agents

New drugs have been studied in patients with
relapsed of refractory HL and showed so far prom-
ising results for brentuximab vedotin and nivolumab
[37]. Bretuximab vedotin has already been intro-
duced into first-line-treatment in adults and children
with advanced disease [38, 39] with the aim to fur-
ther reduce the number of patients who require
RT. Long-term effect caused by new agents are not
yet clear and need to be carefully monitored.

Late Effects of Treatment
of Hodgkin Lymphoma
in Childhood

and Adolescence

22.2

Long-term survivors of pediatric Hodgkin lym-
phoma are at risk for a wide range of late effects
[40], with second malignant neoplasm and car-
diovascular diseases being the leading causes of
death in these patients [41]. The excess risks
remain significantly elevated decades after treat-
ment and are clearly associated with extent of
treatment exposures. With adoption of new
agents and contemporary treatment techniques in
the evolution of HL-treatment, late effect risks
need to be further monitored and follow-up rec-
ommendations continuously updated.

22.2.1 Second Malignancy

Pediatric HL survivors have an excess risk of a
solid second malignancy that is clearly associated
with RT and persists after treatment. Cumulative
incidence increased up to 23.5% at 30 years
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Fig. 22.1 Non-fused
("*F)fluoro-deoxy-
glucose (FDG) positron
emission tomography
(PET) images of coronal
slices at initial diagnosis
(left) and at response
assessment (right) after
two cycles of OE*PA in
a 10-year-old patient
with classical Hodgkin
lymphoma

[33, 42, 43]. Breast cancer is the most common
solid second malignancy followed by thyroid can-
cer. Other second malignancies include tumors of
the bone/connective tissue and esophagus; colorec-
tal, lung, and gastric cancers; and melanoma at a
younger age than expected in the general popula-
tion, necessitating ongoing surveillance of this
high-risk population Modern diagnostics, i.e., lig-
uid biopsy, are currently under evaluation and may
facilitate screening procedures in the future.

The reader is also referred to Chap. 14 of this
book.

22.2.2 Cardiovascular Disease

HL survivors have a significant risk for cardiovas-
cular disease (CVD) [34, 35]; both radiotherapy
involving the heart and chemotherapy containing
anthracyclines can increase the risk. Radiation-
induced CVD includes coronary artery disease,
valvular heart disease, myocardial dysfunction,
electrical conduction abnormalities, and pericar-
dial disease. Anthracyclines may, depending on
the cumulative dose, lead to both acute cardiomy-
opathy and chronic cardiac conditions, especially

U. Hennewig et al.

congestive heart failure (CHF) [34, 35, 44-46].
Subclinical disease may be frequent, and sudden
cardiac death due to silent coronary artery disease
has been described [47]. HL survivors aged 50
will experience more than two times the number
of chronic cardiovascular health conditions and
nearly 5 times the number of more severe cardio-
vascular conditions compared to the general pop-
ulation. On average, HL survivors at risk have one
severe, life-threatening, or fatal cardiovascular
condition [48]. HL survivors were 4.4 times and
6.7 times more at risk of ischemic heart disease
and cardiomyopathy/heart failure death, respec-
tively, than expected [49]. HL survivors with radi-
ation to the cervical or mantle region may also
seem at risk to develop cerebrovascular disease
such as premature carotid stenosis, transient isch-
emic attack, and stroke [S0-52].

The reader is also referred to Chap. 1 of this
book.

22.2.3 Pulmonary Dysfunction

Radiation to the lung appears to have the most
significant impact upon the lung; survivors can
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develop chronic pulmonary conditions such as
chronic cough, oxygen need, lung fibrosis, and
recurrent pneumonia. Compared to their siblings,
patients after lung irradiation with 15 to <25 Gy
have a 6.2-11.0 increased risk to develop lung
fibrosis and a 2.9-3.1 increased risk for recurrent
pneumonia [53].

The reader is also referred to Chap. 6 of this
book.

22.2.4 Endocrinopathies

22.2.4.1 Fertility Impairment
RT and chemotherapy can both have an effect on
the fertility of men and women, depending upon
RT dose and cumulative dose of chemotherapy. In
men, radiation doses of <1.2 Gy are associated
with a reduced chance of recovery of spermatogen-
esis. In women treated at age 15—40 years, ovarian
doses of 2.5-5 Gy will lead to permanent ovarian
failure in 30-40% [54]. The risk for infertility after
chemotherapy depends on the cumulative dose of
alkylating agents. In men, procarbazine causes a
high and dose-related incidence of testicular dys-
function in prepubertal as well as in pubertal boys
affecting Leydig cell function and spermatogene-
sis, mostly resulting in azoospermia [28]. Woman
appear to be less affected [55] but are at risk for
premature ovarian insufficiency [56, 57].

The reader is also referred to the Chaps. 9, 10,
12 of this book.

22.2.4.2 Thyroid Dysfunction
Long-term risk in pediatric HL survivors to
develop hypothyroidism can be 40% or higher
after RT to the neck region [40, 58]. The risk of
hypothyroidism after RT is dose related. Adult
HL patients showed a risk of 70.8% to develop
hypothyroidism, if the thyroid gland volume
receiving 30 Gy was greater than 62.5% [54].
The reader is also referred to Chap. 8 of this
book.

22.2.5 Other Late Effects

Fatigue is common after HL and local atrophy of
muscle and connective tissue may occur. An
increased risk of diabetes has been described
[54]. Patients after splenectomy for staging are at
risk for severe infections [59].

22.3 Recommendation for
Follow-Up Exams After
Treatment of Hodgkin
Lymphoma in Childhood
and Adolescence

Lifelong regular follow-up exams according to
the risk given by the individual treatment are rec-
ommended as given in Table 22.2. Recent
evidence-based follow-up recommendations by
organ at risk can be reviewed at www.ighg.org, at

Table 22.2 Recommendation for risk-adapted follow-up care in long-term survivors after Hodgkin lymphoma in

childhood and adolescence

Start of Surveillance
Organ Risk factor surveillance modality Frequency References
Heart, RT to mediastinum | No later than Cardiac exam, Every 2 years, [60-62]
cardiovascular and anthracyclines | 2 years after end | blood pressure, prior to
system of treatment ECG, pregnancy or in
echocardiography, | the first trimester
lipid profile
No RT, No later than Echocardiography | Every 5 years
anthracycline 2 years after end
<250 mg/m? of treatment
Cerebrovascular | RT to neck, Neurological Annually [61]
system/ supraclavicular, exam,
subclavian chest, mediastinal examination of
arteries or mantle region, in diminished pulses
particular <40 Gy or carotid bruits,
blood pressure

(continued)
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Start of Surveillance
Organ Risk factor surveillance modality Frequency References
Thyroid RT to neck or After end of Thyroid exam, Every 1-2 years | [61, 62]°
supraclavicular treatment TSH, {T4
region
Lung RT to axilla, chest, | After end of Lung function 5 and 10 year [61, 62]°
mediastinal or treatment testing after end of
mantle region Pulmonary exam | treatment,
consider every
2-5 years
thereafter
Fertility
Male Cyclophosphamide, | At survivors’ Semen analysis [63]
procarbazine, request
busulfan, HSCT?,
RT exposing testes
Female Alkylating agents, | In case of FSH, estradiol [56]
cyclophosphamide, | menstrual cycle
procarbazine, RT dysfunction
exposing ovaries
Second
malignancies
Thyroid RT to neck and 5 years after Neck palpation/ Every 1-2 years | [64]
supraclavicular and | radiation ultrasound
mantle region
Breast RT to mediastinum/ |8 years after Clinical exam, Annually [10, 65]
chest/axilla radiation or at MRI/ultrasound/
age 25 according to local
screening
program for
familial breast
cancer
GI tract RT to abdomen or |5 years after According to local screening program | [61, 66]
or abdominopelvic | radiation or at for familial colon cancer (i.e.,
region age 30 colonoscopy every 5 years)
Skin Any RT After end of Dermatological Annually [61, 62]
treatment exam of irradiated
field(s)

Abbreviations: RT radiotherapy, ECG electrocardiogram, 7SH thyroid-stimulating hormone, f74 free thyroxine, FSH
follicle-stimulating hormone, CT computed tomography, MRI magnetic resonance imaging
*with conditioning regimen cyclophosphamide or fludarabine and melphalan

"IGHG-guideline not yet published

the homepage of the Children’s Oncology Group
(COG) (http://www.survivorshipguidelines.org/)
and at the LESS group homepage (www.
nachsorge-ist-vorsorge.de) in Germany.

22.4 Psychosocial Follow-Up

The reader is also referred to the guidelines pre-
pared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Himatologie) for the psychosocial care of

childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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Histiocytosis of Young Cancer

Patients
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Milen Minkov and Stephan Ladisch

23.1 Introduction

Langerhans cell histiocytosis (LCH), which
replaces the former terms eosinophilic granu-
loma, Hand-Schiiller-Christian disease, Letterer-
Siwe disease, and histiocytosis X, is a rare disease
characterized by proliferation of abnormal histio-
cytes. With an incidence of 1-10 per million chil-
dren under the age of 15 years, LCH is the
commonest entity among the histiocytoses. It has
a wide spectrum of clinical manifestations, vari-
able natural course, and outcome. While the clin-
ical aspects are well characterized, its
pathobiology was largely unknown until recently.
Recent knowledge allows characterizing LCH as
a myeloid neoplasia with inflammatory proper-
ties [1-3]. Local and systemic inflammatory
effects lead to granuloma formation and tissue
damage in various organs.

The clinical spectrum of LCH ranges from a
single bone lesion to the affection of multiple
organs. It has been empirically established that
patients presenting with involvement of one
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organ system (single-system LCH (SS-LCH))
have excellent survival chances. Patients with
involvement of two or more organs (multisystem
LCH (MS-LCH)), particularly those with dys-
function of the liver and of hematopoiesis, may
have a progressive disease associated with con-
siderable mortality [4]. Different prognostic fac-
tors and stratification systems [5, 6] elaborated
over the last century served as a substitute for
lacking biological markers to enable risk-adapted
treatment. Current frontline treatment regimens
have reduced mortality rate in risk organ-positive
MS-LCH to 10-20% [7, 8]. However, a signifi-
cant proportion of the long-term survivors suffers
from permanent consequences (PC) affecting
their quality of life. PC are defined as any form of
permanent physical or neuropsychological hand-
icap, attributable to the disease itself and devel-
oping at any time during the disease course. We
will use the term “late effects” for treatment-
related sequelae only.

23.2 Common Treatments Used
in LCH
23.2.1 Historical Overview

Over the last century, surgery, topic ointments,
radiation, and systemic therapy were used as sin-
gle options or in combination for treating LCH
depending on disease extent and location. Surgery
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has limited use in the LCH treatment. Its role is
restricted to diagnostic biopsy and curettage/
resection of single bone lesions, circumscribed
skin lesions, or affected single lymph nodes.

Radiation had been used in the past in LCH
primarily for treating bone lesions, soft tissue,
and pituitary masses. Due to concerns about
radiation-induced secondary malignancies and
questionable benefit, its use is nowadays
restricted to very rare cases of surgically inacces-
sible bone lesions or incipient spinal cord com-
pression [4, 9, 10].

Systemic treatment has changed considerably
over time, reflecting the changes in the under-
standing on the LCH biology [4, 11]. Only drugs
with substantial evidence of activity in LCH, and
those being currently in use, will be reviewed
here.

The combination of prednisolone (PDN) and
vinblastine (VBL), given in a number of varia-
tions over the years, is an effective and nontoxic
treatment [7, 8, 12—16]. It is the current frontline
therapy for all patients with MS-LCH.

Etoposide (VP16) emerged as a promising
drug in the late 1970s. This prompted further
evaluation in prospective trials [17, 18]. As a sin-
gle drug, it did not show an advantage over VBL
[19], and its addition to the combination PDN/
VBL failed to improve survival [7]. Equivocal
efficacy and potential leukemogenicity have lim-
ited its use in LCH.

Other drugs broadly used for treatment of
LCH over the decades are methotrexate (MTX)
and 6-mercaptopurine (6MP) [13, 20-22]. They
are usually part of the continuation treatment.

Several case reports and small series sug-
gested that 2-CdA could be effective in
LCH. The results of the LCH-S-98 trial proved
that it is a valuable second-line option in low-
risk patients, but as a single drug, it fails to
change the fate of patients with severe disease
[23]. In view of the dismal prognosis of patients
with very severe LCH and the promising results
achieved with the combination of 2-CdA and
Ara-C in a small series, this approach may be
justified despite the high myelotoxicity of the
regimen [24-27]. Nevertheless, restricted indi-
cations, use only within controlled prospective

trials, and the availability of maximal support-
ive care are mandatory [26].

23.2.2 Current Guidelines
for Patients Treated Outside
of Clinical Trials

There is a general agreement on the indication of
systemic therapy for patients with MS-LCH [4,
28-31]. An initial “intensive” phase for
6-12 weeks followed by a less intensive “con-
tinuation” phase for total treatment duration of at
least 12 months is recommended based on the
cumulative experience from the clinical trials of
the Histiocyte Society [7, 8, 19].

The standard therapy for patients with
MS-LCH is an initial 6-week course of PDN
(40 mg/m?day orally for 4 weeks and tapering
over 2 weeks) and VBL (6 mg/m? weekly IV
bolus). Response to initial therapy is an impor-
tant prognostic predictor. Hence, its assessment
at the end of the initial 6-week course is essen-
tial. Further therapy depends on response to ini-
tial therapy. Responders with significant residual
disease obviously benefit from a second 6-week
course [8]. MS-LCH patients who do not
improve after one or two initial courses of stan-
dard therapy (particularly those with hematopoi-
etic or hepatic dysfunction) need alternative
regimens [4]. Continuation therapy is recom-
mended for all patients who after 6—12 weeks of
initial therapy have attained complete disease
resolution or considerable response. This con-
sists of PDN/VBL pulses every 3 weeks + daily
oral 6MP to a total treatment duration of
12 months.

23.3 Risk Factors for Permanent
Consequences

23.3.1 Age

It seems that younger age is associated with
higher risk for PC, but its independent prognostic
role is questionable, as it is also associated with
higher disease extent and severity.
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23.3.2 Disease Location

PC in LCH are per definition related to preceding
direct involvement of the respective organ or tis-
sue by active disease. Therefore, PC depend on
location and extent of the underlying disease.

23.3.3 Disease Extent

Multisystem disease is associated with higher
risk for PC compared to SS-LCH [14, 32-36].
The same is true for multifocal skeletal disease
when compared to single-site SS-LCH [36, 37].

23.3.4 Length of Disease Activity
and Disease Reactivations

Substantial evidence supports the conclusion that
longer periods of disease activity are associated
with higher incidence of permanent conse-
quences [36, 38]. Reactivations per se increase
the risk for PC [39-41], but they actually prolong
the length of disease activity.

23.3.5 First-Line Treatment

There is no proof that aggressive chemotherapy
prevents long-term effects [38, 42]. However, the
results of the DAL Study Group and the low-risk
arm of the LCH III trial suggest that timely initia-
tion of systemic treatment of sufficient duration
can at least reduce the risk of reactivation, which
in turn could result in less PC [8, 14].

23.4 Incidence and Spectrum

of Permanent Consequences

PC are associated with tissue destruction and
scarring. Thus, they depend on the location of
active disease. Up to 50% of the patients who
survive pediatric-onset LCH have PC. The inci-
dence figures for the various individual PC, as
reported in the literature and cited in this review,
vary greatly. This is probably due to methodolog-
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ical differences among the different studies (i.e.,
sample size, selection bias, cohort type, defini-
tions, statistical methods, and observation time).
As expected, there were also differences in the
cohort composition among series from single ter-
tiary centers, national studies, and international
surveys [32, 35, 43]. All of those variables taken
together underscore the need to interpret data
with caution until rigorous prospective analyses
are available. On the other hand, the impact of
PC, once occurring, is mostly irreversible. While
most of them are nonlife-threatening, fatal out-
come due to PC has been reported in patients
with end-stage pulmonary disease, sclerosing
cholangitis, or debilitating neurodegeneration.

23.4.1 Permanent Consequences
Related to Skeletal Lesions

Depending on location, skeletal lesions can cause
a variety of long-lasting or permanent anatomical
defects of the skeleton or of the adjacent tissues
and organs, with or without functional deficits.
Inconsistent categorization of skeletal deformities
and use of collective terms, such as “orthopedic
problems” or “orthopedic disabilities” [32, 33, 35,
37, 43, 44], preclude meaningful analysis of the
literature with respect to their spectrum and sever-
ity. The distinction is critical; certain bone lesions,
such as vertebral lesions, urgently require rapid
intervention to prevent PC, whereas assessment
and treatment in a more measured manner can be
sufficient for LCH lesions of flat bones. Another
problem in categorization arises from the fact that
most non-osseous PC resulting from skeletal
lesions are usually described as individual PC
associated with other tissues and organs rather
than as bone-related (e.g., tooth loss, proptosis,
loss of vision, hearing loss, cosmetic PC, etc.).
Because few data are available, it is largely
unknown how often PC related to osseous lesions
are severe enough to affect quality of life.

23.4.1.1 Skeletal Deformities

Skeletal deformities encompass bony defects,
deformities, or asymmetries due to extensive
disfiguring bone destruction or pathologic
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fractures. Osseous lesions of the skull base
often extend to adjacent structures and depend-
ing on location can result in permanent defects,
such as facial asymmetry, proptosis, deafness,
dental abnormalities, and basilar invagination
[45, 46].

Proptosis (exophthalmus) is one of the charac-
teristic manifestations of LCH. Its reported prev-
alence is between 8 and 25% [35, 43, 47]. It can
improve with healing of the orbital lesions but is
rarely completely reversible, mostly due to resid-
ual soft tissue scars. It usually does not affect
vision and has importance as a cosmetic defect
contributing to facial asymmetry.

Permanent loss of teeth, jaw deformity, and
abnormal dentition can be due either to LCH
(mandibular, maxillary, or palatal lesions) or to
treatment (tooth extraction, curettage, radiother-
apy). Loss of teeth was documented in 0.6% of
the French national registry [32], but no specifi-
cation about its cause (PC vs. late effect) was
provided.

Compression of vertebral bodies is one of the
most commonly reported osseous PC in
LCH. Nevertheless, it accounted for only 2.5% of
the total LCH population [32]. Partial reconstitu-
tion of vertebral height at long term is possible
but unpredictable upon diagnosis [48-50].
Vertebral compressions may result in spinal col-
umn deformities (e.g., scoliosis, non-physiologic
lordosis or kyphosis), which are rarely severe
enough to need medical treatment. Neurological
deficits due to compression and permanent dam-
age of the spinal cord are extremely rare [32, 49,
51].

Deformation or shortening of the long bones
with resulting asymmetry are extremely rare in
LCH, as the bone lesions are located in the (meta)
diaphysis and usually do not affect the growth
plate.

23.4.1.2 Loss of Vision

Single-case reports describe partial or complete
loss of vision caused by LCH [52-56], but most
large LCH cohorts containing information on PC
do not describe this complication at all, and its
prevalence in the French national registry was

only 0.6% [32]. Loss of vision in LCH can evolve
from compression of the optic nerve or chiasm
[53, 55], from globe displacement [56], or rarely
from an intraocular lesion [52].

23.4.1.3 HearingLoss

The prevalence of hearing loss among LCH
patients ranges between 3 and 16% [12, 14, 32,
35, 57]. A multi-institutional survey by the
Histiocyte Society reported hearing loss in 13%
of the patients [35], and residual hearing loss was
found in half of the patients with documented ear
involvement in a single institution cross-sectional
study [43, 58]. Hearing loss in LCH is most often
conductive, resulting from mastoid lesions, but
cases of sensorineural deafness due to inner ear
damage are also possible [46]. Since unrecog-
nized hearing loss could lead to learning prob-
lems, aftercare audiometry seems reasonable in
children with skull base involvement (particu-
larly those with involvement of the mastoid and
labyrinth) [43, 46].

23.4.2 Endocrinopathies

Endocrinopathies are the most common PC in
patients with MS-LCH. They are reported in
15-25% of the total cohorts of pediatric-onset
LCH [12, 14, 33, 38, 59]. The vast majority are
due to functional loss of the pypothalamic-
pituitary axis resulting from local granulomas.
Pituitary-related hormone deficits (DI, growth
hormone deficiency, and less frequently defi-
ciency of other anterior pituitary hormones)
were the most prevalent endocrinopathies in all
cohorts. Clinical signs (polydipsia/polyuria,
growth failure, pubertal delay, adrenal insuffi-
ciency) or abnormal auxology, suggesting DI or
anterior pituitary dysfunction, is an indication
for MRI of the hypothalamus-pituitary region
(HPR) and for assessment by a pediatric endo-
crinologist (including appropriate stimulation
tests). Hypothyroidism in LCH is most com-
monly due to anterior pituitary dysfunction, but
rare cases of direct affection of the thyroid gland
are reported [60].
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23.4.3 Central Diabetes Insipidus
(CDI)

Central diabetes insipidus (CDI) is the most fre-
quent LCH-associated endocrinopathy. It is due
to loss of function of the posterior pituitary and
may become manifest either before, concur-
rently, or after LCH diagnosis. Compared to
other CNS-related PC, it occurs early in the dis-
ease process [34, 61]. The proportion of patients
with CDI varied in different cohorts from 11%
[62] up to 35% [12, 35, 38, 59, 63]. In some
cases, DI is an inaugural manifestation of LCH
[34, 61], posing considerable diagnostic chal-
lenge [61, 64, 65]. Well-documented risk factors
for CDI are MS-LCH, involvement of craniofa-
cial bones, prolonged disease activity, or reacti-
vations [34]. Diagnostic criteria and appropriate
diagnostic tests for CDI are comprehensively
described elsewhere [66, 67] and are applicable
irrespective of the underlying process. The char-
acteristic finding by MRI is the lack of a hyper-
intensity signal of the posterior part of the sella
(“posterior bright spot”), which indicates func-
tional loss. In LCH-associated CDI, a thickened
pituitary stalk is present in 50-70% of the cases
[67—69]. Changes in size and enhancing pattern
of the anterior pituitary may also be present.
However, these findings are not specific enough
to reliably exclude inflammatory or malignant
diseases. CDI is usually irreversible [70, 71] and
requires lifelong administration of synthetic des-
mopressin. It is also associated with an increased
risk of anterior pituitary dysfunction and of
parenchymal brain damage in LCH patients [34,
38, 68]. Therefore, most experts advocate sys-
temic therapy for patients with new-onset CDI
with the intention to reduce the risk of subse-
quent involvement of the anterior pituitary and
brain parenchyma. While evidence confirming
this rationale is still lacking, in view of the
increased risk for devastating motor and cogni-
tive neurologic PC, nontoxic, low-intensity sys-
temic treatment may be justified in LCH patients
with CDI [70].

23.4.4 Anterior Pituitary Dysfunction

Growth hormone deficiency is the second most
common endocrinopathy, observed in 8-10%
[35, 59, 72] of all patients with pediatric-onset
LCH and in 15% [35, 59] of those suffering
MS-LCH. It is particularly frequent in patients
with DI, affecting up to 50% of them [38, 68]. If
the hormone loss is severe and occurs at an early
age, it may result in growth failure. This PC man-
ifests with a deceleration of growth velocity or
overt short stature (height below the third percen-
tile for age) that is manifest within 2-5 years
after diagnosis. Close clinical monitoring and the
use of growth charts are required to facilitate
early detection. Assessment by a pediatric endo-
crinologist is mandatory in cases with suspected
anterior pituitary dysfunction (e.g., growth fail-
ure, delayed puberty, adrenal failure). Hormonal
loss in LCH is usually irreversible and mandates
replacement therapy. While growth hormone
replacement was previously withheld because of
concerns about aggravating the underlying dis-
ease, available data suggest that growth hormone
replacement in LCH patients is both effective and
safe [33, 59, 72, 73]. Recombinant human growth
hormone in a dose of 16-20 IU/m*week as a
daily subcutaneous injection seems appropriate
[59, 72]. Since the growth hormone has multiple
metabolic effects (e.g., acquisition of peak bone
mass, muscle strength, etc.), replacement at
“metabolic” dose (e.g., 0.3-1.5 IU/day) should
be considered even after final growth completion
into the adulthood [74].

23.4.5 CNS Involvement of Non-
granulomatous Type

Parenchymal brain damage, known as non-
granulomatous or ‘“neurodegenerative” CNS-
LCH [75-77], is one of the most severe PC of
LCH. Its prevalence in the overall LCH popula-
tion is relatively low (less than 1%), but it is more
frequent among patients with DI or anterior pitu-
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itary dysfunction [38, 76]. It typically presents
with insidious (ponto)cerebellar symptoms, and
some patients may attract attention for cognitive
deficits and behavioral problems [76]. MRI sig-
nal alterations are consistent with degeneration
(neuronal loss and demyelination) of the affected
brain tissue. The lesions typically localize in the
brain parenchyma of the cerebellum, pons, and
basal ganglia. Biopsies of such lesions are usu-
ally nondiagnostic for LCH and reveal neuronal
loss, demyelination, and gliosis [78]. There is no
good agreement between MRI findings (“radio-
logical CNS-LCH”) and the severity of clinical
manifestation (“clinical CNS-LCH”). Some
patients with radiological findings do not develop
clinical CNS-LCH even after many years of
observation.

The course of clinical CNS-LCH can vary
from spontaneous stabilization to rapid deteriora-
tion with loss of motor function and mental debil-
itation [76, 79, 80]. Apart from serial MRI
examinations, standardized neurological and
neuropsychological testing at regular intervals is
essential for clinical decision-making [76].
Standard neurological examination should
include scoring using the International
Cooperative Ataxia Rating Scale [81, 82] and the
Expanded Disability Status Scale [83, 84] to
assure longitudinal comparability. Psychological
assessment with age-appropriate standardized
tests should cover full-scale, verbal, and perfor-
mance IQ, attention span, verbal and visual-
spatial working memory, and speed of processing.
Intravenous immunoglobulin and intermediate-
dose cytarabine both seem to alleviate the course
of CNS-LCH. However, there is still little evi-
dence of the effectiveness of any treatment of this
PC [9, 85-87].

23.4.6 Pulmonary Permanent
Consequences

20-50% of the pediatric patients with MS-LCH
have pulmonary involvement [12, 14, 88-91],
either already at the time of initial diagnosis of
LCH or developing later [12, 90, 91]. In contrast,
isolated pulmonary LCH, a disease form com-

mon in adolescents and adults [92, 93], accounts
for less than 1% of all pediatric LCH cases [88].
The most frequent clinical symptoms comprise
cough, chest pain, tachypnea, and dyspnea.
Interestingly, clinical manifestations, pulmonary
function, and radiographic chest findings do not
always concur. Therefore, the resolution of clini-
cal symptoms is not necessarily associated with
radiographic clearing or with a reversion of func-
tional deficits by spirometry [89]. Some patients,
however, present with typical findings on chest
CT but without any respiratory symptoms. Others
have a problematic course with recurrent pneu-
mothoraces or develop severe respiratory impair-
ment requiring oxygen therapy due to progressive
loss of lung tissue [33]. In those rare cases, tissue
remodeling and scarring could culminate in
chronic respiratory failure with the radiological
picture of honeycombing. Permanent lung dam-
age is fortunately uncommon in children, possi-
bly because of the higher regenerative potential
in young children [32, 33, 35].

23.4.7 Hepatic Permanent
Consequences

The liver is one of the less frequently affected
organs in LCH. Hepatic dysfunction (hypopro-
teinemia, hypoalbuminemia, and elevated trans-
aminases) is typically a reversible manifestation
of severe active LCH in infants. In those who sur-
vive, complete anatomical and functional regen-
eration of the liver is the usual outcome. On the
contrary, cholestatic liver disease (jaundice, ele-
vated direct bilirubin, alkaline phosphatase, and
GGT) can be either an initial manifestation of
LCH or develop later during its course. It is usu-
ally irreversible. The biopsy often reveals differ-
ent degrees of chronic inflammation and fibrosis
of the bile ducts (sclerosing cholangitis), which is
generally progressive despite remission of LCH
in the other organs. There is a single cohort report-
ing 18% prevalence of sclerosing cholangitis in
MS-LCH [94], but in other studies and the experi-
ence of the authors, it is far less common [7, 8, 14,
19, 32, 35, 36, 43, 95]. This clinical pattern is
rarely reversible by the treatment of the underly-
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ing disease. The course is usually progressive,
resulting in liver cirrhosis and organ failure. There
is no established therapy, and the only available
option for cases with end-stage organ damage is
liver transplantation [94, 96, 97].

Describing the prevalence and the spectrum of
PC in LCH is not enough to give a realistic pic-
ture of their impact on the well-being of the long-
term survivors. There is an obvious need for
categorization and objective measure of the
severity and clinical relevance of the PC. A grad-
ing system of the PC will provide a basis for
more precise clinical decision-making concern-
ing prevention and treatment. A morbidity score
proposed by Nanduri et al. [43] is an essential
step in this direction that now warrants prospec-
tive validation before broad application in routine
practice [43].

The backbone of the systemic therapy regi-
mens used during the last two to three decades
consists mainly of steroids and antimetabolites.
Those drugs have acute adverse effects but nearly
negligible long-term risks (at least at the cumula-
tive dose used in the frontline treatment of LCH).
The risk for permanent late effects could be higher
in patients treated repeatedly for reactivations, but
systematic studies with this respect are lacking. In
the 1990s, there was an animated discussion about
the possible leukemogenicity of VP16 in LCH
patients [100-102]. Leukemia has been observed
in few patients, but these had been treated mostly
for reactivations and outside of protocols.
Therefore, they have received high cumulative
doses (>4 g/m?) of the drug [103, 104], in contrast
to the much lower doses received by the patients
on the DAL, LCH-I, and LCH-II trials.

23.5 Late Effects

Surgical procedures could be responsible, for at
least part of the permanent skeletal defects and
deformities reported in LCH patients. Still, avail-
able papers do not discriminate between disease
and therapy-related complications.

The topical nitrogen mustard had been previ-
ously used for treating cutaneous LCH. Concerns
about the long-term toxicity of this alkylating
agent have not been substantiated by the long-
term follow-up observation of the patients [98].
Nevertheless, this drug is no longer in use because
of the required complex handling procedures and
because of its lack of availability.

Secondary tumors have been reported in asso-
ciation with radiation used to treat LCH (e.g.,
brain tumors, osteosarcoma, and thyroid carci-
noma) [99]. Anterior pituitary dysfunction in LCH
could potentially be due to radiation formerly
delivered to the hypothalamic-pituitary region.
Limited available data suggest, however, that at
the dose previously used to treat intracranial LCH
masses (up to 10-12 Gy but usually 6-7 Gy), radi-
ation is unlikely to cause significant hormone loss
[38, 59]. Moreover, radiation currently has little
role in the treatment of pediatric LCH.

23.6 Recommendations
for the Aftercare of Pediatric-
Onset LCH Patients

As evident from the previous sections, some PC
may be present at the time of diagnosis of
LCH. Others may develop or become manifest
months, years, and even decades later. This ren-
ders monitoring for PC and late effects in routine
practice challenging. Regular follow-up at least
until completion of growth and pubertal develop-
ment is recommended. Current recommendations
for the aftercare of patients with pediatric-onset
LCH [10] are summarized in Table 23.1.

Due to the lack of large-scale systematic stud-
ies with sufficiently long follow-up, existing rec-
ommendations for the aftercare of LCH patients
are mostly based on expert opinion or agreement
of consensus panels [10, 105]. Follow-up is rec-
ommended for at least 5 years, but preferably
until completion of growth and puberty (age of
18), to detect and intervene in late manifesting
PC. Beyond 5 years of follow-up, yearly exami-
nations are recommended for patients with clini-
cally relevant PC and those being at risk for late
manifestations (e.g., growth failure, pubertal
delay, neurodegeneration).
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Table 23.1 Recommended aftercare for pediatric-onset LCH according to the LCH group

Risk for defined PC or late

Intervals after end of
therapy or disease

Indication effect Investigation/test resolution®
All patients Ask for polyuria/ At each visit
polydipsia

Clinical examination,
height, weight, pubertal
status

Ist year: each

3 months; then each

6 months until 5 years
Thereafter: yearly

Treatment with leukemogenic
drugs

Leukemia

Complete blood counts

Yearly

Evidence of liver disease
(particularly cholestasis) at the
end of treatment

Sclerosing cholangitis

GPT, GGT, Bili, ALP
Liver sonography

Ist year: each

3 months; than each

6 months until 5 years
Thereafter: yearly

Persisting radiological or
clinical pulmonary
abnormalities at the end of
treatment

Honeycombing, chronic
respiratory insufficiency

Pulmonary function tests

Ist year: each

3 months; then each

6 months until 5 years
Thereafter: yearly

Radiography (or low-dose
CT)

1st year: each

6 months

2-5 years: yearly
Thereafter: upon

clinical judgment

Previous involvement of the
facial bones, jaw, oral mucosa

Abnormal dentition

Dental assessment

As clinically indicated,
at least once at 5 years

Previous temporal bone
involvement

Hearing loss

Audiology

At school entry and as
clinically indicated

History of polyuria/polydipsia

Central diabetes

Urine osmolality in an

At manifestation

insipidus early morning sample,
water deprivation test,
MRI
Central diabetes insipidus Anterior pituitary Brain MRI® 1st year: each
dysfunction 6 months
Neurodegeneration 2-5 years: yearly
Thereafter: each
2 years
Radiological neurodegeneration | Clinical Brain MRI® 1st year: each
neurodegeneration 6 months

2-5 years: yearly
Thereafter: each
2 years

Neurological exam

Ist year: each

6 months

2-5 years: yearly
Thereafter: yearly

Psychological tests

At end of treatment, 2
yearly for 5 years
Thereafter: upon
clinical judgment

*Aftercare recommended for at least 5 years after completion of treatment, preferably until the age of 18 (completion of
growth and puberty). Beyond 5 years, examinations are recommended yearly or upon clinical judgment for patients
with already known PC and those being at risk for late manifestations

"For brain MRI guidelines, see Table 23.2
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Table 23.2 Quality requirements to cerebral MRI in
patients with LCH (modified from [10])

The brain MRI of patients with Langerhans cell

histiocytosis has to ensure assessment of the entire

brain and detailed evaluation of the hypothalamic-
pituitary region. The aim of the MRI is to seek
systematically for both granulomatous and non-
granulomatous changes.

The investigation must include:

v/ Thin axial T1-weighted sequences (3 mm, 50%
gap only for the HPR; 5 mm, 50% gap for the
whole brain)

v/ Thin coronal and sagittal T1-weighted sequences
(<3 mm slice thickness for HPR)

v Axial T2-weighted and FLAIR sequences (<5 mm
slice thickness) over the entire brain

v/ Contrast-enhanced coronal and sagittal
T1-weighted sequence brain and HPR with
parameters as indicated above and one 5 mm/50%
gap sequence with fat suppression throughout the
whole brain

Additional sequences may be performed as indicated.

It is not recommended to use magnetization transfer

contrast (MCT), but if so, the same technique has to be

used every time (this information has to be specified in
the report).

HPR hypothalamic-pituitary region

Structured transition to specialized cancer
aftercare services for adults is necessary for
patients with known functional deficits and those
at risk for very late PC (e.g., neurodegeneration).
Based on the accumulated experience with the
imaging characteristics of cerebral LCH, require-
ments for MRI allowing reliable assessment have
been elaborated (Table 23.2).

Hopefully, with a careful and systematic
approach to long-term aftercare of patients with
LCH, the frequency and severity of the some-
times devastating PC will be improved and even-
tually eliminated.

Long-term follow-up is performed according
to the recommendations of the International
Guideline Harmonisation Group (http://www.
ighg.org), of the Children’s Oncology Group
(COG) (http://www.survivorshipguidelines.org/)
and the LESS group (www.nachsorge-ist-
vorsorge.de) in Germany.

23.7 Psychosocial Follow-Up

The reader is also referred to the guidelines pre-
pared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pédiatrischen Onkologie
und Hidmatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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24.1 Scope of the Problem:
A Growing Group of Very

Vulnerable Young People

Primary central nervous system (CNS)! tumours
account for about 24% of childhood cancers,
thereby presenting the most frequent solid
tumours and second most frequent malignan-
cies in childhood and adolescence [1, 2]. More
than 400 children and adolescents are diagnosed
with a CNS tumour in Germany each year. About
95% of them are treated according to prospec-
tive, multi-centre therapy optimisation studies or
non-interventional registries, respectively, con-

'The following abbreviations will be used more than once
in this chapter: CBTS childhood brain tumour survivor,
CNS central nervous system, HIT Hirntumor (German for
“brain tumour”), LE late effect(s), MRI magnetic reso-
nance imaging, QoS quality of survival.
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ducted by the German Paediatric Brain Tumour
Consortium (HIT-Network) and the European
branch of the International Society of Paediatric
Oncology (SIOP-E). They collaboratively coor-
dinate trials and reference centres for different
childhood brain tumour entities, thereby pro-
moting continuous optimisation of treatment
concepts with quality-controlled standards for
diagnosis, treatment and supportive care.

As a consequence, the overall survival rates
for paediatric patients with CNS tumours contin-
uously improved over the past three decades from
below 50% to over 70%, depending on tumour
type, site, response to treatment and late effects
(LE) [3]. An estimated 8000 childhood brain
tumour survivors (CBTS) are currently living in
Germany, and numbers are rising [4]. This story
of success, however, makes both survivors and
their stakeholders, in particular their families,
community, local educational and health-care
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systems and medical caregiver team, face a
double-edged sword: increasing quantity of sur-
vival vs multifactorial LE and therefore com-
promised quality of survival (QoS). In fact, up
to 80% of CBTS experience significant, lifelong
both tumour- and treatment-associated sequelae,
as reviewed by Tallen et al. [3] and also outlined
in Part I of this book. Each new generation of
survivors will face new challenges as treatments
evolve with progressing medical technology. The
resulting complexity and multitude of health-care
issues experienced by many CBTS need coordi-
nated interdisciplinary care that many health-
care providers may not be experienced with yet.
Thus, many health-care centres have begun to
develop multidisciplinary LE clinics that spe-
cialise in childhood cancer survivors. The goal is
to maintain the survivor’s health by monitoring
for tumour- and treatment-related LE, including
mental and social functioning and well-being,
and to provide health education based on the indi-
vidual therapy received.

The following paragraphs serve to increase
the awareness of paediatricians and general
practitioners to the importance of providing a
risk-based, long-term follow-up care for CBTS
in the community setting. Ultimately, ongoing
communication between the paediatric cancer
centre, primary care physicians and LE clinics
is the cornerstone for ensuring high-quality care
for this particularly vulnerable cancer survivor
population.

since many of them may still be in the process of
defining their career goals and are, therefore, not
yet receiving employer-based health insurance
coverage.

Besides neurological, sensorimotor, endo-
crine, cardiac, musculoskeletal, reproductive and
cognitive sequelae, to name a few, CBTS fre-
quently experience psychological consequences
from diagnosis of their tumour, the time of treat-
ment and managing survivorship, which may
result in compromised activity and participation,
thus social and academic difficulties into adult-
hood [3]. Finding and maintaining meaningful
employment may be challenging due to issues
such as cognitive delays, fatigue and social diffi-
culties. These issues evolve mainly when the sur-
vivor was young at tumour diagnosis. Therefore,
multidisciplinary surveillance should include not
only the long-term follow-up but also the acute
period, i.e. the time immediately after diagnosis
and before and during treatment, so that interven-
tions to later improve school and job performance
may be implemented early. Coordination of ser-
vices between the school system, medical team
and social services is also strongly required to
maximise the survivor’s potential for success in
adulthood. Since the nature of most LE is rather
chronic than terminal, multidisciplinary surveil-
lance along with health education should be pro-
vided lifelong in order to guarantee optimal QoS
for all patients treated for a CNS tumour in their
childhood or adolescence.

24.2 The Need for Lifelong Care

Providing a successful transition from paediatric
to adult-oriented health care is a challenge when
caring for CBTS, as they age out of the paediat-
ric health-care system. Hence, survivors should
be well versed regarding their own health main-
tenance needs, potential LE, necessary surveil-
lance related to their treatment and health-related
behaviours that can reduce their risk of potential
LE. Adolescent and young adult survivors also
need to know the importance of maintaining
continuous health insurance coverage to ensure
access to LE screening. This can be difficult,

24.3 Screening for Late Effects

Due to the heterogeneity of paediatric CNS
tumours, thus diversity of corresponding treat-
ment strategies, not all of the survivors may
develop the same LE or may develop them to
different degrees, respectively. Hence, different
national guidelines and recommendations have
been established for diagnosis, monitoring and
management of both acute adverse events and
LE based on the different tumour types and treat-
ments, respectively [3, 5]. The current concepts,
limitations and future requirements of efficient
screening for LE, of which particularly survivors
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of a childhood CNS tumour are at high risk for,
will be discussed in the following paragraphs.

24.3.1 Surveillance Neuroimaging

During the last decades, continuous optimisa-
tion of neuro-radiological techniques has helped
remarkably to better understand many of the
neuroanatomical and neuro-biochemical pro-
cesses that underlie the LE induced by child-
hood CNS tumours and associated treatments
[6]. Neuroimaging for analysis, surveillance and
differentiation of these are not only required for
diagnosis of specific LE but also crucial in order
to identify new risk factors, thereby improving
both current treatment strategies and interven-
tional concepts for management. The interpre-
tation of neuroimaging results needs special
expertise considering the multifactorial patho-
genesis of LE.

For most entities of paediatric CNS tumours,
the characteristic MRI features are well reported
and beyond the scope of this chapter. Many fea-
tures, however, have been identified as specific
for medulloblastoma, dysembryoplastic neu-
roepithelial tumour, pilocytic astrocytoma and
pleomorphic xanthoastrocytoma, partially by
diffusion and fluid-attenuated inversion recovery
(FLAIR) techniques [7, 8]. Besides, conventional
MRI is the gold standard neuroimaging method
for planning therapy and evaluating prognosis
for children and adolescents with certain brain-
stem gliomas [9]. For those with certain tectal
or infiltrative brainstem tumours, or with neuro-
fibromatosis type 1 and optic pathway glioma,
respectively, certain MRI characteristics even
contribute to tumour diagnosis, thereby bypass-
ing neurosurgical intervention for histological
confirmation. Also, tumour relapse and second-
ary CNS tumours can be recognised by conven-
tional MRI—often even before clinical signs
occur [summarised in 10]. Whether such surveil-
lance neuroimaging impacts prognosis has been
controversial for a while, in particular regarding
patients with medulloblastoma. But considering
that the treatment options for the salvage of recur-
rent disease are continuously being improved,

the benefits of identifying radiological clues of a
relapse prior to symptoms occurring are by now
increasingly acknowledged [11, 12]. In addi-
tion, there is growing evidence that the rate of
secondary tumours related to a cancer predispo-
sition syndrome such as Li-Fraumeni or Gorlin
syndrome, to name a few, that harbour germline
mutations of growth-regulating genes (e.g. TP53,
Ptch, Sufu) is higher than previously thought and
may account to up to 10% of children with CNS
tumours [13]. Therefore, even in children with
an initially unobtrusive family history, genetic
counselling should be considered in addition to
regular clinical assessments and neuroimaging
surveillance.

MRI, especially with the integration of dif-
fusion- and perfusion-weighted imaging, is also
optimal for diagnosing stroke—a common LE
after cranial radiotherapy, in particular, when
the Circle of Willis was included in the radia-
tion field. In fact, diffusion-weighted imaging is
a highly sensitive technique in the diagnosis of
cytotoxic oedema. It provides the unique option
of detecting an acute ischaemic stroke in patients
with apparently normal computed tomography
and MRI conventional sequences [14]. Moreover,
perfusion-weighted imaging can offer a prognos-
tic value: in acute stroke, it allows to determinate
the volume of tissue at risk and the vascular dis-
tribution of ischaemia; the level of perfusion to
the ischaemic tissues may also help to determine
the relative benefits and risks of a given therapy
[15]. However, when it comes to distinguishing
between tumour and other contrast-enhancing
tissue, such as neurotoxic damage caused by
primary, progressive or recurrent disease, intra-
thecal chemotherapy or craniospinal irradiation,
conventional MRI is rather insufficient [16].
Instead, various MRI-based, functional imaging
techniques have proven efficient in differentiating
these changes, particularly those resulting from
radiation injury. These include delayed-contrast
MRI for calculating high-resolution treatment
response assessment maps [14], proton magnetic
resonance spectroscopic imaging and diffusion
tensor imaging, which are helpful not only for
tumour staging and treatment planning [17] but
also both for distinguishing viable tumour from
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radiation necrosis and for surveilling and char-
acterising changes in white matter integrity and
CNS metabolism [16]. Late-delayed effects were
detected by diffusion tensor imaging also in fron-
tal lobes of CBTS after radiotherapy of medul-
loblastoma [18]. The affected structures are key
players in working memory and may therefore
contribute to socio-emotional and other execu-
tive functions via maintaining neural overlaps in
neural networks [19, 20].

In fact, various LE in CBTS may be correlated
with neuro-radiological findings. Considering
that certain neuroimaging studies highlight the
negative effects of cranial radiotherapy and/
or chemotherapy with methotrexate on white
matter function [21, 22], the decline of cogni-
tive function experienced by most CBTS after
cranial radiotherapy may be caused by compro-
mised white matter integrity [23-27]. However,
most reports on radiotherapy-related LE are
based on dated treatment protocols, while the
focus of current irradiation strategies mainly
involves fine-tuning of target volume as well as
dose reductions, beam orientation and optimisa-
tion of fractionation regimens. Hence, positive
changes of both clinical and neuro-radiological
LE patterns are expected to be observed soon.
Therefore, multi-centre prospective studies are
now needed to assess the correlation of specific
LE with neuroimaging findings after different
treatments (such as whole brain radiotherapy or
craniospinal radiotherapy plus boost to tumour
site or local field radiotherapy, respectively,
with or without concomitant chemotherapy).
Additionally, the dose-effect dependency with
respect to dose distribution within the CNS needs
to be evaluated accordingly. In conclusion, the
routine use of functional neuroimaging param-
eters may contribute to developing new treat-
ment strategies that are associated with reduced
toxicity. Since most of the numerous functional
MRI techniques, which appear to be useful for
the evaluation of LE, have only been validated
in adult CNS tumour patients or survivors, they
need confirmation in large, representative paedi-
atric cohorts. Last but not least, neuroimaging in
the young may sometimes be challenging: ran-
dom movement (e.g. as a consequence of young

age, sedation issues) may lead to artefacts, thus
potential mis- or impossible interpretation of
findings. Hence, improved equipment, including
stronger magnets that result in both higher speed
and resolution, as well as increased sensitivity to
gadolinium enhancement will further improve
the options of neuro-radiological surveillance of
LE. The currently preferred neuro-radiological
techniques, characteristics and limitations in
diagnostics and diagnosis of various tumour- and
treatment-related LE in CBTS are summarised in
Table 24.1.

24.3.2 Neurocognitive Testing

Regardless of their age, CBTS may face a
myriad of cognitive challenges during educa-
tion and career development as well as later at
work. Particularly when experiencing treatment-
induced grey and/or white matter disease and/or
severe ototoxicity [28], they are at risk for neu-
rocognitive decline. The impairments may range
between compromised fluid and crystallised intel-
ligence, memory, mental processing speed, visual
processing and selective attention. Restrictions in
psychomotor abilities (e.g. fine motor skills) as
well as a general reduction of motion sequences
have also been observed [29, 30].

An integral part of the academic evaluation
process for CBTS is neurocognitive testing in
order to initiate appropriate education services
and vocational counselling. The goal is to pro-
vide optimal functioning at school for school age
survivors or, for adults, the tools and knowledge
to find appropriate and meaningful employment,
respectively. Ideally, neurocognitive diagnostics
and corresponding interventions begin in school
and continue through adulthood in order to iden-
tify the survivor’s strengths and weaknesses,
thereby maximising academic performance.

Neurocognitive testing should be performed
regularly after certain treatments. According to
the Children’s Oncology Group’s Late Effects
Screening Guidelines, it should also be per-
formed when the survivor is more likely to expe-
rience academic difficulties or school transition
periods, for example, elementary school to mid-
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dle school. Further testing is recommended at
any time, when the survivor is experiencing any
new academic difficulties [31, 32].

Diagnosing distinct neurocognitive impair-
ments is challenging, as the performance levels
of the young survivors are often compromised
due to their medical condition and the effects of
therapy. While a recently validated neuropsycho-
logical test battery enables health-care providers
to assess the specific needs of CBTS in their daily
lives and to optimise parent counselling [33],
other current measurement tools [34, 35] may
still need broadening regarding their feasibility,
particularly for CBTS with visual loss or different
ethnic and language backgrounds, respectively. In
general, complete test batteries, which are usu-
ally based on theoretical models and associated
with long and intense examination times, are not
recommended for testing CBTS. They frequently
cause additional stress for the tested individual,
thereby possibly leading to biased results [33].

Hence, neurocognitive testing tools for CBTS
should be carried out based on predefined cogni-
tive domains. A specifically designed array con-
sisting of a limited number of targeted tests can
provide data that help in assessing the cognitive

domains of concern individually and in a rela-
tively short period of time, thus without causing
additional stress or producing redundant results,
respectively. To ensure valid comparability, how-
ever, interpretation of the results needs to be
based on an established theoretical framework.
The Cattell-Horn-Carroll model of intelligence
[36], to name one, offers a hierarchical stratum
approach. It integrates various existing models
of intelligence, factors of which are predefined.
The model framework is designed to individu-
ally combine different tests for different cognitive
functions of interest, for example, by applying a
cross-battery approach [37]. Table 24.2 gives an
overview of cognitive domains and corresponding
tests/subtests currently used within international
studies [33, 38]. Combined tests have proven
applicable and effective in international paediat-
ric CNS tumour studies. The generated, compact
information can be used as a basis for therapeutic
interventions (e.g. occupational therapy, physio-
therapy) or academic decisions and support, such
as change of school after end of treatment.
Ideally, neurocognitive functions in CBTS
are monitored regularly, as some impairments
may progress over time or only occur at a later

Table 24.2 Cognitive domains of interest and corresponding test measures used within currently active international

paediatric CNS tumour studies

Cognitive domain*

Specific tests (cognitive function to be assessed)

Perceptual/fluid reasoning

Raven’s progressive matrices, Wechsler matrix reasoning (matrices)
Wechsler block design (visual motor reasoning)

Visual processing
motor integration)

VMI, WRAVMA, subtest drawing test; NEPSY, subtest design copy (visual

Short-term memory
recall)

K-ABC-II, subtest number recall; Wechsler, subtest digit span forward (number

Working memory

Wechsler—subtest digit span backwards (number recall backwards)

Psychomotor abilities (Gp, Gps)
(speed, steadiness)

Purdue pegboard, WRAVMA—subtest pegboard (Pegboard), finger tapping

Comprehension-knowledge

(crystallised intelligence, Gi) memory)

Wechsler, subtest vocabulary; K-ABC-II, subtest riddle (verbal semantic

Processing speed (Gs)

Wechsler—subtests coding, symbol search (processing speed)

Attention (reaction and decision
speed (G1))

Conners’ continuous performance test (sustained attention); TEA-CH, subtest
sky search; TAP, subtest divided attention (selective and dual attention)

Long-term memory (Glr)

episodic memory)

WMS—subtests stories, word lists, dot locations, faces (visual and verbal

Symbols and abbreviations: * intelligence factors according to the CHC framework, CHC Cattell-Horn-Carroll model
of intelligence, CNS central nervous system, K-ABC-II Kaufman Assessment Battery for Children—2nd edition, NEPSY
A Developmental NEuroPSYchological Assessment, TAP Test for attention, TEA-CH Test for Everyday Attention for
Children, VMI Beery Test for Visual Motor Integration, WMS Wechsler Memory Scale, WRAVMA Wide Range of

Assessment of Visual Motor Ability
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stage after the end of cancer therapy, while ini-
tial assessment at primary diagnosis often only
reveals comparably mild deficits [39]. As sug-
gested earlier, future studies should correlate
neuropsychological data with neuroimaging
results to map clinical symptoms to damaged
CNS regions [40]. If performed consistently,
this long-term follow-up may also help to better
understand the processes associated with poten-
tial recovery of functions.

The reader is also referred to Chap. 15 of this
book.

24.3.3 Endocrinological Follow-Up

Tumours close to hypothalamic-pituitary axis,
such as optic pathway gliomas and craniopharyn-
giomas, as well as their local treatments, neuro-
surgery and CRT, are well-known to frequently
cause endocrinopathies [3, 41, 42]. However,
endocrine disorders are also seen in association
with CBT outside this anatomical site, particu-
larly within the first 5 years after diagnosis [41,
43]. Therefore, consistent, lifelong endocrino-
logical follow-up, early diagnosis and appropri-
ate management of endocrinopathies are crucial
for every CBTS. This follow-up should include
standardised schedules for physical exams and
puberty surveillance, monitoring serum hor-
mone levels, growth and bone density, to name
a few endocrinological functions, that may have
been damaged. The major goal is to improve
final height outcome, lean body mass and bone
density [5, 44], thereby reducing late morbidity,
particularly growth failure, obesity and cardio-
vascular events, and early detection of late-onset
secondary endocrinological malignancies such as
thyroid cancer.

The reader is also referred to the Chaps. 7-12
of this book.

24.3.4 Monitoring Neurologic
and Neurosensory Sequelae

CBTS are at high risk for both early and late
neurologic or neurosensory sequelae [3]. Hence,

prospective, sometimes lifelong, surveillance
is required [45]. While most neurosensory and
neurologic monitoring is usually based on well-
defined schedules, as represented by the example
in Table 24.1, and well-established methods,
including gross motor subscale, and motor-area
composite testing [46], electrophysiological
monitoring and surveillance of ocular and oph-
thalmological functions, appropriate assessment
of treatment-induced hearing loss requires com-
bined audiological, oncological and otolaryn-
gological expertise and can be challenging. The
variability of patient cohorts, different chemo-
therapy dosages and routes of administration,
varying CRT techniques and therapy regimens,
concomitant treatments with other ototoxic agents
and genetic predisposition make it hard to define
standardised, clinically useful ototoxicity grad-
ing criteria [3]. In fact, many reports, including
those addressing the communicative, educational
and psychosocial significance of high-frequency
hearing loss [28], may require prospective valida-
tion, since they are based on different treatment
protocols and ototoxicity grading systems.
According to the current recommendations,
all patients receiving ototoxic treatments should
get audiograms prior to treatment, to each suc-
cessive dose, when presenting with symptom-
atic ototoxicity and, depending on tumour type
and treatment, during follow-up [45]. Although
frequency measurements range from 250 to
8000 Hz, they vary in clinical practice, espe-
cially when assessing children, which can be
challenging. For example, if a child refuses to
put on earphones, the audiogram may be com-
promised, such as to sound field testing only,
which—at many centres—is usually only cali-
brated up to 4000 Hz but not high-frequency
thresholds. Also, survivors with cognitive
impairments like attention deficits may act
uncooperatively during testing, thereby possibly
missing measurements at certain frequencies.
Many clinical trials assess treatment-induced
hearing loss according to the National Cancer
Institute Common Terminology Criteria for
Adverse Events (CTCAE) [47]. This numeric
grading system includes grades from 1 to 4 to
assess chemotherapy-induced ototoxicity and
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combines subjectively assessed hearing loss
with objective threshold shifts measured at two
contiguous frequencies. However, the sensitivity
of CTCAE grading is currently being discussed
regarding potential underreporting of ototoxic-
ity in both the paediatric and adult population
[48, 49]. Therefore, many groups [48, 50, 51]
prefer grading according to Brock [52] due to
its clinical reliability. Recently, Chang’s crite-
ria have proven solid and clinically significant,
especially with regard to the impact of ototox-
icity on speech development and the potential
need for hearing aids [53].

24.3.5 Oral and Dental Health
Monitoring

Paediatric CNS tumour patients younger than
5 years of age when receiving high cumula-
tive doses of alkylating agents and/or cranial
radiotherapy including the facial skull, particu-
larly after doses over 20 Gy, are at high risk for
developmental dental abnormalities [54]. Hence,
parents, patients, survivors and dental care pro-
viders need to be aware that close monitoring and
dental surveillance and follow-up of CBTS are
crucial to prevent compromised oral health and
the resulting increased risk of developing other,
e.g. cardiac, complications. While missing teeth,
cavities and use of dental appliances are readily
apparent to the individual, diagnosing abnor-
malities such as enamel hypoplasia, microdontia
and root stunting requires professional exper-
tise. Therefore, dental care utilisation, including
check-ups and hygiene visits, should be strongly
encouraged by the primary care physician, also
to survivors, who presumably have better access
to dental care and possibly greater health aware-
ness, in order to promote early diagnosis and,
hence, knowledge of specific dental conditions.
Female gender, lower education level and lower
household income level are associated with an
increased risk of compromised oral health in
childhood cancer survivors [54]. This may reflect
decreased access to dental care (particularly lim-
ited access to dentists trained in caring for these
complex patients) and, potentially, decreased use
of preventive care.

24.3.6 Late Morbidity and Mortality

According to the North American Childhood
Cancer Survivor Study (CCSS), 1.3% of CBTS
develop a secondary malignant neoplasm includ-
ing different CNS and other tumour types that
significantly contribute to late mortality [3, 55].
Hence, regular long-term follow-up visits for
physical check-ups as well as neuro- and other
imaging and genetic counselling [13] should be
scheduled based on the survivor’s individual risk
of developing a secondary cancer. This screening
should be lifelong, since these malignancies can
develop even decades after the end of primary
cancer therapy.

In addition to screening for neuropsycho-
logical, endocrinological and cardiovascular LE,
relapse and secondary malignancies on the basis
of tumour type and site and previous therapeutic
exposures, health counselling and promotion of
healthy lifestyles are important aspects of long-
term follow-up care in CBTS as well. Therefore,
it is essential for the primary care physician to
provide anticipatory guidance regarding health
promotion and disease prevention aimed at mini-
mising the risk of future morbidity and mortality.
For example, survivors who are at risk of obesity,
cardiovascular disease and osteoporosis should
attain close endocrinological follow-up and be
counselled regarding the importance of eating a
well-balanced diet and participating in regular
exercise.

The reader is also referred to Chap. 14 of this
book.

24.4 Conclusion

Given the high incidence and broad spectrum of
multifactorial LE experienced by CBTS, struc-
tured, multidisciplinary long-term follow-up care
for this growing group of adolescents and young
adults is essential, so their care is appropriately
tailored to their specific tumour- and treatment-
related risk factors as well as age-specific needs.
This is an exciting time for providing care to a
very unique group of childhood cancer survivors.
Discussions regarding the best models for providing
optimal QoS are emerging concomitantly with
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the increasing activities of various international
research and clinical initiatives, such as CCSS,
PanCareSurFup, PanCareLIFE, VIVE, the Late
Effects Study Group/Late Effects Surveillance
System (LESS), the German Childhood Cancer
Registry (GCCR), the Cardiac and Vascular Late
Sequelae in Long-Term Survivors of Childhood
Cancer (CVSS)-Study Group and, specifically for
CBTS treated within the HIT-Network, HITLife.

24.5 Psychosocial Follow-Up

The reader is also referred to the guidelines
prepared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Hématologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).

24.6 Recomendation for a
Long-Term Follow-Up
Schedule

Long-term follow-up is performed according to the
recommendations of the International Guideline
Harmonisation Group (www.ighg.org), of the
Children’s Oncology Group (COG) (http://www.
survivorshipguidelines.org/) and the LESS group
(www.nachsorge-ist-vorsorge.de) in Germany.
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25.1 Introduction

Worldwide the proportion of long-term survivors
from neuroblastoma has increased over the recent
decades. In Germany, the 10-year overall survival
rates have improved from 46% (1980-1989) to
63% (1990-1999) to 75% (2000-2013) [1].
According to the German Childhood Cancer
Registry, approximately 2400 patients have sur-
vived their disease 10 years or more (diagnosis
1980-2009, n = 3619).

The proportion of patients with residency in
Germany who participated in neuroblastoma tri-
als has exceeded 98% from 1995 onward.
Although the data on survival in Germany are
nearly complete, the same cannot be said for
records on late effects of the disease and therapy.
This is not unique to Germany; indeed, a signifi-
cant proportion of childhood cancer survivors
appear to refuse the recommended risk-based
care. Of 576 neuroblastoma participants of the
Childhood Cancer Survivor Study diagnosed
between 1970 and 1986 in the USA and followed
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up by questionnaires in 2002-2003 (response
rate 77%), 15.5% reported no medical care, 9.9%
general care, 62.1% survivor-focused care, and
only 16.8% risk-based survivor-focused care [2].
Similarly, a single institution in New York
reviewed the medical records of 286 disease-free
childhood cancer patients diagnosed between
2010 and 2012 who had completed their cancer
therapy at least 3 years before and found that
74.2% adhered to the recommended follow-up
screening [3]. It has been reported that childhood
cancer survivors carry an eightfold higher rela-
tive risk for at least one chronic medical condi-
tion 20 years after diagnosis compared to their
siblings [4]. Another study on the Childhood
Cancer Survivor Study cohort showed a cumula-
tive incidence of more than 60% for chronic
health conditions among neuroblastoma patients
having survived 28 years after diagnosis. In more
than one third, the severity was severe, disabling,
or life-threatening (grades 3-5) [5]. However,
general recommendations for long-term medical
surveillance of neuroblastoma patients [6] should
be balanced against the patients’ right to
nescience and to stop regular follow-up
examinations.

For neuroblastoma survivors, specific condi-
tions must be observed. Peculiarities of neuro-
blastoma are the young age at presentation and
the wide range of biological features. The mean
age at diagnosis was 16 months (range
0-306 months) in our series of 4284 patients
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from 1979 to 2015 [1]. Neuroblastoma has
remarkably  divergent  disease  patterns.
Spontaneous  regressions,  chemotherapy-
induced or spontaneous maturation, and highly
aggressive, largely treatment-resistant progres-
sions are well-known occurrences. Clinical and
molecular characteristics help to assign the
patients to low-, intermediate-, and high-risk
categories. Low risk can be attributed to stages
1, 2, and 3 (<2 years) and stage 4S without
MYCN amplification and without chromosome
1 p aberration (criteria from the NB2004 trial).
If no threatening symptoms are present, surgical
intervention alone is the recommended therapy.
Low risk accounts for approximately half of the
neuroblastoma patients. Intermediate risk is
considered for patients with stage 2 or with
stage 3 <2 years and detected chromosome 1p
aberration but absent MYCN amplification and
all stage 4 patients below 18 months. This group
accounts for approximately 10% of all patients.
The treatment is similar to high risk but without
myeloablative therapy. High risk is defined
worldwide by stage 4 >18 months or by MYCN
amplification in stages 1, 2, 3, and 4S and stage
4 <18 months. 37-40% of all patients are con-
sidered as high risk. The treatment is extensive
and includes intensive induction chemotherapy,
high-dose chemotherapy with stem cell rescue,
surgical therapy, radiotherapy, and some type of
maintenance therapy (e.g., isotretinoin, immune
therapy). The current survival probabilities for
all patients are 79% at 5 years, 77% at 10 years,
and 76% at 15 years [1]. However, major differ-
ences exist between the stages and risk groups.
In a study published in 2018, low- and interme-
diate-risk patients (stages 1, 2, 3, 45, 4
<18 months) had 92 + 1% overall survival at
15 years, while this was much worse for high-
risk patients at 44 + 4% (stage 4 patients
>18 months and normal MYCN 32 + 3%, stage 4
patients >18 months and amplified MYCN
26 + 3%, stages 1-3, 4S, stage 4 <18 months
and amplified MYCN 44 + 4%) [6]. The differ-
ent prognosis (low vs. high risk) and the differ-
ent treatment approaches (minimum treatment
vs. extensive treatment) require tailored pro-
grams for the patients.

25.2 Late Mortality After
Neuroblastoma

The late mortality of childhood cancer patients
who have survived 5 years post-diagnosis has
decreased over the recent decades. The Childhood
Cancer Survivor Study reported a 15—year cumu-
lative mortality of 10.7% in the 1970s, 7.9% in
the 1980s, and 5.8% in the 1990s p < 0.001) [7].
The reductions were attributable to fewer deaths
from recurrence or progression (7.1% in the
1970s, 4.9% in the 1980s, 3.4% in the 1990s,
p <0.001) and to fewer deaths from other health-
related external causes including the late effects
of cancer therapy (3.1% in the 1970, 4.9% in the
1980s, 3.4% in the 1990s). However, this general
improvement did not apply to neuroblastoma
(n = 2632; 15-year cumulative mortality all
causes, 1970s 4.1%, 1980s 4.8%, 1990 6.5%,
p = 0.04; recurrence/progression, 1970 3.0%,
1980s 3.3%, 1990 5.2%, p = 0.05; other health-
related causes, 1970 0.9%, 1980 1.1%, 1990
1.1%, p = 0.77) [7]. This is likely a result of the
increasing proportion of long-term survivors of
high-risk neuroblastoma and the increasing tox-
icity of the treatment for intermediate and high-
risk neuroblastoma. Thus, the study indicates an
undiminished -if not increased- risk of 5-year
neuroblastoma survivors for a late death from the
tumor and/or other health-related causes.

In Germany, the late mortalities of patients sur-
viving 5 years after diagnosis were not different
between the treatment decades 1980s, 1990s, and
2000s. The all-cause 15-year cumulative mortality
was 5.9% (Fig. 25.1). The risk of dying from tumor
recurrence was much higher (15-year mortality
3.3%) compared to death from second malignan-
cies (0.3%) or from deadly late toxicities (0.2%).

25.3 Health Outcome and General
Quality of Life

A multitude of studies indicate a generally poor
health outcome for high-risk neuroblastoma
survivors.

Particularly interesting is that more recently
treated survivors of neuroblastoma even had an
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Fig. 25.1 All-cause and cause-specific cumulative mor-
tality among 5-year survivors (n = 2444) of neuroblas-
toma diagnosed 1980-2010. The cumulative 15-year
mortality from any cause was 5.9% [95%-CI 4.8-7.0%]
from tumor (+ toxicity during recurrence treatment) 3.3%

increased risk of long-term adverse events com-
pared to patients treated in earlier decades. The
15-year cumulative incidence of at least one
grades 3—5 condition increased from 18.0% (95%
CI 14.5-21.6%, 1970-1979) to 25.0% (21.8—
28.2%, 1990-1999, P = 0.0045) [8]. This is
likely caused by the previously mentioned higher
therapeutic intensity in the later period and the
higher survival rates of high-risk patients.
Another study compared chronic health con-
ditions among 136 >10-year neuroblastoma sur-
vivors with 272 community controls [9]. By the
age of 35 years, survivors had experienced 8.5
grades 1-5 conditions on average (95% CI 7.6—
9.3), while the controls had 3.3 on average (2.9—
3.7). The higher prevalence was particularly
evident for pulmonary, auditory, gastrointestinal,
neurological, or renal impairment but was also
reported for poor physical status, symptoms of
anxiety, independent life, marriage, and unem-

[95%-CI 2.9-3.8%], from second malignancy 0.3%
[95%-CI 0.18-0.67%], from other and unknown health-
related causes 0.2% [95%-CI 0.09-0.43%], and from tox-
icity 0.2% [95%-CI 0.11-0.40%]

ployment. Remarkable in this context is that only
22% of the survivors initially had stage 4
neuroblastoma.

The findings are supported by a quality-of-life
investigation among 919 neuroblastoma survi-
vors compared to their siblings [10]. Depending
on the age at interview of the survivors, 26-33%
of the patients reported a poor condition in at
least one of the outcome measures (poor general
health, adverse mental health, functional impair-
ments, activity limitations, pain, anxiety) com-
pared to 15-20% of the siblings. This proportion
was higher among the female survivors compared
to male. In contrast to other malignant diagnoses,
a general increase of survivor-reported quality-
of-life limitations was not observed for
neuroblastoma survivors as they age (Suppl.
Fig. 5in [10]).

Nathan and coworkers interviewed 432 neuro-
blastoma patients treated in the period 1970-1986
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and having survived 16-35 years. The lack of evi-
dence for significant deficits in physical well-being
or functioning compared to population norm may
be explained by the low proportion of high-risk
patients in this study. But even in this cohort with
limited therapeutic interventions, the emotional
health of the survivors was significantly compro-
mised in view of vitality, social function, emotional
role, and mental health (subscales) [11].

A Canadian population-based survey of 99
survivors of high-risk neuroblastoma treated
between 1991 and 2010 with stem cell transplants
reported a distinctly impaired quality of life [12].
The health-related utility score HUI2 was
0.89 +£0.11(0 being dead, 1.0 being perfect health)
with morbidity in sensation (53%), pain (30%),
cognition (28%), and emotion (24%). The HUI3
score was 0.84 + 0.18, reflecting impairments in
hearing (38%), pain (30%), cognition (27%), and
speech (23%). These outcomes were not different
compared to neuroblastoma survivors without
stem cell transplant, but were significantly infe-
rior compared to non-transplanted survivors of
leukemia and Wilms tumor and children from the
general population. However, they were superior
in comparison to survivors of brain tumors.

Two single-institution studies of high-risk
patients who underwent high-dose chemotherapy
with autologous stem cell reinfusion investigated
the organ-related health outcomes. Elzembely
et al. reported that 87% of the 61 survivors devel-
oped grades 1-5 late sequelae that increased over
time. The most common abnormalities were
hearing loss (82%), dental defects (28%), endo-
crine (18%), and orthopedic (15%) late effects
[13]. Among patients who underwent triple con-
secutive high-dose chemotherapy courses,
Armstrong et al. found late sequelae in 74% (19
patients) after a median of 13.9 years (range 5.8—
18.8). The most prominent were hearing loss and
endocrine-related late effects (growth failure,
hypothyroidism, hypogonadism) [14].

These studies highlight the necessity of discrim-
inating between high-, intermediate-, and low-risk
neuroblastoma. The highly different treatment
approaches ranging from minimum intervention
(surgery plus observation) to maximum interven-
tion are likely to be overlooked in surveys includ-

ing the total cohort of patients and are therefore
potentially misleading. For scientific reasons, the
comparisons between the groups are highly inter-
esting; but from a practical clinical point of view,
the high-risk patients are more likely to benefit sub-
stantially from long-term surveillance.

The reader is also referred to Chap. 16 of this
book.

25.4 Hearing Impairment

Hearing impairment is the most frequently
reported long-term harm for neuroblastoma
patients.

Cisplatin and carboplatin are key drugs for the
treatment of high-risk neuroblastoma and are
known to be associated with significant hearing
impairment. A recent report [15] demonstrated a
hearing impairment in 69% (CTCAEv3 grades
1-4) and severe hearing loss (CTCAEv3 grades 3
and 4) in 47% of patients after administration of
<400 mg/m? cisplatin. The addition of carbopla-
tin (1700 mg/m?) resulted in hearing impairments
of 86% and 71%, respectively. Twenty-nine per-
cent had a hearing aid after cisplatin and 58%
after cis-plus carboplatin. This vulnerability
increased with hospitalization for infection (82%
of patients), which was a surrogate marker for the
application of further ototoxic drugs like amino-
glycoside antibiotics and Henle loop diuretics.
The Brock scale was shown to underestimate
severe hearing loss.

An earlier single-institution study [16]
reported a prevalence of severe ototoxicity
(Brock scale grades 3 and 4) in 16/65 (25%) of
patients after 400 mg/m? cisplatin and in 29/58
(50%) of patients after myeloablative therapy
with 1700 mg/m? carboplatin. In our experience
[171, 27% of patients (109/405) with stage 4 neu-
roblastoma (no recurrence 1 year after diagnosis
and exposure to up to 800 mg/m’ cisplatin)
showed grades 3 and 4 hearing impairments
(WHO scale). In contrast, this was the case for
only 0.4% (2/453) of patients with lower stage
and without exposure to chemotherapy. This is in
agreement with the results of the SFOP NBL90
study in infants exposed to 40 mg/kg (=1200 mg/
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m?) carboplatin combined with etoposide in a
neoadjuvant setting for unresectable primary
tumors [18]. 29/30 had no ototoxicity (grade O,
Brock scale) 4.5-9.5 years after diagnosis. In the
German trials NB97 and NB2004, 8.2% of high-
risk patients (stage 4 >18 months, n = 710) and
1.9% of low- and intermediate-risk patients
(stages 1-3 and stage 4S, MYCN normal;
n = 1538) reported deafness or significant hear-
ing impairment >1 year after diagnosis.

According to Gurney et al. [19], severe hear-
ing impairment had a negative impact on aca-
demic learning and was associated with
psychosocial difficulties. A survey on 137 chil-
dren aged 8—17 years detected an approximately
twofold higher risk for problems with reading
skills, math skills, attention, and/or special edu-
cational needs in survivors compared to those
without hearing loss. Likewise a study of survi-
vors with non-CNS tumors (n = 226) and severe
hearing loss also demonstrated an increased risk
of not living independently (OR 2.19), of not
graduating from high school/being unemployed
(OR1.85), and of never having married (OR 1.61)
compared to those without hearing loss [20].

Thus, hearing impairment is relevant only for
intermediate- and high-risk neuroblastoma
patients.

The reader is also referred to Chap. 3 of this
book.

25.5 Thyroid Disorders

Diagnostic mIBG scintigraphy (?*lodine) for all
stages and mIBG therapy (**'Iodine) for high-risk
disease have been standard for several decades.
Free circulating radioactive Iodine (from dissoci-
ation and liver metabolism) is known to harm the
thyroid gland. Clement et al. [21] reported thyroid
disorders in 13 of 16 (81%) long-term survivors
after mIBG therapy treated between 1989 and
1999. Eight patients needed thyroxine therapy,
and nine had thyroid nodules, of which two were
diagnosed as papillary thyroid carcinoma. No cor-
relation was seen between thyroidal "3'Todine
uptake at therapy and later thyroid disorders.
Another study [22] on 160 patients following

mIBG therapy during 1996-2008 found a lower
incidence: 36 experienced new hypothyroidism or
worsening of any grade including 9 with grade 2
requiring thyroxine supplementation.

Due to the currently unknown effect of diag-
nostic mIBG scintigraphy and the frequently
observed incomplete thyroid blocking, all neuro-
blastoma risk groups should be monitored for
TSH elevations during the long-term follow-up
program.

The reader is also referred to Chap. 8 of this
book.

25.6 Cardiotoxicity

Increased blood pressure active catecholamine
metabolites (e.g., dopamine) and the constriction
of the renal artery by the tumor may induce acute
cardiomyopathy. Catecholamine-caused sequelae
have been reported for single cases only and were
reversible in most instances [23].

The regular use of anthracyclines for the treat-
ment of high-risk neuroblastoma [1] is of greater
concern. However, the extension of the infusion
times and limiting the cumulative dose to less
than 400 mg/m? of adriamycine equivalent have
decreased the risk for late cardiac sequelae.
Reporting on 954 neuroblastoma patients, the
Childhood Cancer Survivor Study (period 1970—
1986) found a 4.1-fold increased risk for conges-
tive heart failure, an 11.1-fold increased risk for
myocardial infarction, a 5.1-fold increased risk
for pericardial disease, and a 7.7-fold increased
risk for valvular abnormalities compared to the
sibling group [24]. The recently observed general
decline of major cardiac events attributed to
reductions of cardiotoxic exposures (drugs, radi-
ation) unfortunately did not include neuroblas-
toma [25]. Indeed, the hazard rate for heart failure
increased from 3.22 (95% CI 0.89-12.53) in the
1980s to 5.72 (95% CI 1.58-20.67) in the 1990s
compared to the 1970s (N=1825 neuroblastoma
patients in total).

In our series (NB1997 and NB2004) of 2248
patients surviving >1 year after diagnosis, car-
diotoxicity was observed in 1.0% of patients with
stage 4 >18 months and in 0.1% of patients with
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stage 1, 2, 3, or 4S (MYCN normal) without che-
motherapy or with less intensive chemotherapy
(low and intermediate risk).

It appears that cardiotoxicity as a late effect—
mainly from chemotherapy in neuroblastoma
treatment—must be considered as relevant.

The reader is also referred to Chap. 1 of this
book.

25.7 Second Malignancies

The cumulative incidence of second neoplasm
for patients in Germany with neuroblastoma was
2.8% within 30 years after diagnosis (1980—
2015) which is less than the average for all malig-
nancies (6.6%) [1]. Neuroblastoma as a second
tumor was even more rare (0.9% within 30 years)
[1]. Applebaum et al. [26] reported a cumulative
incidence at 30 years for high-risk patients of
10.5% compared to 3.6% for non-high-risk
patients (P = 0.001). No statistically significant
differences were observed between the treatment
eras 1973-1989, 1990-1996, and 1997-2006
(2801 patients). Of the 34 second malignancies
found, 14 were carcinomas, and 10 were hemato-
logic malignancies with six cases of acute
myeloid leukemia. Federico et al. [27] analyzed
the records of 646 patients and calculated a 4.6%
cumulative risk for a second malignancy at
30 years. The median latency for the develop-
ment of acute myeloid leukemia or myelodys-
plastic syndromes (n = 4) was 3.6 years, for
sarcomas 9 years (n = 7), and for carcinomas
24.2 years (n = 5). The cumulative 10-year inci-
dence for 644 patients treated with different
doses of mIBG was 14.3% [28]. A dose-
dependent increase was not found. 13/19 were
hematologic malignancies and 6/19 solid tumors,
including osteosarcoma, papillary thyroid carci-
noma, mesothelioma, and inflammatory myofi-
broblastic tumor. In one study [29], fewer cycles
of chemotherapy were associated with a lower
incidence. A nested case-control study [30] delin-
eated alkylating agents, which are extensively
used in high-risk neuroblastoma, as the drugs
with the strongest association for a second malig-

nancy after other pediatric primary malignancies,
This needs to be specifically reviewed for high-
risk neuroblastoma.

Although second malignancies after high-risk
neuroblastoma are rarer compared to other pedi-
atric tumors, early detection of leukemias and
myelodysplastic syndromes during the first
10-20 years after diagnosis may be relevant for
the patients. The long latency period of carcino-
mas poses a difficult observative challenge for
the surveillance programs.

The reader is also referred to Chap. 14 of this
book.

25.8 Altered Musculoskeletal
Health

Short stature, osteopenia, capital femoral epi-
physiolysis, dental problems, the development of
osteochondromas, and other late sequelae have
been reported for the high-risk group [31, 32].
Short stature below the third percentile was
observed in 14/21 (67%) high-risk transplanted
long-term survivors [31]. The reduced height has
been associated with growth hormone deficiency
[31, 32], retinoid therapy [33, 34], and total body
irradiation [34]. Growth hormone replacement
therapy did not result in normal growth as in
patients with isolated growth hormone deficiency,
indicating direct impairments of the skeleton
[32]. Growth plate abnormalities, premature phy-
seal closure, and advanced bone age were
detected in cohorts who received retinoids or
antiangiogenic therapy [32, 33, 35].

In patients with neuroblastoma and intraspinal
extension surviving >5 years, the proportion of
scoliosis was 68% (12/19) [36]. Scoliosis may
result from the tumor itself (neurologic impair-
ment due to intraspinal tumor extension or mus-
culoskeletal impairment due to tumor infiltration
of muscles and vertebrae) and/or from treatment
(local radiotherapy or neurosurgical resection).

While scoliosis is usually detected at the end
of treatment in low-risk patients, long-term fol-
low-up for chronic musculoskeletal deformities
may be advised for high-risk patients.
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25.9 Conclusion

A lifelong follow-up program to monitor late
sequelae may be interesting for investigators but
unrealistic to implement, expensive for society,
and not always useful for the patients, in particu-
lar for those with good risk and limited treatment.
The programs need to respect the specific risks
for tumor recurrences after more than, for exam-
ple, 10 years and the advantage of early diagnosis
of late effects. This may be true for hypothyroid-
ism and hearing impairment, but not necessarily
for second malignancies and some skeletal
abnormalities. The specific usefulness is likely to
change with increasing diagnostic and therapeu-
tic options. At the very least, low-risk and high-
risk neuroblastoma patients require substantially
different follow-up schedules.

Long-term follow-up is performed due to the
recommendations of the International Guideline
Harmonisation Group (www.ighg.org), of the
Children’s Oncology Group (COG) (http://www.
survivorshipguidelines.org/) and the LESS Study
(www.nachsorge-ist-vorsorge.de) in Germany.

The reader is also referred to the guidelines
prepared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Himatologie) for the psychosocial care of
childhood and adolescent cancer patients. Even if
the main focus is on acute care.

(https://www.awmf.org/leitlinien/detail/
11/025-002.html).
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with Nephroblastoma

Norbert Graf

26.1 Introduction

Nephroblastoma or Wilms’ tumor (WT) is the
most frequent renal cancer in childhood with
an age-standardized incidence of 8.8 new cases
per one million children below 15 years of age
accounting for 6% of all childhood cancers with
7% occurring as bilateral disease [1]. More than
50 different genetic disorders are known that are
associated with WT, and 1-2% are familiar [2].
The 5-year survival probability is currently over
90% (3, 4]. Treatment of children with WT is
mainly depending on histology and stage ranging
from solely tumor nephrectomy up to intensive
four-drug treatment with local and pulmonary
radiotherapy. In relapsed patients, high-dose che-
motherapy with stem cell transplantation is indi-
cated in high-risk relapses [5].

Late effects are related to the individual treat-
ment given and depend on the usage of differ-
ent drugs, irradiation, and surgical procedures.
Main complications include renal dysfunction,
cardiomyopathy, and growth abnormalities, but
can involve all organs. This chapter focuses on
possible late effects originating from surgery,
chemotherapy, and irradiation. Congenital syn-
dromes may enhance these late effects, like renal
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dysfunction in children with Denys-Drash syn-
drome. Recommendations for follow-up of chil-
dren with WT are given in this chapter.

26.2 Nephroblastoma Treatment

Treatment of children with WT is based on sur-
gery and chemotherapy. In around 20% of chil-
dren, local and/or pulmonary radiotherapy needs
to be added to gain high cure rates. In SIOP,
treatment starts with preoperative chemotherapy,
whereas in COG, children with WT are primar-
ily operated. In both study groups, treatment is
stratified according to age, histology, stage, and
tumor volume. Response to chemotherapy is
used in both study groups for patients with meta-
static disease. Only in SIOP, preoperative che-
motherapy allows to define the blastemal type of
WT as a high-risk tumor needing more intensive
treatment. On the other hand, molecular markers
as LOH of 1p and 16q are risk factors for stratifi-
cation of treatment intensity in COG. The inten-
sity of treatment ranges from surgery alone up
to surgery and four drugs with radiotherapy and
even high-dose chemotherapy (HD-CT) with
autologous stem cell transplantation in high-risk
relapsed patients. Most important drugs are vin-
cristine and actinomycin D. In case of metastatic
disease and high-risk histology, anthracyclines
are added. In high-risk histology as well as in
CCSK and RTK, ifosfamide, cyclophosphamide,
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carboplatin, etoposide, and irinotecan are further
important drugs today. In case of HD-CT, condi-
tioning regimens include melphalan as the main
drug. Radiotherapy is given in less than 20% of
children with WT depending on stage and his-
tology. It is also recommended for all patients
with RTK and for patients with CCSK with the
exception of local stage I. In RCC, surgery is
most important. If possible nephron-sparing sur-
geries are done today not only in bilateral cases
to avoid tumor nephrectomies. One of the most
important tasks in treatment of children with WT
is to avoid acute and late toxicities by reduction
of treatment intensity without jeopardizing the
high cure rates [6].

26.3 Late Treatment Effects

Possible serious late effects in WT [7, 8, 9]
include renal dysfunction after tumor nephrec-
tomy, ifosfamide, carboplatin and local irradia-
tion [10-13], cardiomyopathy after treatment
with anthracyclines and lung irradiation [14—17],
neurotoxicity after administration of vincristine
[18], hepatotoxicity after actinomycin D [19,
20], pulmonary toxicity after lung irradiation
[21, 22], growth abnormalities after local irradia-
tion [23-27], and fertility problems [28, 29]. The
cumulative incidence of secondary malignancies
is 1-4% after 30 years and continuously rising
over time [30-33].

26.3.1 Renal Toxicity

Most patients with WT lose at least one kidney
by tumor nephrectomy. Even in those patients
with nephron-sparing surgery, the amount of
functional normal kidney is decreased. In bilat-
eral cases and in patients receiving radiotherapy
to the contralateral kidney, the risk of develop-
ing end-stage renal disease (ESRD) is of par-
ticular concern [10]. A retrospective study of
5910 patients with WT without WT1 mutation or
genitourinary anomalies and enrolled in NWTSG
trials did show a cumulative incidence of ESRD
of 0.6% after unilateral disease and 12% after

bilateral disease 20 years after diagnosis. The
incidence for renal failure was much higher for
patients with Denys-Drash syndrome (62%),
Wilms’ tumor-aniridia syndrome (38%), and
genitourinary anomalies (11%) [34]. Despite the
fact that ESRD is low for patients with unilateral
WT, a significant number of them develop sub-
clinical glomerular and tubular damage over time
[35], and chronic renal insufficiency is reported
in up to 73% of survivors [36].

In a recent retrospective single-center study
[13], a remarkable number of 37 WT survivors
presented with previously unidentified subclini-
cal signs of renal function impairment, including
age-adjusted cystatin-based glomerular filtra-
tion rate (GFR) estimation below age norm in
55.9%, albuminuria in 13.5%, arterial hyperten-
sion in 40.5%, and both chronic kidney disease
> stage II and arterial hypertension in 24.3%.
Compensatory contralateral renal hypertro-
phy was found by ultrasound in 83.3% of these
patients and in 68% in another study [12]. Both
studies showed that GFR decreases continuously
over time, especially after 10 years.

Summarizing different studies of Wilms’
tumor survivors, microalbuminuria or protein-
uria as well as GFR decrease is found in a high
percentage of patients if abdominal radiotherapy
is given. Data from a paper of Daniel Green are
given in Table 26.1 [11].

In patients with high-risk WT and in patients
with WT relapses, nephrotoxic drugs like ifos-
famide and carboplatin are used to gain higher
cure rates. Even if mean GFR remains stable
after three ICE cycles according to results of a
prospective study in 12 newly diagnosed WT

Table 26.1 Nephrotoxicity in long-term survivors of
WT[11]

Abdominal

radiotherapy

Yes No
GFR <80 mL/min/1.73m?
Range [%] 0-36.3 0-18.1
Overall prevalence [%] 14.8 7.8
Microalbuminuria or proteinuria
Range [%] 0-41.7 0-30.8
Overall prevalence [%] 13.8 11.1
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patients [36], urinary B2-microglobulin excre-
tion increases during therapy. According to this
study, no patient developed clinically significant
renal tubular dysfunction at the end of treatment
with ICE, if adjustment of carboplatin dosage
on the basis of GFR and careful monitoring of
renal function are performed. But they conclude
that the combined treatment with nephrectomy,
nephrotoxic drugs, and local radiotherapy signifi-
cantly reduces GFR with the largest influence of
nephrectomy [36].

Children with bilateral nephroblastoma
undergoing nephron-sparing surgery (NSS) after
preoperative chemotherapy show an excellent
outcome and maintain renal function over time
[37]. This is a clear indication for NSS whenever
it is feasible for bilateral disease. In addition,
this needs to be investigated also for unilateral
nephroblastoma.

In summary patients with WT should be fol-
lowed closely throughout life for signs of nephrop-
athy or renal failure. Prophylactic measurements
during treatment should be considered as the risk
of renal dysfunction can be reduced by more neph-
ron-sparing surgeries, less nephrotoxic chemo-
therapy, and optimized radiation therapy [8, 38].

The reader is also referred to Chap. 2 of this
book.

26.3.2 Cardiotoxicity

Late anthracycline-induced cardiotoxicity can
present as either cardiomyopathy or potentially
life-threatening arrhythmias. The extent of
damage can progress with cardiac dysfunction
becoming rapidly lethal [39].

Anthracyclines are still important drugs in
the treatment of nephroblastoma, CCSK, and
RTK. In 2003 Iarussi et al. showed that there is
a large percentage of WT patients treated with
anthracyclines presented with a high prevalence
of elevated left ventricular (LV) afterload, an
increase in LV volumes at end systole, a decrease
in LV mass, a decrease of LV pump function,
and a normal stress velocity index that is a load-
independent measure of contractility in long-
term follow-up. In contrast, the Wilms’ tumor

survivors treated without anthracyclines had no
myocardial abnormalities [15]. In this analysis,
the most important predictor of worsening car-
diac performance was total anthracycline dose.
Patients receiving less than 240 mg/m? showed
no deterioration of left ventricular end systolic
stress at 10 years from the end of treatment [17].

The 20-year risk of congestive heart failure
after primary doxorubicin treatment on NWTS-3
and NWTS-4 is calculated as 1.2% [40]. In a
multicenter retrospective analysis of data from
Germany, 4 out of 157 (2.5%) children had a
left ventricular fractional shortening below 29%
at the last follow-up of 2.9 [0-10.2] years past
therapy [16]. Despite the fact that the incidence
of abnormal findings is quite low, one needs to
restrict the usage of anthracyclines as much as
possible. There are reports of severe cardiomy-
opathies in children with WT in whom heart
transplantation was needed [41]. To minimize
the risk of anthracycline-induced cardiomyopa-
thy, the usage of doxorubicin in nephroblastoma
is restricted to only metastatic and high-risk dis-
eases today. In SIOP 2001, it could be proven that
doxorubicin can be omitted safely from chemo-
therapy for local stages II and III in intermediate-
risk WT. There was no difference in overall
survival and only a trend in event-free survival
in favor of doxorubicin. According to these data,
22 children would need to receive doxorubicin to
avoid a single relapse that can be salvaged in a
second attempt [6]. In NWTSG, no statistically
significant effects of doxorubicin were found for
patients with stage II tumors as well, whereas
for patients with stage III tumors, the 8-year
recurrence-free survival and overall survival (OS)
were 84% and 89% receiving anthracyclines and
only 74% and 83%, respectively, for those treated
without doxorubicin in NWTS-3 [40].

Our studies and others show that cardiomy-
opathy can occur many years after completion
of therapy and that the onset may be spontane-
ous or coincide with exertion or pregnancy. An
important risk factor known to be associated with
anthracycline-related cardiotoxicity is lung radia-
tion in patients with metastatic WT [42]. In 2015,
a clinically useful model using demographic and
cancer treatment data was developed to predict
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the individual risk of heart failure among 5-year
survivors of childhood cancer. The model was
validated with data from the National Wilms
Tumor Study Group. According to this model,
cumulative incidences of heart failure at the age
of 40 years were found to be between 0.5 and
11.7% using risk scores based on age, gender,
and anthracycline and irradiation dosage [41].

As cardiomyopathy is a severe late effect of
anthracycline treatment, prevention is of utmost
importance. Both cumulative dose and the mode
of administration have to be considered as risk
factors for developing cardiac injury [43]. In a
Cochrane analysis, an anthracycline infusion
duration of 6 h or longer reduces the risk of clini-
cal heart failure, and it seems to reduce the risk
of subclinical cardiac damage. Since there is
only a small amount of data for children and data
obtained in adults cannot be extrapolated to chil-
dren, different anthracycline infusion durations
should be evaluated further in children [44]. In
nephroblastoma patients who still need anthracy-
clines, the cumulative dose is nowadays reduced
to a maximum of 250 mg/m? in clinical trials as
recommended by Sorensen et al. [17].

There are no effective treatments known for
anthracycline-induced cardiomyopathy. Although
there is some evidence that enalapril temporarily
improves cardiac function, it is unclear whether
it improves clinical outcome in children. In addi-
tion, enalapril is associated with dizziness, hypo-
tension, and fatigue. Clinicians need to weigh
the possible benefits with the known side effects
of enalapril in childhood cancer survivors with
asymptomatic anthracycline-induced cardiotox-
icity [45]. There are no studies analyzing car-
dioprotection with dexrazoxane in patients with
nephroblastoma as it was shown in other cancer
types, especially in adults. Interestingly in high-
risk ALL, it could be shown that this drug did not
increase the rate of second malignancies [46].

The reader is also referred to Chap. 1 of this
book.

26.3.3 Growth Abnormalities

Radiotherapy in children is associated with side
effects on growth and development of normal tis-

sues. It is well-known that an incomplete growth
arrest of endochondral ossification is observed
at doses of 1020 Gy and permanent arrest at
20-30 Gy [47]. The degree of damage depends in
addition to the fractionation, the radiation field and
the age of the child [8, 25, 27, 48]. In former times,
only part of the vertebral column was included in
flank irradiation resulting in flank atrophy on the
treated side with asymmetry of vertebral bodies,
vertebral end-plate irregularities, scoliosis, kypho-
sis, and hypoplasia of the ilium [49]. In an analy-
sis by Sasso of 34 WT patients, who received flank
irradiation, 53% developed growth abnormali-
ties between 60 and 180 months after the end of
treatment. They found scoliosis in 41%, muscular
hypoplasia and length inequality in 12%, kyphosis
in 15%, and iliac wing hypoplasia in 9% of these
patients. In most cases, the scoliosis was mild and
rarely showed a curvature angle greater than 20
degrees [25]. Similar results are reported by Paulino
et al., with 16.7% muscular hypoplasia, 11.9% limb
length inequality, and 7.1% kyphosis or iliac wing
hypoplasia. The incidence of scoliosis in their study
was 4.8% at 5, 51.8% at 10, and 56.7% at 15 years
after RT with doses between 1201 and 2399 cGy.
In case of lower RT doses, only 1 out of 12 patients
developed scoliosis [24]. It could be shown that
severe late radiation sequelae of the spine can be
reduced by involving the whole vertebra into the
radiation field, by using high-energy radiation tech-
niques and by excluding children under the age of
1 year from radiotherapy [8, 27].

In addition, girls can develop breast hypopla-
sia as a direct consequence of thoracic irradia-
tion even after low radiation doses (<5 Gy) at the
developing breast and is also reported after suc-
cessful treatment for WT [23, 50]. The occurrence
and the degree of breast hypoplasia were studied
by Fiirst et al. in 129 women irradiated with ion-
izing radiation before 4 years of age for hem-
angioma located in the breast region. The mean
absorbed dose to the breast was 2.3 Gy. Breast
hypoplasia on the treated side was reported by
57% of the patients and on the contralateral side
by 8% [51]. In 3 out of 4 girls with WT and tho-
racic irradiation for lung metastases breast hypo-
plasia is reported to occurr [23].

The reader is also referred to the Chaps. 39, 40
of this book.
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26.3.4 Hepatotoxicity

Acute hepatic veno-occlusive disease (VOD) is
a well-known complication of actinomycin or
the combination of chemo- and radiotherapy in
WT. Out of 511 children with WT treated accord-
ing to SIOP 9 protocol, 64 patients suffered at
least one episode of hepatotoxicity from whom
41 presented with VOD (8%). Children below
1 year of age and those receiving local irradia-
tion showed an increased risk [52]. Liver toxic-
ity in irradiated patients occurred at a median of
6.5 weeks after start of postoperative treatment.
The rate of toxicity was higher in patients receiv-
ing more than 20 Gy to the major part of the liver
[53]. Ludwig et al. could show that dose inten-
sity of actinomycin is important in the develop-
ment of hepatotoxicity. Therefore, too frequent
cycles should be avoided, and a dosage of less
than 10 pg/kg/week may lower hepatotoxicity.
In smaller children (below 12 kg body weight),
actinomycin should be reduced to at least 66% of
the regular dosage. The same reduction is neces-
sary under radiotherapy to the abdomen, or the
drug should be postponed until a few weeks after
irradiation [20].

In a single-center retrospective study, liver
biopsies were performed after preoperative che-
motherapy in 91 localized or metastatic WT
patients treated according to SIOP 9, 93-01,
or 2001, and long-term hepatic toxicity was
assessed 5 years after the end of therapy. 41 of
these patients (45.1%) showed histological evi-
dence of VOD. The incidence of histologically
proven VOD was significantly correlated with a
single administration of 45 pg/kg actinomycin
(SIOP 2001 protocol) as compared to repeated
dosing of 15 pg/kg [19]. In contrast, the National
Wilms Tumor Study group found no increase of
hepatotoxicity using single doses of actinomy-
cin for low- or high-risk WT or CCSK with an
equivalent 2-year relapse-free survival compared
to those treated with standard 5-day regimens.
Based on demonstrated efficacy, greater adminis-
tered dose intensity, less severe hematologic tox-
icity, and the requirement for fewer physician and
hospital encounters, single doses of actinomycin
became the new standard of application [54].

Altogether 52% of patients treated with acti-
nomycin suffer from mild to severe abnormal
liver enzymes 5 years after the end of treatment
[19]. This risk of developing long-lasting hepa-
totoxicity demands close follow-up of hepatic
function and imaging via ultrasound for many
years.

26.3.5 Pulmonary Toxicity

Pulmonary irradiation is known to have acute
and long-term side effects on lung tissue result-
ing in interstitial pneumonitis or lung fibrosis. As
a consequence, it is restricted today to patients
with Wilms’ tumor, who show high-risk histol-
ogy or do not achieve a complete remission of
lung metastasis after chemotherapy and/or sur-
gery. The authors of a report from the American
Childhood Cancer Survivor Study found statis-
tically significant associations for chest radia-
tion and lung fibrosis, supplemental oxygen use,
recurrent pneumonia, chronic cough, and pleurisy
[55]. The National Wilms Tumor Study group did
analyze diffuse interstitial pneumonitis in their
NWTS-3 trial [56]. They reported this toxicity in
13.0% of patients. But not in all of them the eti-
ology was radiation pneumonitis, which is why
intensive evaluation in these patients is always
required to determine the specific cause of the
pneumonitis, especially to exclude infectious
agents, like pneumocystis carinii. For that reason,
prophylactic administration of trimethoprim/sul-
famethoxazole in patients with pulmonary irra-
diation is recommended [56]. In another study,
three out of seven patients with pulmonary irradi-
ation developed radiation-pneumonitis [25]. In a
follow-up study of eight patients with metastatic
Wilms’ tumors receiving whole lung irradiation
(1200-1837 cGy), these patients were reassessed
clinically, radiologically, and with lung func-
tion tests 6-26 years after radiotherapy [21].
Despite the fact that chest radiograph showed
clear lung fields in all cases, only three of these
eight patients were clinically asymptomatic, and
all eight patients had a small chest, and the breast
of four of five females were underdeveloped. In
addition, lung volumes, total lung capacity, and
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vital capacity were decreased. Nevertheless,
interstitial lung fibrosis is found as a rare event
in patients with WT after radiotherapy to the lung
with doses used today [21].

The administration of actinomycin and/or
anthracyclines may enhance latent radiation dam-
age causing radiation pneumonitis. Therefore the
dosing of these drugs should be reduced during
pulmonary irradiation [56].

An overview of the literature on pulmo-
nary late effects after thoracic radiotherapy
is provided by Bolling et al. and not only for
nephroblastoma. They conclude that whole lung
irradiation is regularly followed by some kind
of pulmonary function impairment and that che-
motherapy and thoracic surgery also contributes
to such sequelae [50]. As the number of patients
with follow-up data on lung toxicity in WT is
small, we need more data from large and long-
term studies, to outweigh the benefits of pulmo-
nary irradiation [22].

The reader is also referred to Chap. 6 of this
book.

26.3.6 Neurotoxicity

During the administration of vincristine, periph-
eral neuropathy may occur and may manifest as
polyneuropathy or severe obstipation. In adults
with nephroblastoma, the main acute toxicity is
neuropathy due to vincristine. In a series of 30
patients, 13 (43%) suffered from severe (grade 3
to 4) neurotoxicity [57]. Vocal paralysis is rarely
seen in children with nephroblastoma. From the
literature, this toxicity is potentially reversible
with subsequent withdrawal of vincristine [58].
Patients with hereditary neuropathy are at risk
of suffering severe sequelae following vincristine
therapy. As the association of vincristine neurop-
athy and Charcot-Marie-Tooth (CMT) syndrome
is known in patients with severe neurotoxicity
occurring during treatment with vincristine, one
should exclude asymptomatic CMT [18] in such
patients without known hereditary neuropathy.
In a recent study from St. Jude, neurocognitive
impairment in long-term survivors of nephro-
blastoma was found [59]. Mainly verbal domains

having an impact on social attainment and health-
related quality of life were affected. Patients with
chronic neurological conditions seem to be more
vulnerable than others. Such findings underline
to assess neurocognitive and social outcomes
also in survivors of nephroblastoma over time.

26.3.7 Fertility

Long-term fertility and successful pregnancy
outcomes are significant issues for childhood
cancer survivors, as reproductive organs are sen-
sitive to cancer treatment, especially to radiother-
apy. Most WT patients are bearing no or minimal
risk. But female survivors of WT, who received
abdominal irradiation including ovaries and/or
the uterus within the radiation field, are at signifi-
cant risk of poor fertility outcomes [8, 28, 60—64].
The reason of a relative high incidence of infer-
tility, spontaneous miscarriages, and restricted
fetal growth is mainly caused by late effects of
radiation to the uterus and the ovaries resulting
in small uterine volume and/or premature ovar-
ian insufficiency [8, 65]. In a study of long-term
survivors of WT treated between 1940 and 1972,
only 1 of 25 females with whole abdominal radi-
ation showed normal ovarian function. Twenty
women of this cohort experienced primary ovar-
ian insufficiency, and four developed premature
menopause before the age of 36 years [64]. A
Childhood Cancer Survivor Study including
2201 children of 1264 survivors of childhood
cancer and 1175 children of 601 female siblings
investigated possible long-term reproductive
health effects in this female cohort [29]. Results
did show that the children of survivors were
more often preterm than those of the siblings.
This was aggravated by the usage of radiother-
apy, especially radiotherapy to the uterus. More
than 500 cGy did increase the risk of preterm,
low birth weight, and SGA (small for gestational
age) significantly with odds ratios between 3.5
and 6.8. Such increased risks were also seen for
lower doses of radiotherapy to the uterus con-
cluding that girls surviving cancer carry the risk
of early births among their offspring after pelvic
irradiation [29]. The British Childhood Cancer
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Survivor Study confirmed these data reporting of
32% low birth weight, 35% preterm delivery, and
22% miscarriages in children of 511 female sur-
vivors of WT with abdominal radiotherapy [33].

Knowing about these late effects, it is impor-
tant to take measures of prophylactic fertility
preservation. Unfortunately oocyte storage is not
possible in pre-pubertal girls. The only option is
ovarian cortex cryopreservation and subsequent
re-implantation. Such a successful procedure
is reported in an adult woman with WT who
underwent high-dose chemotherapy with hema-
topoietic stem cell transplantation for recurrence
facing premature ovarian insufficiency afterward.
10 years later, she gave birth to a healthy boy at
36 weeks’ gestation after cryopreserved ovar-
ian cortex was transplanted to the left ovary by
laparoscopy [65]. Even if this procedure is still
experimental in young girls, one should consider
cryopreservation of ovarian tissue at least in
girls undergoing pelvic irradiation. In the above
reported woman, re-implantation of ovarian cor-
tex resulted in restoration of ovarian function and
natural conception with successful pregnancy.

The reader is also referred to the Chaps. 9, 10,
12 of this book.

26.3.8 Second Malignancies

Second malignant neoplasms (SMN) are well-
recognized late sequelae of therapy in survivors
of childhood cancer. The risk in WT is relatively
small compared to other pediatric cancers [31].
According to the SEER database, out of 2851
patients with WT 34 developed a second malig-
nancy. The cumulative incidence was calculated
to be 0.6% at 10 years, 1.6% at 20 years, and
3.8% at 30 years. The median time between
WT and a subsequent tumor was 12.5 years.
According to these data, radiotherapy did not
significantly increase the risk of a SMN. 64.5%
of patients with a second cancer survived after
5 years [31].

Patients with WT treated according to NWTS
protocols between 1969 and 1991 developed
43 SMNs out of a cohort of 5278 patients. The
cumulative incidence was calculated with 1.6%

after 15 years of diagnosis, and 73% of second-
ary solid tumors were diagnosed in the radiation
field for WT treatment. The NWTSG showed that
higher radiation doses increased the risk of SMNs
and that this effect is potentiated by doxorubi-
cin. They observed 8 SMNs among 234 patients
treated with doxorubicin and more than 35 Gy of
abdominal radiation in contrast to 0.22 expected
SMNs. In addition, the risk for SMNs did rise
by a factor of 4 to 5 after treatment for relapse
[30]. Within the SIOP trials 1, 2, 5, and 6, eight
SMNSs occurred in 1988 patients with WT giving
a cumulative incidence of 0.65% at 15 years after
diagnosis [66]. In a cohort of 1872 WT patients
in Germany treated according to SIOP 9, SIOP
93-01, and SIOP 2001 between 1989 and 2008,
19 (1.0%) survivors developed SMN with a mean
time interval of 4.2 + 3.7 years after WT diagno-
sis. Most frequently, a leukemia was diagnosed
(three times ALL or AML and one patient with
MDS) followed by four solid tumors (two times
rhabdomyosarcomas, one patient with thyroid
carcinoma, and one with PNET) and two brain
tumors (sub-ependymal giant cell astrocytoma
and plexus papilloma) [32]. In the British Cancer
Survivor Study from 2016 with a long follow-up
of up to 50 years of children with WT, the cumu-
lative risk of developing a SPN was 3.7% after
30 years which increased to 16.4% after 50 years.
They found that SMINs of the digestive sites were
the most common ones, followed by the breast,
bowel, and bone. All of the breast cancer patients
were irradiated at the abdomen and/or the chest
during WT treatment [33]. In their analysis, 40%
of the SMNss developed late after 30 years under-
lining the need for a lifelong follow-up of WT
patients.

Summarizing these reports, various types of
SMNs have been described, such as leukemia,
sarcomas (bone and soft tissue), breast cancer,
lymphoma, gastrointestinal tumors, melanoma,
and brain tumors. It can be concluded that radia-
tion is the most important treatment-related risk
factor for the development of SMNs with chemo-
therapy potentiating the carcinogenic effect of
radiotherapy. Therefore, we need to strengthen
our efforts to reduce radiotherapy and inten-
sive chemotherapy in WT as much as possible.
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Continuing close surveillance of survivors of
WT is essential for early diagnosis of SMNs
guaranteeing a higher chance of cure of the sec-
ond malignancy [8, 30].

The reader is also referred to Chap. 14 of this
book.

26.4 Quality of Health

It is well-known that survivors of any kind of
childhood cancer are at risk for adverse health
and social outcomes. This is also true for WT
patients. According to a Childhood Cancer
Survivor Study [9], WT survivors show a high
frequency of chronic health conditions (65.4%),
including severe health conditions (24.2%) after
25 years. They report often functional impair-
ment and activity limitations, but their socio-
economic status and mental health status are
not different from a sibling comparison group.
The mortality rate in 5-year WT survivors after
25 years was 6.1% and higher than in compari-
son to the US population [9]. Radiation expo-
sure seems to be the most relevant factor for
the high frequency of severe health conditions
as it increases the likelihood of congestive heart
failure especially with the addition of doxorubi-
cin (no doxorubicin, hazard ratio (HR) of 6.6;
doxorubicin 250 mg/m?, HR of 13.0; doxorubi-
cin >250 mg/m?, HR of 18.3), of second malig-
nancies, and of death according to the above
study. The overall frequency is similar to that
reported in other studies like the one of Geenen
et al. in [67] and that of Cotton et al. in [68]. Late
relapses as a cause of late death is a rare event in
patients with WT [69, 70].

There are only sparse data about environmen-
tal risks of adverse outcomes among survivors of
WT after 30 years from diagnosis. Such data on
cause-specific mortality and the extent of smok-
ing and drinking, educational achievement, health
status, and health service use in 1441 5-year sur-
vivors of WT are available from an investigation
of the British Childhood Cancer Survivor Study
in comparison to the general population [33].
They found a cumulative risk of death from all
causes, excluding recurrence, of 5.4% at 30 years

and 22.7% at 50 years after WT diagnosis. Most
of the deaths beyond 30 years were caused by sec-
ond malignancies, followed by cardiac diseases.
Radiotherapy exposure was a risk factor for both
outcomes. Even radiotherapy was reduced during
the last years, the majority of current survivors,
who are at least 30 years from diagnosis, received
radiotherapy [33]. Further results of their inves-
tigation are that survivors of WT were less likely
to smoke or to drink alcohol. They achieved the
same level of education but were less often mar-
ried, and they needed more frequently health care
as an out- or inpatient compared with the general
population [33]. Interestingly the physical activ-
ity of 67 Dutch WT survivors was the same as a
healthy control group and better than long-term
male survivors of neuroblastoma [71].

In an analysis of 654 WT survivors in a
Childhood Cancer Survivor Study using a well-
known and widely used and validated health-
related quality of life (HRQL) questionnaire
(SF-36) [72], these patients showed a clear pat-
tern of poor emotional health. The scoring was
significantly below the population mean score in
performance on the vitality, social function, role-
emotional, and mental health sub-scales [73].
Such a low score has been shown to have high
sensitivity and specificity for developing depres-
sion. This result is important to primary care
physicians who have regular contact with these
patients, as they need to be aware that there is
a need to screen for depression or anxiety dur-
ing routine care visits [72]. Independent risk
factors for these lower scores included female
gender, Native American race, unemployment,
and household income below $20,000 [73]. In
another questionnaire analyzing Nordic patients
for assessing subjective well-being, psychologi-
cal distress, school contentment, self-esteem,
and personality traits, the adolescent survivors
of WT, AML, and infratentorial astrocytoma
reported better subjective well-being and self-
esteem compared to a Norwegian health survey
(n = 7910) serving as a control. They had fewer
social problems in school, and their school con-
tentment tended to be higher than controls. In
contrast, they showed higher levels of psycholog-
ical distress. Neither the diagnosis of WT, AML,
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or astrocytoma nor the time since diagnosis did
affect these results [74].

The reader is also referred to Chap. 43 of this
book.

26.5 Recommendations
for Aftercare

Long-term survivors of WT remain at risk for
serious chronic health conditions, adverse health
outcomes, and excess mortality. There are oppor-
tunities for improvement in the medical sur-
veillance and cancer screening for long-term
survivors of WT [9] if one takes into account that
the severest late effects are attributed to tumor
nephrectomy, nephrotoxic drugs, anthracyclines,
and radiotherapy. These late effects may be aggra-
vated by underlying clinical syndromes in WT
patients. In addition, future treatment protocols
for WT should further try to avoid nephrotoxic
drugs, radiotherapy, and anthracyclines as much
as possible. Nephron-sparing surgeries should be
considered whenever safely possible. There is a
need on weighing the benefits of treatment and
the risk of developing late side effects [48].

26.6 Recomendation for a
Long-Term Follow-Up
Schedule

Long-term follow-up guidelines have been pub-
lished from the Children’s Oncology Group (COG)
(http://www.survivorshipguidelines.org/). In case
of WT, echocardiographic screening needs to be
done in all patients who received anthracyclines.
Time intervals are depending on cumulative anthra-
cycline dose, the addition of lung irradiation, age of
exposure, and results of the echocardiography. In
pregnant women who were treated with anthracy-
clines, echocardiography is of utmost importance,
as a subclinical cardiomyopathy may rapidly
decompensate. Follow-up of patients by a pediatri-
cian and later adult nephrologist is recommended
to check for signs of nephropathy and renal failure.
Screening for secondary malignancies should take
into consideration the radiation field. Surveillance

programs for breast cancer and gastrointestinal
tumors should be explained to patients with WT
after radiotherapy to the abdomen or the lung. In
women who received abdominal or pelvic irradia-
tion, fertility problems need to be taken seriously
as well as a close screening during pregnancy due
to the higher risk of preterm deliveries. In patients
with RTKs, rhabdoid predisposition syndrome
must be excluded in affected families, and consul-
tation by a geneticist is recommended. This is also
true for WTs with underlying syndromes. Around
1% of WTs are familiar. Other advices to patients
are similar as those for other childhood cancers in
follow-up, including healthy lifestyle, engagement
in sports, and dietary recommendations.

Long-term follow-up is performed accord-
ing to the recommendations of the International
Guideline Harmonisation Group (www.ighg.org)
and the LESS group (www.nachsorge-ist-vors-
orge.de) in Germany.

26.7 Psychosocial Follow-Up

The reader is also referred to the guidelines
prepared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pédiatrischen Onkologie
und Héimatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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27.1 Hepatoblastoma (HB)

Although complete resection is the cornerstone
of the treatment concept, nearly all patients with
hepatoblastoma receive pre- and postoperative
chemotherapy. With this concept, a 5-year OS of
80% has been achieved [1]. If complete resection
is not possible (PRETEXT 1V, centrally situated
liver tumour with vessel involvement), a liver
transplantation has to be performed [2].

Until 2017 for about 20 years, children with
HB were classified into two to three subgroups
[3]: (1) standard-risk HB (SR-HB), PRETEXT
(PRETreatment EXTent of disease) [4, 5] I, I or IIT
(5-year OS: >90%) [6]; (2) high-risk HB (HR-HB),
PRETEXT IV, tumour multifocal in the liver (F+),
vessel involvement (V+, P+) or invasion of extrahe-
patic structures (E+) (5-year OS: 70-80%) [7]; and
(3) very-high-risk HB (VHR-HB), PRETETXT
I-IV with distant metastases (M+) and/or AFP
<100 ng/mL (5-year OS: 50-65%) [8, 9]. With the
initiation of the international PHITT (Paediatric

1. Schmid (<)

Zentrum fiir Pddiatrische Hamatologie und
Onkologie, Kinderklinik und Kinderpoliklinik im Dr.
von Haunerschen Kinderspital, Ludwig Maximilian
Universitdt Miinchen, Munich, Germany

e-mail: irene.schmid @med.uni-muenchen.de

B. Hiberle - D. von Schweinitz
Kinderchirurgische Klinik im Dr. von Haunerschen
Kinderspital, Ludwig Maximilian Universitét
Miinchen, Munich, Germany

e-mail: dietrich.schweinitz@med.uni-muenchen.de

© Springer Nature Switzerland AG 2021

Hepatic International Tumour Trial) study in 2017,
the classification has changed as a consequence
of the analyses of the CHIC (Childhood Hepatic
Tumour International Consortium) database with
1605 patients [10, 11]. At the moment, there are
four different risk-stratified treatment groups based
on PRETEXT, metastases, AFP of <100 ng/mL,
age and PRETEXT annotation factors [11].
However, the number of chemotherapeutic
agents effective in the treatment of HB is still
rather limited and has not changed over the
years. The most important cytostatic drug is cis-
platin given either alone in SR-HB patients [6]
or in combination with carboplatin, doxorubi-
cin, vincristine, 5-fluorouracil and/or irinotecan
in the risk patients. With cisplatin-containing
chemotherapy, a significant tumour reduction
and improvement of resectability [6, 12] with a
response rate up to 93% could be achieved [13].
Carboplatin/etoposide [14, 15] and the combina-
tion irinotecan/vincristine [17, 18] are currently
used for intensification in metastatic disease with
inadequate response to the induction therapy.
Cisplatin/ifosfamide/etoposide (ICE) [16] is
especially used as second-line treatment option.

27.1.1 Standard-Risk HB
For SR-HB, the SIOPEL group could show that

the 3-year EFS and OS with six cycles of cisplatin
monotherapy (cumulative dose: 480 mg/m?) with
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83% and 95%, respectively, were not inferior to the
standard care with six cycles of PLADO (cumulative
doses: cisplatin 480 mg/m?, doxorubicin 300 mg/
m?) [6, 19]. The idea was to spare anthracyclines
with the possible severe long-term toxicity on the
heart already present with a rather low cumulative
dose [20]. With a short follow-up of 46 months, 32%
of the patients tested had a hearing loss of > grade
I and 4% a glomerular filtration rate of <60 mL/
min/1.73 m?, not different between both groups.

In the GPOH studies, 3 (—4) cycles IPA were
given (total doses: ifosfamide 9(—12) g/m? cis-
platin 300(—400) mg/m?, doxorubicin 180(—240)
mg/m?) [1, 12, 14]. Subclinical renal tubulopa-
thy due to ifosfamide was detected in 17% of 41
investigated children [21]. In the HB99 trial, in
12% of the patients, a hearing loss was reported
after a median follow-up of 41 months. Since 2009
ifosfamide was omitted to reduce nephrotoxicity.
PLADO has been since then applied in reduced
cumulative doses compared to the SIOPEL studies,
since it is known that cisplatin doses of >400 mg/
m? have a high incidence of ototoxicity [22].

The COG group has used cisplatin, fluoroura-
cil and vincristine (C5V) as backbone [23, 24].
In the AHEP(O731 study starting in 2009, LR-HB
patients with stage I non-well-differentiated foetal
histology and stage I and II non-small cell undif-
ferentiated histology (SCU) were treated with two
cycles of C5V after resection (cumulative doses:
cisplatin 200 mg/m?, fluorouracil 1.2 g/m?, vin-
cristine 9 mg/m?) [25].

For the currently active PHITT study, the con-
cept with cisplatin monotherapy is pursued with
the idea to further reduce the number of cisplatin
cycles in order to reduce long-term nephro- and
ototoxicity.

27.1.2 High-Risk HB and
Very-High-Risk HB

For HR-HB the standard treatment in Europe was
alternating cisplatin and carboplatin/doxorubicin
every 14 days (SIOPEL-3HR; cumulative doses:
cisplatin 400 mg/m?, carboplatin 2.5 g/m?, doxo-
rubicin 300 mg/m?) with a 3-year EFS and OS for
PRETEXT IV tumours of 68% and 69%, respec-
tively [7].

In the VHR-HB group, dose-intense chemother-
apy with preoperatively alternating cisplatin with
carboplatin/doxorubicin every 7 days (A1-A3) and
postoperatively with three cycles of carboplatin/
doxorubicin (SIOPEL-4) has further improved the
3-year EFS and OS to 76 and 83% [8] (cumulative
doses: cisplatin 570 mg/m?, carboplatin 1.5 g/m?,
doxorubicin 330 mg/m?). The most common side
effect reported was ototoxicity in about 50% of the
patients after a median follow-up of 52 months.

The former concept of the GPOH studies was
two cycles of conventional carboplatin/etoposide
and two cycles of high-dose carboplatin/etopo-
side with autologous stem cell support (cumula-
tive doses: carboplatin 5.6 g/m?, etoposide 4.8 g/
m?) [14, 15]. In 18% a hearing loss was reported.
With a 3-year EFS of 51% and OS of 65%, no
special benefit for high-dose chemotherapy could
be established [26, 27]. From 2009 until 2017
the patients within the GPOH group are treated
according to SIOPEL-3HR.

In the COG group, the former concept of inter-
mediate-risk patients (stage I and IT SCU histol-
ogy and all stage III patients) was based on six
cycles of cisplatin, 5-fluorouracil, vincristine and
doxorubicin (C5VD, cumulative doses: cispla-
tin 600 mg/m?, fluorouracil 3.6 g/m?, vincristine
27 mg/m?, doxorubicin 360 mg/m?) [20] and for
intensification in patients with stage IV disease
or any stage with AFP <100 ng/mL irinotecan/
vincristine, lately combined with temozolomide
followed by C5VD [18]. A former COG study
in children with unresectable or metastatic HB
(P9645, 1999-2002) showed that the 1-year EFS
of patients receiving intensified cisplatin/carbo-
platin every 2 weeks was inferior to C5V (37%
vs. 57%) [28].

The currently active PHITT study randomises
between cisplatin monotherapy (600 mg/m?),
SIOPEL-3HR (cumulative doses: cisplatin
400 mg/m?, carboplatin 2.5 g/m?, doxorubicin
300 mg/m?) and C5VD (cumulative doses: cispl-
atin 600 mg/m?, fluorouracil 3.6 g/m?, vincristine
27 mg/m?, doxorubicin 360 mg/m?). In very-
high-risk patients, SIOPEL-4 is the backbone
with intensification with irinotecan/vincristine or
carboplatin/etoposide for poor responders.

The reader is also referred to the Chaps. 1, 3,
9, 10 of this book.
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27.2 Hepatocellular Carcinoma (HCC)

Treating HCC remains difficult since cure can
only be achieved with complete surgical resec-
tion. However, in children and adolescents, less
than 20% are considered eligible for initial com-
plete resection. Several trials with different com-
binations of chemotherapeutic agents have been
done to bring patients to resection. Historically,
patients with HCC were treated with the same
protocols than with HB, so primarily cisplatin,
doxorubicin, carboplatin, 5-fluorouracil and vin-
cristine were used. However, until now there are
no persuasive data demonstrating a benefit for
any combination to be better regarding survival.
In the SIOPEL-1 study, the 5-year EFS was
17% with only those patients surviving who had
complete resection of their tumour (36%) [29].
However, it was learned from this study with
PLADO (cisplatin 80 mg/m? and doxorubicin
60 mg/m? per cycle) as preoperative chemo-
therapy that paediatric HCCs are chemotherapy-
responsive in nearly 50% [4, 29]. Katzenstein
et al. [30] reported an 88% 5-year EFS in patients
with completely resected HCC receiving either
C5V (cisplatin, 5-fluorouracil, and vincristine)
or PLADO. The German HB99 study used two
cycles of carboplatin/etoposide postoperatively
translating in 5-year EFS and OS probabilities
of 72% and 89%, respectively [31]. However, the
prognosis remained poor with 5-year EFS and OS
rates between 10 and 34% in those patients who
had inoperable or metastatic disease. Currently,
the paediatric HCC community accepted PLADO

as standard chemotherapy now combined with
sorafenib [32]. The long-term toxicities of cispl-
atin and doxorubicin are well known but not for
sorafenib when given in childhood.

In the currently active PHITT study, children
with primary resection receive four cycles of
PLADO (cumulative doses: cisplatin 320 mg/m?,
doxorubicin 240 mg/m?). In those patients with met-
astatic and/or nonresectable tumours, three cycles
of PLADO (cumulative doses: cisplatin 240 mg/m?,
doxorubicin 180 mg/m?) are randomised with four
cycles of GEMOX (cumulative doses: gemcitabine
4 g/m?, oxaliplatin 400 mg/m?). With GEMOX 44%
of the patients’ grade 3—4 toxicities were reported
especially neutropenia, thrombocytopenia, diar-
rhoea and long-term neurotoxicity [33, 34].

27.3 Follow-Up Investigations
for Hepatoblastoma

and Hepatocellular Carcinoma

Since the chemotherapeutic trials in paediatric
patients with hepatoblastoma or hepatocellular
carcinoma are mainly based on cisplatin, doxoru-
bicin and carboplatin, the long-term investigations
must focus on ototoxicity [22], nephrotoxicity
(with an impaired glomerular filtration rate and
renal magnesium loss) [35] and cardiotoxicity
[20]. Patients who do not receive chemotherapy
can be followed up only for disease progression
(physical examination, AFP in serum, tumour
assessment and assessment of lung metastases)
for a minimum of 5 years after diagnosis.

Time from diagnosis 1st to 3rd year 4th to 5th year >5th year

Physical examination 3 months 6 months Annually

AFP in serum 3 months 6 months

Tumour assessment: Abdominal 3 months 6 months

ultrasound

Assessment of lung mets: chest-X | 3 months 6 months

ray p.a.

Serum magnesium, if cisplatin or | Annually Annually Annually

carboplatin was given

Creatinine clearance, if <80 mL/ Annually Annually Annually

min/1.73m?

Audiology assessment, if cisplatin | Annually Annually Annually

or carboplatin was given

Echocardiogram (if anthracyclines | Annually, if cumulative Annually, if cumulative Annually, if cumulative

were given) dose >250 mg/m? dose >250 mg/m? dose >250 mg/m?
Otherwise every 2 years Otherwise every 2 years Otherwise every 2 years
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27.4 Recomendation for a
Long-Term Follow-Up
Schedule

Long-term follow-up is performed according
to the recommendations of the International
Guideline Harmonisation Group (www.ighg.
org), of the Children’s Oncology Group (COG)
(http://www.survivorshipguidelines.org/) and the
LESS group (www.nachsorge-ist-vorsorge.de) in
Germany.

27.5 Psychosocial Follow-Up

The reader is also referred to the guidelines
prepared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pidiatrischen Onkologie
und Himatologie) for the psychosocial care of
childhood and adolescent cancer patients, even if
the main focus is on acute care (www.awmf.org/
leitlinien/detail/11/025-002.html).
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28.1 Epidemiology and Genetic

Background

Retinoblastoma is a pediatric eye tumor. The
incidence of retinoblastoma is 1 in 20,000 live
births, and most retinoblastomas are diagnosed in
children under 5 years of age. Retinoblastoma is
a lethal disease without therapy, but overall sur-
vival is higher than 95% with current treatment
protocols in Germany [1]. The most common
long-term sequelae are compromised vision and,
for patients with heritable retinoblastoma, an
increased risk for other extraocular malignancies
in patients.

Retinoblastoma is the paradigm of herita-
ble cancer predisposition. The etiological link
between heritable and non-heritable retinoblas-
toma was determined by Knudson who proposed
a model called the two-hit hypothesis. The muta-
tional hits target the RB/ gene. The spectrum of
oncogenic RBI gene mutations is heterogeneous.
In non-heritable retinoblastoma, mutations of
both RBI alleles occur in the child’s somatic
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cells. These children usually develop unilateral
retinoblastoma. In heritable retinoblastoma,
the first mutation is inherited from one parental
germ cell (heterozygous carrier) or a result of a
mutation that occurred during early embryonal
development (mutational mosaicism). Tumor
foci are caused by the second mutation occurring
in the child’s somatic cells. Approximately 10%
of patients with heritable retinoblastoma have
familial retinoblastoma as defined by relatives
who have been afflicted with retinoblastomas or
retinomas. Retinoblastoma without a family his-
tory of retinoblastoma is referred to as sporadic
retinoblastoma.

28.2 Staging of Retinoblastoma

Staging of intraocular disease is applied sepa-
rately for each eye, and different staging sys-
tems are used. Common classifications are the
International Classification of Retinoblastoma
(ICRB) or the Reese-Ellsworth Classification.
Two further classification systems are used to
determine the overall extent of extraocular dis-
ease: the International Retinoblastoma Staging
System (IRSS) and the TNM classification as
summarized in the eighth edition of the cancer
staging manual by the American Joint Committee
on Cancer/Union for International Cancer
Control (AJCC/UICC).
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28.3 Treatment of Retinoblastoma

The primary aim of retinoblastoma therapy is to
save the patient’s life. Secondary goals are the
conservation of the globe, the preservation of
vision, and the reduction of long-term sequelae.
A variety of eye-preserving therapies have been
developed to preserve at least one eye and vision
in children with bilateral disease. Eye-preserving
treatment is also offered to children with unilat-
eral retinoblastoma and good visual potential in
the affected eye. The choice of treatment modal-
ity depends on size and localization of the tumor.
For this reason, treatment regimens are tailored
for the individual patient.

28.3.1 Enucleation

Enucleation is still the standard therapy for
advanced intraocular disease, especially if the
tumors are unilateral or the affected eye has lost
its function. It is of major importance to resect
the tumor with the complete globe and a long sec-
tion of the optic nerve to prevent diffuse scatter-
ing of tumor cells to the orbit. While the patient
is still under anesthesia, an implant is fitted into
the orbit to stimulate orbital growth for func-
tional and cosmetic reasons. If the tumor has not
extended beyond the natural borders of the eye,
retinoblastoma is cured after enucleation alone.
In Germany, only 10-20% of children need fur-
ther adjuvant therapy after enucleation.

28.3.2 Focal Therapies: Laser
Photocoagulation
and Cryotherapy

Focal therapies are used for small- and medium-
sized tumors as the primary treatment modality
or in combination with chemoreductive ther-
apy. Focal therapies include a variety of differ-
ent modalities that are selected on an individual
basis.

Cryotherapy. The cryocoagulation is a very
effective method for local tumor control in newly
occurring peripheral retinoblastoma. Potential

side effects include conjunctival and retinal scars,
bleeding, scleromalacia, and loss of vision.

Laser photocoagulation. Laser photocoagula-
tion is used to treat small retinoblastomas without
contact to visually sensitive structures. Potential
side effects are scars of the retina, obstruction
of retinal vessels, bleeding, visual field defects,
reduction of visual acuity, tumor cell displace-
ment in overthreshold treatment, traction to the
retina, and fibrosis.

Thermochemotherapy. Thermochemotherapy
is delivered directly on the entire tumor surface.
This technique heats ocular structures to a tem-
perature of approximately 60 °C and should be
performed within 2 h after the end of carboplatin
infusion to achieve the best possible penetration
of the chemotherapeutic agent into the targeted
tumor. Thermochemotherapy does not cause
coagulation of retinal vessels and is, for this rea-
son, the preferred modality to preserve vision,
especially if the tumor is located near to sensi-
tive structures (fovea or optic nerve). Figure 28.1
shows the typical result of successful thermoche-
motherapy treatment. Side effects are visual field
defects, macular pucker, traction to the retina, or
obstruction of retinal vessels [2].

28.3.3 Brachytherapy

Retinoblastomas are very radiation-sensitive, and
episcleral brachytherapy has beenused fordecades
as a highly effective treatment option. Especially
the combination of systemic chemotherapy for
tumor size reduction (chemoreduction) with
subsequent consolidation with brachytherapy is
very successful [3]. Brachytherapy is the pre-
ferred treatment option for medium-sized solitary
tumors. Tumors located in the equatorial region
or anterior retina have the best visual prognosis
and less functional side effects. For episcleral
brachytherapy, applicators loaded with radioac-
tive isotopes are sutured onto the sclera for sev-
eral hours or days until the previously calculated
necessary radiotherapeutic dose at the apex of
the tumor is reached. The risk of recurrence is
extremely low, and the potential side effects are
tolerable given the low penetration depth and
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Fig.28.1 RetCam fundus image showing the response of a retinoblastoma to thermochemotherapy. (a) Before and (b)
after thermochemotherapy

low scattering of the rays. Long-term sequelae
from brachytherapy include radiation optic neu-
ropathy and radiation maculopathy/retinopathy,
especially when treating tumors at the posterior
pole of the eye, and possibly an increased risk
for cataracts. According to current knowledge,
the risk to develop second primary malignancy
for patients with heritable retinoblastoma is not
relevantly increased with this very localized form
of radiation.

28.3.4 Systemic Chemotherapy -
Chemoreduction

Systemic chemotherapy has been used for more
than 40 years to treat extraocular retinoblastoma.
Since 1996, systemic chemotherapy in combina-
tion with focal consolidation treatment is also
used as eye-preserving therapy (chemoreduc-
tion). The chemotherapy protocol used widely in
Germany and Austria until 2016 included cyclo-
phosphamide, vincristine, carboplatin, and eto-
poside (CyVEC). However, chemotherapy with
alkylating agents in addition to radiotherapy was
shown to increase the incidence of second pri-
mary malignancies in survivors of heritable reti-
noblastoma [4]. To spare the potential mutagenic
effect of alkylating agents, the chemotherapy reg-
imen for preservation of the eye was changed in
2016 to the use of the international VEC protocol
(Table 28.1).

Table 28.1 Cumulative doses of common chemotherapy
regimens for retinoblastoma

Cumulative doses of
6 cycles of VEC

9 mg/m? vincristine
1.2 g/m? etoposide

Cumulative doses of 6 cycles
of CyVEC

9 mg/m? vincristine
1.2 g/m? etoposide

1.2 g/m? carboplatin 3.36 g/m? carboplatin

4.8 g/m? cyclophosphamide

28.3.5 Intra-arterial Chemotherapy

Since 2008, the intra-arterial application of a che-
motherapy drug directly into the A. ophthalmica
has been used increasingly. Local chemotherapy
application aims to reduce systemic side effects
and simultaneously increase local efficacy of the
applied chemotherapy. The technique of super-
selective intra-arterial chemotherapy (IAC) uses
a microcatheter that is advanced from the femo-
ral artery into the ophthalmic artery, where the
chemotherapeutic agent is given. The most com-
monly used chemotherapeutic agents are melpha-
lan, carboplatin, and topotecan. [AC is an effective
tool in the treatment of medium- and large-sized
tumors (Fig. 28.2). The eye-preservation rates
and the outcome in visual acuity are high, but data
on adverse late effects are scarce [5]. Described
late effects are persistent vitreous hemorrhages,
changes in the retinal pigment epithelium, cho-
roidal occlusive vasculopathy, or retinal arterial
embolization with drastic loss of visual acuity.
These changes have also been confirmed histo-
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Fig. 28.2 RetCam fundus image showing the response of a retinoblastoma to intra-arterial melphalan. (a) Before and

(b) 1 year after three doses of intra-arterial melphalan

Fig. 28.3 RetCam fundus image showing a regressive retinoblastoma with vitreous seeding. (a) Before intravitreal
chemotherapy and (b) “salt and pepper retinopathy” as side effect of intravitreal chemotherapy

pathologically in enucleated eyes after IAC [6].
Furthermore, repeated fluoroscopy potentially
increases the risk of subsequent primary malig-
nancies in patients with heritable retinoblastoma
[7]. Potential vascular complications after arterial
catheterization such as obstruction of the femoral
artery or a stroke have been described in very rare
cases.

28.3.6 Intravitreal Chemotherapy

Intravitreal chemotherapy (IVC) was introduced
for the treatment of vitreous seeding in 2012.
IVC, usually melphalan or topotecan, is injected
directly into the vitreous cavity. This application

route is very effective especially for the treatment
of vitreous seeding, but the long-term outcome
still needs to be assessed. The most common
complication is a “salt and pepper” retinopathy
at the injection site (Fig. 28.3) [8]. In addition,
decreased amplitudes were observed on electro-
retinogram especially after multiple intravitreal
injections. This could indicate a possible loss of
visual acuity as a significant late effect [9].

28.3.7 External Beam Radiotherapy
External beam radiotherapy (EBRT) has been

the primary treatment option for globe salvage
for many years because retinoblastomas are
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very radiation-sensitive. In the past decades,
EBRT as an eye-preserving therapy has been
almost completely replaced by systemic che-
motherapy, because, in children with heritable
retinoblastoma, the risk to develop second pri-
mary malignancies is significantly higher after
EBRT. Today, eye-preserving EBRT is pre-
dominantly used as salvage therapy for therapy-
refractory recurrences of retinoblastomas in the
last eye. EBRT remains an important part of the
multimodal treatment of extraocular retinoblas-
toma. EBRT can be indicated as local consoli-
dation therapy for tumors of the orbit, for CNS
tumors in patients with trilateral retinoblastoma,
or for metastatic sites. Additionally, EBRT can
be used in a palliative intent. The long-term
consequences of EBRT to the eye, especially
in early childhood, are diverse. These include
sicca syndrome, radiation retinopathy/macu-
lopathy (Fig. 28.4), optic nerve neuropathy, and
cataract formation. Irradiation of the developing
bone also causes growth arrest, which may lead
to asymmetrical growth of the skull and facial
deformities. The most serious long-term con-
sequence, however, is the increased incidence
of second primary malignancies, especially
sarcomas, in children with heritable retinoblas-
toma after EBRT. There is evidence that proton
radiotherapy has fewer late effects in children
with retinoblastoma compared to photon radio-
therapy [10]. For this reason, it is increasingly
used worldwide as an alternative to conventional
radiotherapy using photons.

Fig. 28.4 RetCam fundus image showing radiation mac-
ulopathy/retinopathy

28.3.8 Treatment of Extraocular
Retinoblastoma

Adjuvant treatment of histopathological risk fac-
tors after enucleation: In some children, histo-
pathological examination of the enucleated eye
reveals invasion of tumor cells into the choroid,
sclera, anterior chamber, or optic nerve. These
are considered as risk factors for extraocular
metastatic spread of tumor cells after enucle-
ation. Children diagnosed with histological
high-risk factors receive for this reason adjuvant
chemotherapy to reduce the risk of extraocular
relapse [11]. In Germany and Austria, a risk-
stratified adjuvant chemotherapy with 3—6 cycles
of CyVEC or, after 2016, VEC chemotherapy is
recommended.

Retinoblastoma  with  local — metastasis:
Microscopic residual disease or macroscopic
local orbital disease or regional metastasis are
treated with six cycles of CyVEC or VEC che-
motherapy and local radiation therapy.

Retinoblastoma  with distant metastases:
Retinoblastomas metastasize preferentially to the
orbit and then via pre-auricular lymph nodes to
other lymph nodes and bones, bone marrow and
CNS. Induction chemotherapy followed by high-
dose chemotherapy with autologous hematopoi-
etic stem cell rescue has been used successful for
some patients with chemoresponsive dissemi-
nated disease [12]. The high-dose chemotherapy
regimens varied over the last decades and so have
the late effects. Most regimens included high-
dose carboplatin that increase the risk for ototox-
icity as a late effect [13].

Primary intracranial retinoblastoma (trilat-
eral retinoblastoma): Trilateral retinoblastoma
is a rare syndrome consisting of unilateral or
bilateral heritable retinoblastoma associated with
an intracranial neuroblastic tumor. The intracra-
nial tumor is usually localized to the pineal or to
the suprasellar or parasellar regions. Localized
trilateral retinoblastoma is treated with six cycles
of CyVEC chemotherapy and resection or radio-
therapy as local consolidation. Metastatic trilat-
eral retinoblastoma is treated according to the
guidelines for metastatic retinoblastoma includ-
ing autologous stem cell transplant.
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28.4 Long-Term Sequelae

28.4.1 Long-Term Sequelae
of the Eye

Maintaining the globe with proper vision is a
crucial consideration in all treatment efforts.
Healthy retinal tissue is destroyed both by reti-
noblastomas themselves and by the therapy.
This can lead to loss of eyesight in the affected
eye. While lesions in the peripheral retina rarely
restrict everyday life, central tumors may sig-
nificantly impair the vision. Bilateral retinoblas-
toma can even lead to complete blindness. Other
late effects are conjunctival and retinal scarring
after laser photocoagulation and cryotherapy and
retinopathy after intravitreal chemotherapy or
chorioretinal ischemia after intra-arterial chemo-
therapy. Potential side effects after radiotherapy
are radiation optic neuropathy, sicca syndrome,
cataract, and radiation retinopathy/maculopathy
(Fig. 28.4).

28.4.2 Other Long-Term Sequelae

Ototoxicity is a potential side effect of the
carboplatin-based chemotherapy for retinoblas-
toma and has been described in some patients
with eye-reserving chemotherapy for retinoblas-
toma [14, 15]. Ototoxicity was a very rare side
effect of eye-preserving therapy with six cycles
of CyVEC, but the international VEC regimen,
which was introduced in Germany in 2016,
includes higher amounts of carboplatin, and
ototoxicity might be observed more often in the
future. Furthermore, patients receiving multiple
courses of chemotherapy for relapses or high-
dose carboplatin prior to autologous stem cell
transplant for metastatic retinoblastoma show a
higher risk to develop ototoxicity. Fertility can
be affected after chemotherapy, but endocrino-
logical impairments have not been reported after
standard CyVEC or VEC regimen until today.
Late sequelae in patients with intracranial retino-
blastoma depend on the localization of the tumor
and the extent of multimodal treatment. Common

late effects after treatment for intracranial retino-
blastoma are endocrinological impairments, neu-
rodevelopmental deficits, and ototoxicity. Today,
good cosmetic results are achieved after enucle-
ation with appropriate prosthesis. However,
radiotherapy of the developing bone affects its
growth, and cosmetic complaints are not uncom-
mon in patients with EBRT.

28.4.3 Risk for Second Primary
Malignancies - Genetic Tumor
Predisposition

All patients with heritable retinoblastoma have
a tumor predisposition syndrome. Constitutional
RBI variants predispose not only for multiple
retinoblastoma in childhood but also for other
extraocular tumors later in life. These tumors are
often referred to as second primary malignan-
cies. Second primary malignancies have a high
mortality rate of 50% and are the main cause
of death in adults with heritable retinoblastoma
[1]. The most common entities are soft tissue
and bone sarcomas. The spectrum of second pri-
mary malignancies is broad and includes mela-
noma, lung carcinomas, leukemias, and other
malignancies. The incidence of second primary
malignancies was approximately 1% per year in
patients with heritable retinoblastoma [16]. The
frequency and type of secondary malignancies
depend strongly on the previous treatment for
retinoblastoma. EBRT in particular increases the
risk of second primary malignancies. Therefore,
if possible, EBRT is avoided and substituted with
chemotherapy in patients with heritable retino-
blastoma today. However, also treatment with
systemic chemotherapy containing alkylating
agents or topoisomerase inhibitors may increase
the risk of second malignancies [4, 17]. Screening
for second primary malignancies is a challenge
for patients, families, and attending oncologists,
since second primary malignancies are described
in every age group and in several locations. All
patients with heritable retinoblastoma should
attend throughout all their life a regular oncologi-
cal follow-up clinic at a specialized center.
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28.4.4 Quality of Life

The loss of vision or an eye is always perceived
as very threatening by parents and family.
Because of a diagnosis in early childhood, the
children themselves usually adapt well to the loss
of vision in one eye. However, visual impairment
in both eyes has a strong influence on life plan-
ning, and early professional support is essential
for these children. Furthermore, the patients and
their families are often burdened by frequent
anesthetic examinations in early childhood and
diagnosis of multiple relapses of retinoblastoma.
Perception of quality of life after treatment for
retinoblastoma may change over the course of
life and may be a challenge, especially in adoles-
cence and young adulthood. Post-traumatic stress
disorders, depression, and anxiety are described
as long-term psychosocial consequences [18].
Age-appropriate information about retinoblas-
toma disease and the exchange with other survi-
vors can be helpful in coping with the diseases.

28.5 Recommended Long-Term
Follow-Up

Ophthalmological examinations are arranged
individually with the patients during acute
treatment. Five years after end of treatment,
the patients should consult an ophthalmolo-
gist at least once a year for ophthalmoscopy
and regular eye tests to monitor visual acuity.
Appropriate support is necessary for visually
impaired patients. All patients with non-herita-
ble retinoblastoma need a pediatric oncological
examination with a focus on late effects at least
every 5 years until age of 18 years. Survivors
with heritable retinoblastoma need a lifelong
regular oncological follow-up at least once a
year. During these oncological consultations,
clinical examination and careful attention to the
medical history is as important as counselling
of the patient to raise awareness for symptoms
of second primary malignancies. Until today,
there is no evidence for a benefit of routine

Table 28.2 Follow-up examination 5 years after end of
treatment

Non-heritable retinoblastoma

Ophthalmology: Ophthalmoscopy at least 1x/year, eye
test 1x/year

Pediatric oncology: History and clinical examination
every 5 years until adulthood

Otorhinolaryngology: Audiogram every 5 years until
adulthood (only after chemotherapy)

Radiotherapy: Follow-up care as specified by the
radiotherapist (only after radiotherapy)

Heritable retinoblastoma

Ophthalmology: Ophthalmoscopy at least 1x/year, eye
test 1x/year

Pediatric oncology, clinical oncology: History and
clinical examination 1x/year, immediate MRI if
second malignancy is suspected

Otorhinolaryngology: Audiogram every 5 years until
adulthood (only after chemotherapy)

Radiotherapy: Follow-up care as specified by the
radiotherapist (only after radiotherapy)

Human genetics: Genetic counselling prior to family
planning

Dermatology: Regular routine screening for skin
cancer

regular whole body screening with magnetic
resonance imaging (MRI) for early detection
of second primary malignancies [19]. For this
reason, the current follow-up recommendation
is that MRI should be performed immediately
if any symptoms occur. Studies to investigate
the benefit of regular cranial MRI screening in
children treated with EBRT are still ongoing.
Regular dermatological examination should
be attended for early detection of melanoma.
Furthermore, survivors of heritable retinoblas-
toma should receive genetic counselling prior
to family planning. Survivors with heritable
retinoblastoma are encouraged to participate
in all recommended screening programs and to
avoid irradiation whenever possible. All recom-
mended follow-up examinations are summa-
rized in Table 28.2.

Long-term follow-up is performed accord-
ing to the recommendations of the International
Guideline Harmonisation Group (http://www.
ighg.org) and of the Children’s Oncology Group
(COG) (http://www.survivorshipguidelines.org/).
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28.5.1 Psychosocial Follow-Up

The reader is also referred to the guidelines
prepared by the PSAPOH (Psychosoziale
Arbeitsgruppe in der Pédiatrischen Onkologie
und Himatologie) for the psychosocial care of
childhood and adolescent cancer patients. Even
if the main focus is on acute care. https://www.
awmf.org/leitlinien/detail/11/025-002.html
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29.1 Introduction

Ewing sarcoma (EwS) is a rare, often bone-
associated malignancy that occurs in children
and young adults; the median age at diagnosis
is 15 years. At a time when radiotherapy and/or
surgery were the only available treatments for
EwS, an important lesson was learned: EwS is a
systemic disease that consequently requires
systemic treatment [1]. In the early 1960s, sin-
gle-agent chemotherapy was administered.
Since that time, modern multi-agent chemo-
therapeutic regimens have been developed.
National and international groups have focused
their efforts on identifying optimal treatment
strategies: actinomycin D, cyclophosphamide,
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and vincristine were introduced in the 1970s
[2]; neoadjuvant chemotherapy concepts were
first introduced by Rosen et al. [3]. and subse-
quently developed by other groups. In the
1980s, the benefit of additional anthracyclines
was shown. A beneficial synergistic effect was
described when implementing a combination of
ifosfamide with etoposide [4], and the introduc-
tion of high-dose ifosfamide has further signifi-
cantly improved survival. Table 29.1
summarizes the agents used in Ewing sarcoma
treatment and their mode of action. Furthermore,
the value of platinum-based agents was investi-
gated. The implementations of a multi-agent
chemotherapy using alkylating agents, topoi-
somerase inhibitors, inducers of DNA strand
breaks, and the introduction of intensified dos-
ing regimens have increased the 5-year event-
free survival of EwS patients from 50 to >75%
[5-7].

Local control of the primary tumor, and when-
ever feasible of metastases, can be achieved by
surgery, radiation, or a combination of both [8].

Patient survival increased under dose-intense
treatment; consequently, Ewing sarcoma sur-
vivors face potential late effects. A report from
the British childhood cancer survivors study
documented a sixfold increase in relative risk
of severe, or disabling chronic health condi-
tions compared to the survivor’s siblings and a
12.7% higher death rate among survivors than
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Table 29.1 Mode of action in agents used in Ewing Sarcoma trials

Drug Class Mode of action
Actinomycin D Cyclic polypeptide | Binding to DNA conformation within the transcriptional complex
antibiotic Interference with transcription elongation
Busulfan Alkyl sulfonate, DNA-DNA intrastrand crosslinking
alkylating agent
Cyclophosphamide Alkylating nitrogen | Crosslinking between and within DNA strands
mustard
Doxorubicin Anthracycline Topoisomerase II inhibitor, inhibition of DNA replication (and RNA
synthesis), production of free radicals, formation of DNA adducts
Etoposide Topoisomerase II inhibitor, forms complex with DNA
Ifosfamide Alkylating nitrogen | Interferes with DNA replication and transcription of RNA
mustard
Melphalan Alkylating nitrogen | Interferes with DNA replication and transcription of RNA
mustard
Treosulfan Alkylating agent DNA-alkylation and DNA inter- and intrastrand crosslinking, hence
interferes with DNA replication and transcription of RNA
Vincristine Vinca alkaloid Binds to tubulin dimers and inhibits the assembly of microtubule
structures, disrupting chromosome separation during metaphase
Zoledronic acid Pyrophosphate Slows down bone reabsorption via inhibition of farnesyl
analogue diphosphate synthase, thereby inhibiting farnesylation and
geranylgeranylation of small G-proteins such as Ras, Rapl, and Rho

expected after 25 years of follow-up—second
malignancies were often observed in this group
of patients [9].

29.2 Ewing Sarcoma Treatment
and Long-Term Organ

Function

29.2.1 Doxorubicin

As in many sarcomas, anthracyclines are central
to the treatment of Ewing sarcoma. The benefit
from anthracycline-containing chemotherapy has
been shown in a meta-analysis by Smith et al.
[10]. This analysis also revealed that chemother-
apy schedules containing a high intensity of
anthracyclines show most promising results—in
terms of survival—and that of all drugs adminis-
tered in Ewing sarcoma, anthracyclines are prob-
ably the most effective [10, 11]. In an early study
by Rosen et al., congestive heart failure was
described in two patients who had received doses
of 920 and 720 mg/m?. In these early years of
(cancer) treatment, anthracycline dosage of
below 750 mg/m? was considered to be relatively

safe [12]. A lower dose of no more than 500 mg/
m? was recommended only for patients who
received additional radiotherapy to the mediasti-
num [2]. Current studies recommend a dose of no
more than 400 mg/m? [13-15]. With a marked
increase in survival—mainly in patients with
localized disease—this strategy seems effective.
A late effects study showed that 28% of long-
term survivors (>5 years) are at risk of cardiac
dysfunction [16]. All patients were treated with
anthracyclines. In general, the risk of adverse
effects from anthracyclines increases with dose.
Dosages that present no risk of cardiotoxicity
have not yet been defined [17]; it must be noted
that some patients tolerate high cumulative doses
without any cardiotoxicity [18]. The pathogenesis
of cardiotoxicity is not well understood. Part of
the anthracycline-induced effect on malignant and
non-malignant cells is associated with binding to
an inhibitor of topoisomerase 2b. Inhibition of
topoisomerase 2b has been identified as a media-
tor of anthracycline-induced cardiotoxicity [19].
Notably, in a genome-wide association study
including patients with Ewing sarcoma, a non-
synonymous variant (rs2229774, p.Ser427Leu)
in RARG was highly associated with cardio-
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toxicity [20]. This genetic variant impairs the
function of RARG and partially reverses the
repression of topoisomerase 2b. Whether the vari-
ant is also associated with increased binding of
anthracyclines was not investigated in the study.
The authors could associate an ethnicity-related
increased risk of cardiotoxicity in south Asian and
Black people, as in these populations, the RARG
1s2229774 (variant) occurs more frequently than
in the Caucasian population [20].

Impaired cardiac function after treatment with
anthracyclines and other drugs may remain sub-
clinical for a long time and can exaggerate with
cardiac stress (i.e., after an infection with cardio-
tropic virus, in pregnancy, etc.). Some long-term
follow-up studies have shown that cardiac dys-
function is evident in 25-50% of survivors up to
20 years following cancer treatment [17]. Female
survivors and patients treated at a very young
age are associated with increased risk of cardiac
dysfunction [17]. The most recent and current
European Ewing sarcoma studies Euro Ewing 99
and EWING 2008 advocate a cuamulative dose of
360 mg/mg?; AEWS0031 and the Euro EWING
2012 advocate a higher dose of 375 mg/m>.

Earlier studies have shown that infusion rate has
an impact on the incidence of acute and subacute
cardiotoxicity [21]. Although the cardioprotectant
dexrazoxane had been associated with an increased
risk of second malignancies, some protocols rec-
ommend its administration [22]. A Cochrane
analysis on the publications of five randomized
controlled trials showed that “‘dexrazoxane is asso-
ciated with a statistically borderline increase in
second malignancies, possibly due to an interac-
tion with concurrent cancer therapies” [23]. The
authors recommend a careful use of the drug. A
randomized controlled trial in children is planned.

The reader is also referred to Chap. 1 of this
book.

29.2.2 Etoposide

Etoposide is currently used in all Ewing sarcoma
protocols. In the 1990s, The INT-0091 protocol
could demonstrate a clear benefit from the add-on
of ifosfamide and etoposide to the established

combination of vincristine/doxorubicin/cyclo-
phosphamide in patients with localized disease
[24]. As a potent topoisomerase II inhibitor, eto-
poside may cause rearrangements involving the
mixed lineage leukemia (MLL) gene on chromo-
some 11q23. The rearrangement is associated
with secondary myelodysplastic syndrome and
leukemia. The prognosis in MLL-gene rearranged
(11923 mutation) leukemia is extremely poor;
thus, etoposide and other topoisomerase inhibi-
tors may induce life-threating late effects [25, 26].

The reader is also referred to Chap. 14 of this
book.

29.2.3 Alkylating Agents

The use of alkylating agents, such as the oxaza-
phosphorines ifosfamide and cyclophosphamide,
is crucial for the successful treatment of Ewing
sarcoma.

29.2.4 Cyclophosphamide

Cyclophosphamide is a pro-drug and is activated in
the liver by CYP2B6. The metabolite
4-OH-cyclophosphamide-aldophosphamide  can
penetrate through the cell membrane and serves as
a mediator for the highly active phosphoramide
mustard. The antitumor efficacy unfolds after met-
abolic activation and is the result of direct alkyla-
tion of target cell DNA leading to inter- and
intrastrand crosslinking, which ultimately induces
apoptosis in non-resistant cells. It furthermore acts
in an anti-angiogenic capacity by destroying circu-
lating endothelial progenitor cells [27]. The cyclo-
phosphamide metabolite acrolein is a causative
factor in urotoxic site effects of the drug [28]. A
typical cyclophosphamide-related acute toxicity is
cystitis, and a severe and life-threatening late effect
is bladder cancer that may occur long after treat-
ment with cyclophosphamide [29, 30]. Whether
the consequent use of sodium 2-mercaptoethane
sulfonate (MESNA) may prevent this second
malignancy is uncertain [31]. Cyclophosphamide
is associated with the development of other, sec-
ondary sarcomas in a dose-dependent manner and
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independent of additional radiotherapy with a
higher risk above 9.4 g cumulative dose [32].

Cyclophosphamide is associated with increased
risk of impaired spermatogenesis; higher doses
posed greater risks compared to lower doses [33].
Premature ovarian insufficiency is also associated
with cyclophosphamide. No clear threshold for a
safe dose has been established [34].

29.2.5 Ifosfamide

Ifosfamide is a structural analogue of cyclophos-
phamide. Itis a widely administered drug in Ewing
sarcoma treatment and is usually used in combina-
tion with etoposide [7]. The toxicity profile differs
from cyclophosphamide. Ifosfamide can result in
renal function impairment. Ifosfamide-induced
toxicity may affect both glomerular and tubular
function causing decreased glomerular filtration
rate, renal tubular acidosis, hypophosphatemia,
hypokalemia, and hypomagnesaemia. Severe
proximal tubulopathy may lead to hypophospha-
temic rickets or renal tubular acidosis and may
induce growth impairment [35, 36]. Young chil-
dren <S5 years are at higher risk of kidney damage
in addition to patients with a single kidney [37].
Chronic glomerular nephrotoxicity is reported in
approximately 30%, and tubulopathy is reported in
approximately 25% of children and adolescents
treated with ifosfamide [38].

Ifosfamide is dechloroethylated to form chlo-
roacetaldehyde. Ifosfamide-induced encepha-
lopathy is mediated by chloroacetaldehyde.
Chloroacetaldehyde is structurally related to
acetaldehyde—a neurotoxic metabolite of etha-
nol—and also to chloralhydrate, which is a
widely used hypnotic drug. The symptoms range
from mild (fatigue), moderate (hallucination), to
severe (coma, status epilepticus) and can be clas-
sified according to the Meanwell criteria [39].
Fatal outcome has been reported in singular cases
[40]. Risk factors for ifosfamide-induced enceph-
alopathy are impaired kidney function, low serum
albumin, low sodium, and the use of aprepitant.
Aprepitant is an inhibitor of the cytochrome
p450 isoenzyme CYP3A4, and the precipitation
of ifosfamide-related encephalopathy is mediated

by a CYP3A4 drug interaction [41]. Alkylating
agents have been associated with gonadotoxic-
ity. Although studies regarding ifosfamide have
several limitations, they do reflect expert opinion.
There is probably an increased risk of impaired
spermatogenesis and early menopause following
treatment with high ifosfamide doses >60 g/m?
[33, 34]. In Ewing sarcoma protocols, the dose of
ifosfamide is usually above 60 g/m? [7]. Ewing
sarcoma patients should be informed about the
risk of treatment-induced infertility and con-
sult a reproduction medicine specialist prior to
treatment.

Treatment with alkylating agents may induce
secondary leukemia, mainly acute myeloid leu-
kemia with a mean latency of app. 5 years. This
form of leukemia is often characterized by ante-
cedent myelodysplastic syndrome and related to
cumulative dose of the alkylating agent [25, 26].

The reader is also referred to Chap. 2 of this
book.

29.2.6 Busulfan/Melphalan

Busulfan can cause infertility in both male and
female patients. In patients treated prior to
puberty, there is a very high risk of primary
impotence and ovarian failure. Furthermore,
data from the Childhood Cancer Survivor Study
showed that after treatment with busulfan, a sig-
nificant increase in the need for supplemental
oxygen and pleurisy was reported. The survivors
in this study had not received radiotherapy to the
lung or chest [42].

The reader is also referred to Chaps. 6, 9, 10,
12 of this book.

29.2.7 Treosulfan/Melphalan

Reports regarding late effects following treosul-
fan/mephalan in an autologous transplant setting
(transplantation or re-transfusion of autologous
hematopoietic stem cells after high-dose chemo-
therapy) are lacking; they will be available after
the final analysis and the analysis of the long-
term outcome in patients who received the drug
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in the currently active EWING 2008 protocol.
The long-term results that are currently published
focus on patients who had received allogeneic
transplantations, and the results are biased by the
late effects related to the allogeneic setting. In
general, treosulfan high-dose chemotherapy is
associated with a mild acute toxicity and a low
incidence for veno-occlusive disease [43].

29.2.8 Zoledronic Acid

Experience in long-term effects of treatment
with zoledronic acid is gained from patients who
received the drug for treatment of non-malignant
diseases, i.e., osteoporosis, osteogenesis imper-
fecta, and Duchenne muscular dystrophy. No
effect on the dentation was reported as well as a
low incidence of atypical fractures [44]. Analyses
of long-term effects after use in a malignant set-
ting are anticipated from the French OS 2006
trial [45] and the international EWING 2008
trial [6, 7].

29.2,9 Other Drugs

The abovementioned drugs are widely used in
current, first-line Ewing sarcoma treatment; how-
ever, previously, other drugs were administered.
Bleomycin is associated with late pulmonary
fibrosis, and, thus, lung function testing should
be part of the long-term follow-up program.

Some patients were treated with high-dose
chemotherapy followed by allogeneic stem cell
transplantation [46].

Allogeneic stem cell transplantation is asso-
ciated with an enormous burden of late com-
plications. The mortality rate for patients who
received allogeneic hematopoietic stem cell
transplantation is twice as high as that of the
general population among long-term survivors.
A large number of survivors face challenges
affecting their health and well-being. Relapses
of primary disease (app. 30%) and chronic graft-
versus-host disease (GVHD) are major risk fac-
tors for morbidity and mortality in this group of
patients. Non-malignant late ef