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There is in every child,
at every stage,
a new miracle
of vigorous unfolding.

Erik Erikson
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Abstract

As survival rates of childhood cancer patients improved throughout the last decades, long-term
sequelae after treatment became an important area of research. Given that childhood cancer
treatments differ according to the specific diagnosis, age at diagnosis, response to treatment,
etc., they can result in very different long-term outcomes and symptoms. One of the potential
side effects includes neurocognitive impairment. Neurosurgery, cranial radiotherapy (RT) and
central nervous system-(CNS-)directed chemotherapy are known to lead to neurocognitive
alterations in childhood brain tumor and leukemia patients. By contrast, in solid non-CNS tumor
patients, findings about potential neurotoxicity due to intravenous chemotherapy only, remain
limited. Nevertheless, case reports showed that even (high-dose) intravenous chemotherapy
can induce acute (leuko-)encephalopathy. However, underlying neurotoxic mechanisms and
neurocognitive outcomes are still to be unraveled.

Given that neurocognitive research in childhood cancer remained restricted to patients

who were treated with CNS prophylaxis only, the main goal of this PhD project was to explore
potential neurotoxicity due to high-dose intravenous chemotherapy in pediatric oncology. By
combining neurocognitive assessments, genetic analyses, clinical (treatment and symptom)
features and advanced neuroimaging techniques in both current pediatric oncology patients
and (adult) survivors, we aimed to discover new insights into neurodevelopmental patterns and
related biomarkers during childhood cancer.
To address neurocognitive outcomes, behavioral tests included intelligence assessments,
verbal and visual memory, attentional functioning, visuomotor functioning, word fluency and
object naming. Combined with behavioral assessments, MRI imaging covered state-of-the-art
advanced MRI sequences including diffusion-weighted (DWI), myelin-water imaging (MWI),
FLAIR, T1-weighted imaging, resting state functional MRI (RsfMRI). Based on these images, we
aimed to investigate anatomical and functional information of the developing brain after high-
dose chemotherapeutic treatments.

First, we performed an extensive literature review which summarized the existing
evidence on potential neurotoxicity of non-CNS directed (i.e. intravenous) chemotherapy in
solid non-CNS tumor patients. This review demonstrated that current research in pediatrics is
very limited so far, with a lack of research in solid tumor patients.

Second, in order to explore neurocognitive developmental patterns in current
childhood cancer patients, a longitudinal follow-up study of intelligence scores was performed
in childhood leukemia patients, who were treated with intrathecal chemotherapy. This study
demonstrated increases in verbal and performance 1Q scores (which were within the normal
range), and the negative impact of younger age at diagnosis and lower educational status of
parents.



Third, a cross-sectional survivor cohort study was performed in adult survivors of
childhood non-CNS tumors, treated with high dose intravenous chemotherapy only. To
investigate chemotherapy-induced neuro-anatomical and physiological changes in these
patients, different MRI sequences were investigated. More specifically, white matter
microstructure was investigated using FLAIR, DWI and MW!I, while grey matter anatomical and
functional information was derived from T1-weighted MRI and rsfMRI, respectively. FLAIR
images were first visually inspected for white matter lesions (i.e. observable
leukoencephalopathy), which were further investigated using additional parameters estimating
white matter integrity (derived from DWI and MWI). In this study, a substantial group of 27%
of the childhood cancer survivors demonstrated leukoencephalopathy, which was associated
with DWI, but not MWI. Given that the latter imaging type is more closely associated with the
level of myelination, this study suggests long-term neurotoxicity but with possibly midterm
remyelination and other underlying long-term neural damage. Leukoencephalopathy was
mainly associated with delayed reaction times on focused and divided attention tasks. In
addition to the observable lesions, DWI images provide more information about white matter
directionality (e.g. tractography) and microstructure. Hence, we aimed to clarify white matter
microstructure in long-term survivors using multiple recent diffusion models. These analyses
provided evidence for central white matter tracts to be more affected (i.e. showing lower fiber
density) compared to other tracts. Complementing these white matter investigations, we
analyzed the grey matter structure and functioning using T1 and RsfMRI. Based on T1-weighted
images, we encountered lower grey matter density and cortical thickness, while RsfMRI
demonstrated differences in functional co-activation of brain regions in patients compared to
controls. This mainly appeared in frontal and parahippocampal areas, of which the latter also
showed decreased functional coherence.

Fourth, although evidence for chemotherapy-induced neurotoxicity is increasing based
on cross-sectional studies, longitudinal studies are non-existing in children. Therefore, a
preliminary neuroimaging and neurocognitive follow-up study was conducted of current non-
CNS tumor patients who received high doses of chemotherapy. This study demonstrates acute
leukoencephalopathy but rather stable cognitive scores. In addition to the survivor study, this
suggests that behavioral effects of neurotoxicity would possibly only occur in a delayed stage.

Finally, as secondary brain damage can be hypothesized in case of extensive neural
damage, recent applicable techniques are discussed to investigate the affected underlying
brain network, or so-called “structural human connectome”. Multi-modal analyses were
applied in patients who suffer from long-term clearly visible brain damage located in the
cerebellum, in childhood posterior fossa tumor survivors. This study suggested not only global
decline in neural integrity, but also possible topological reorganization of the network. To
investigate structural connectivity, pros and cons of these methods are summarized for future
directions.



In summary, our current research suggests widespread acute and long-term neural
damage due to high-dose intravenous chemotherapy, which can highly affect
neurodevelopment throughout childhood. Multiple associated neural changes (e.g. altered
white matter fiber density, decreased grey matter density and cortical thickness) were
concluded. Furthermore, age at diagnosis and recovery patterns were explored using
correlation analyses with imaging parameters. Still, to address subject-specific vulnerability,
future studies are required including (pre-)clinical biochemical biomarkers (i.e. CSF toxicity
values, (stress-related) hormonal fluctuations, GWAS, ..) and state-of-the art imaging
techniques (i.e. PET-MRI, EEG, MRS, GIu-CEST, ASL, SWI, ...) in order to clarify altered
synaptogenesis, neurotransmission and/or metabolite changes. Furthermore, longitudinal
designs are recommended to investigate developmental and degeneration patterns
throughout time. Finally, given that patients mainly complain about long-term emotional rather
than cognitive problems, alterations in neurodevelopment might not necessarily be related
with cognitive difficulties only. By contrast, the measured brain alterations could potentially
yield other (e.g. emotional) psychological difficulties in daily life as well. This highly suggests to
expand the existing research with neuro-emotional assessments. At the prospect of advanced
treatment techniques, the long-term goal within this research domain is to reduce
neurotoxicity, e.g. by modifying doses of toxic chemotherapy, focusing cranial radiotherapy
doses, adding neuroprotective medication and neurorehabilitation, providing subject-specific
psychosocial support; in order to improve the long-term quality of life in survivors of childhood
cancer.






Populaire samenvatting

Dankzij de medische vooruitgang zijn overlevingskansen na kinderkanker enorm toegenomen
doorheen de afgelopen decennia. Om die reden worden mogelijke neveneffecten van de
therapie in toenemende mate onderzocht. De vorm en duur van de therapie is afhankelijk van
de leeftijd van het kind, het type diagnose, de lichamelijke reactie op de therapie, enzovoort.
ledere vorm van therapie (bv. chemotherapie, radiotherapie, chirurgie, ...) kan verschillende
onmiddellijke bijwerkingen teweegbrengen. Een van de mogelijke acute bijwerkingen kan
cognitieve symptomatologie zijn, bv. moeite met aandacht of concentratie, geheugenklachten,
planningsproblemen, ... Vroeger onderzoek toonde aan dat neurochirurgie en bestraling van
het brein dergelijke (korte-, maar ook langetermijn) symptomen kan veroorzaken bij kinderen
met hersentumoren. Bovendien neemt evidentie toe voor neurologische schade na
chemotherapie die via het ruggenmergvocht wordt toegediend, dit bij patiénten met leukemie.
Echter, voor kinderen die gediagnosticeerd worden met een vaste tumor (in het lichaam), die
chemotherapie ontvangen via de bloedbaan (intraveneus), zijn dergelijke studies beperkt.
Nochtans bestaan er casussen bij wie acute symptomen (bv. hoofdpijn, vermoeidheid, ...) en
neurologische schade werd vastgesteld. De onderliggende mechanismen van de
chemotherapie zijn echter nog onduidelijk.

In dit project onderzochten we daarom mogelijke neurologische schade en de
neuropsychologische impact ervan na chemotherapie bij kinderen die werden behandeld voor
kanker. We verzamelden neuropsychologische tests, genetisch materiaal, klinische gegevens
i.v.m. therapie en symptomatologie, en MRI hersenbeeldvorming van zowel kinderen als
volwassenen die behandeld werden op kinderleeftijd. Op die manier poogden we meer inzicht
te verkrijgen in hun breinontwikkeling en geassocieerde biologische parameters.

In een eerste studie bij kinderen die behandeld werden voor leukemie, toonden we aan
dat jongere leeftijd bij diagnose en lagere opleiding van de ouders mogelijke risicofactoren
kunnen zijn voor lagere cognitieve scores. Bovendien zagen we in een studie bij volwassenen
die (op kinderleeftijd) behandeld werden voor vaste tumoren, dat intraveneuze chemotherapie
zowel anatomische als functionele veranderingen in het brein op langetermijn kon
teweegbrengen. Zo werden er op basis van klinische MRI scans (enkele jaren na therapie)
letsels vastgesteld in de zogenaamde ‘witte stof’ (de langere verbindingsbanen van het brein)
in 27% van de patiénten. Deze gedetecteerde letsels bleken geassocieerd te zijn met langere
reactietijden op aandachtstaken. In diezelfde studie werden er echter ook meer subtiele
neurologische veranderingen ontdekt, dit dankzij innovatieve beeldvorming analyses. Zulke
veranderingen werden niet enkel in de witte stof, maar ook in de ‘grijze stof’ (voornamelijk
cellichamen, en kortere verbindingsbanen) vastgesteld. Deze subtiele veranderingen konden
ook aanwezig zijn indien er geen letsels te onderscheiden waren. Nadien toonden we in een
opvolgingsstudie van huidige patiénten aan dat de observeerbare letsels reeds op het einde



van de therapie detecteerbaar zijn. Deze patiénten toonden echter relatief stabiele cognitieve
scores, waardoor we vermoeden dat subtiele veranderingen in cognitief functioneren
voornamelijk op latere leeftijd kunnen optreden. Tot slot toonden we in een studie met
volwassenen die op kinderleeftijd behandeld werden voor een hersentumor, aan dat in geval
van opvallende neurologische schade, de onderliggende hersennetwerken structureel kunnen
wijzigen, hetgeen tot meer opmerkelijke cognitieve problemen kan leiden.

Concluderend stellen we dus dat intraveneuze chemotherapie in hoge dosissen
neurologische schade kan veroorzaken, zowel acuut als op lange termijn. Dit kan
breinontwikkeling structureel en functioneel beinvioeden. Toekomstig onderzoek zal idealiter
ook biologische parameters onderzoeken, om de validiteit van de beeldvorming na te gaan, en
(in-)directe mechanismen van chemotherapie beter in kaart te brengen. Tot slot worden ook
onderzoeksvragen naar emotie-gerelateerde klachten aanbevolen, om psychologische
symptomen te reduceren en de kwaliteit van het leven op langetermijn te verhogen.
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Introduction

This chapter has been adapted from:

Charlotte Sleurs, Sabine Deprez, Louise Emsell, Jurgen Lemiere, Anne Uyttebroeck.
Chemotherapy-induced neurotoxicity in pediatric solid non-CNS tumor patients:
An update on current state of research and recommended future directions.
Critical Reviews in Hemato-Oncology (2016) 103, 37-48.

Abstract

Neurocognitive sequelae are known to be induced by cranial radiotherapy and central-
nervous-system-directed chemotherapy in childhood Acute Lymphoblastic Leukemia (ALL)
and brain tumor patients. However, less evidence exists for solid non-CNS-tumor patients. To
get a better understanding of the potential neurotoxic mechanisms of non-CNS-directed
chemotherapy during childhood, we performed a comprehensive literature review of this
topic. Here, we provide an overview of preclinical and clinical studies investigating
neurotoxicity associated with chemotherapy in the treatment of pediatric solid non-CNS
tumors. Research to date suggests that chemotherapy has deleterious biological and
psychological effects, with animal studies demonstrating histological evidence for neurotoxic
effects of specific agents and human studies demonstrating acute neurotoxicity. Although
the existing literature suggests potential neurotoxicity throughout neurodevelopment,
research into the long-term neurocognitive sequelae in survivors of non-CNS cancers remains
limited. Therefore, we stress the critical need for neurodevelopmental focused research in
children who are treated for solid non-CNS tumors, since they are at risk for potential
neurocognitive impairment.

Keywords: pediatric oncology, solid non-CNS tumors, brain maturation, neurotoxicity,
chemotherapy
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1.1 Introduction
Overall survival rates of children and adolescents diagnosed with cancer may reach 80% 1.
However, childhood cancer survivors often face residual physical 2 and psychological
difficulties 3 which can have a significant impact on their daily lives. The cognitive deficits
which limit daily life functioning in these patients are therefore receiving increased attention
4> To date, evidence of late cognitive sequelae in childhood cancer survivors has been found
in brain tumor and Acute Lymphoblastic Leukemia (ALL) patients ®’. These difficulties may
arise due to the impact of both the disease and its treatment on the brain. For these patient
groups, the tumor itself, neurosurgery, brain irradiation and/or CNS-directed chemotherapy
can cause serious neurocognitive impairment >88,

By contrast, non-CNS solid tumors, which have a lower risk to metastasize to the CNS
system, are treated with non-CNS-directed cancer treatment. Such treatment can include
local surgery of the tumor, local radiotherapy, and/or intravenous chemotherapy.

Intravenous chemotherapy *°

is administered through the blood vessel into the vascular
system, which is assumed not to affect the CNS system directly, due to the blood-brain-
barrier. However, non-CNS directed chemotherapy could also cause neurological damage by
a variety of neurobiological mechanisms, including damage to the blood brain barrier and by

stimulating neuroinflammatory responses %°

. In this context, non-CNS chemotherapy is
known to cause acute neurological damage, which manifests clinically as a range of
neurological conditions ranging from headaches to paralysis 2?2, In addition, recent studies
have suggested longer term neurotoxic effects, which could give rise to impaired cognition.
These studies have mainly been conducted in non-CNS cancers in adult patients including
breast cancer 2324 ovarian cancer 2> and testicular cancer patients 2?7, and have found
chemotherapy to be associated with attentional and executive dysfunction.

Unfortunately, neurocognitive research involving childhood survivors of solid non-
CNS tumors is still rare, and therefore the neurotoxic effects of non-CNS-directed
chemotherapy on cognition in this population are not well understood. With regard to this
specific group, there have been only two studies to date: Mohrmann and colleagues (2015)
recently reported that one in three solid non-CNS tumor patients experiences at least one
subjective cognitive difficulty °, whilst Bornstein and colleagues (2012) demonstrated
significantly lower cognitive scores for current pediatric solid non-CNS tumor patients
compared to controls 28, The lack of research in pediatrics is problematic since the brain is
most vulnerable during development and the consequences may be more severe than in
adults. Given the increasing survival rates of childhood cancers, summarizing the present
knowledge in the field is therefore both timely and important.

This review aims to highlight the role of chemotherapy-induced neurotoxicity on
childhood brain development, and how this can be linked to impaired cognition and
psychosocial function in later life. Animal studies demonstrate histological evidence for

29

deleterious biological effects “°, and human studies demonstrate acute neurological

symptoms when intravenous chemotherapy is administered. Such symptoms can include
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headaches, diplopia, convulsions, hemiparesis, which suggests chemotherapy to induce
biochemical neural changes.

From the Pubmed database, we extracted studies since 1990 which investigated

neurotoxicity due to specific chemotherapeutic agents that are currently administered for
childhood solid non-CNS tumor patients in frontline therapy.
In the first part of the review, non-CNS directed chemotherapeutic agents are discussed with
regard to their acute symptoms in clinical and preclinical studies. For these sections we focus
on three chemotherapeutic agents: methotrexate, alkylating agents (i.e. ifosfamide,
cyclophosphamide, cisplatin) and vincristine. Search criteria such as vincristine [or]
methotrexate [or] alkylating agents [and] neurotoxicity were used. We then describe
potential neurotoxic mechanisms that could interact with neural development and discuss
the current scientific literature on neurotoxicity in pediatric solid non-CNS tumors, covering
both neuropsychological evaluation and neuroimaging research. Search criteria cognitive [or]
neurocognitive [and] cancer [and] childhood were used. Finally, in our conclusion, we
underline the importance of investigating the neurocognitive sequelae of chemotherapy in
childhood cancers and provide recommendations for future studies in order to stimulate
much needed research in this field.

1.2 Evidence for direct chemotherapy-induced neurotoxicity

For the purpose of this review, we have focused on three types of chemotherapy that are
currently administered for childhood solid non-CNS tumor patients in frontline therapy:
methotrexate, alkylating agents (i.e. ifosfamide, cyclophosphamide, cisplatin) and vincristine.
These chemotherapeutic agents act through different toxic mechanisms on the cell during DNA
replication. For example, methotrexate inhibits metabolism of folate acid; alkylating agents
(e.g. cyclophosphamide, ifosfamide, cisplatin) inhibit cell proliferation by binding with an alky!
group to the DNA strand, and vinca alkaloids (e.g. vincristine) prevent the formation of
microtubules in the new cell, which inhibits mitosis 3°. These mechanisms are summarized in
Figure 1.1. For each type of chemotherapy, we provide an overview of existing studies since
1990 for methotrexate, alkylating agents (i.e. ifosfamide, cyclophosphamide, cisplatin) and
vincristine. We will discuss acute symptoms in patients (section 1.2.1) and histological changes
which are induced in animal models (section 1.2.2).
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Figure 1.1 Mechanisms of chemotherapeutic agents on cell division
Legend: The chemotherapeutic agents currently used in solid non-CNS tumors, can be subdivided in the following groups:
(1) Methotrexate inhibits metabolism of folate acid, which is necessary for the synthesis of the nucleoside thymidine in DNA
synthesis (2) alkylating agents (e.g. cyclophosphamide, ifosfamide, cisplatin) inhibit cell proliferation by binding with an alkyl
group to the DNA strand, crosslinks are formed in DNA strands, which cause apoptosis of the cell in its attempt to duplicate.
(3) vinca alkaloids (e.g. vincristine) prevent the formation of microtubuli in the new cell, which inhibits mitosis.
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Table 1.1 Overview of clinical case studies with acute symptoms of the central and peripheral nervous system

Chemotherapeutic Acute central symptoms Acute peripheral symptoms References
agent
Methotrexate Epilepsy after treatment Kasper et al. (2004)

(antimetabolite)

Ifosfamide
(alkylating)

Cyclophosphamide
(alkylating)

Cisplatin
(alkylating)

Vincristine
(anti-mitotic)

Transient aphasia 12 days after receiving intravenous high-

dose MTX chemotherapy
Stroke like events temporally related to intrathecal MTX,
nonfluent aphasia

Encephalopathic symptoms: mostly confusion, associated
with lowered albumin levels, not with creatinine or age
Risk of encephalopathy in case of concomitant cisplatin
Headaches and seizures

Acute hallucinations, agitation, and delirium

Visual and auditory hallucinations

Seizures, irritability, somnolence, dizziness, headaches,
with increased risk due to concomitant medication

Confusion/emotionality, headache and seizures

Acute confusion and cortical blindness, hemispatial neglect

during treatment with high-dose methotrexate,
cyclophosphamide, and dactinomycin

Progressive encephalopathy and partial loss of vision
Elevated risk of encephalopathy after ifosfamide in case of
concomitant cisplatin administration

Visual disturbance and unconsciousness

Right hemiparesis

Bilateral upper-extremity weakness, right-
sided or left-sided hemiparesis
Right-sided hemiplegia, with brisk reflexes
in limbs; left facial nerve and upper motor
neuron palsy, dysarthria and dysphagia

Hemiballismic limb movements
Hemiparesis, dysphasia, choreoathetosis

Apraxia

Hypertension, convulsions
Hearing loss

Isolated abducens nerve palsy
Vocal fold palsy
Sensorineural hearing loss
Altered cochlear functioning

Eichler al. (2007)
Rollins et al. (2004)

Tsang & Khong (2005)

David & Picus (2005)

Pratt et al. (1990); Tajino et al. (2010)
Antunes & De Angelis (1999)

Bernard et al. (2010)

DiMaggio et al. (1994)

Di Cataldo et al.(2009)

Ames et al. (2010)
Inaba et al. (2008)

Sanchez-Carpintero et al. (2001)

Verschraegen et al. (1995)
Pratt et al. (1990)

Tajino et al. (2010)

Ito et al. (1998)
Hagleitner et al. (2012)

Toker et al. (2004)

Burns & Shotton (1998)
Lugassy & Shapira (1990)
Riga et al. (2007)
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1.2.1 Acute neurotoxicity reports

As shown in Table 1.1, acute neurological events during treatment demonstrate the immediate
impact of specific chemotherapeutic agents on the brain 3733, For all three agents,
encephalopathic symptoms were reported. Nevertheless, a few differences should be
discussed.

1.2.1.1 Methotrexate
Intrathecal MTX can lead to a wide range of acute encephalopathic symptoms 3. Intravenous

high-dose MTX can also lead to such symptoms, including hemiparesis or altered consciousness
35,36 Stroke-like events associated with MTX, (e.g. aphasia and hemiplegia) have been related
to acute white matter (WM) changes 343773, most often after intrathecal administration in ALL
patients 3437, but also after high dose intravenous administration in osteosarcoma patients 3&3°
(see Figure 1.2).

Before treatment After treatment

May, 2015 March, 2016

Figure 1.2 Case showing leukoencephalopathy at the end of chemotherapy treatment
Note. This image shows a 14-year old patient who was treated with high dose methotrexate for an osteosarcoma.
The FLAIR MRI scan at diagnosis is presented on the left. The image at the end of treatment is shown on the right.

According to Saykin and colleagues 294%, chemotherapy can induce such neurotoxicity via
multiple main pathways, including direct neurotoxic effects, immunological responses,
hormonal changes, genetic factors and DNA damage. These potential pathways will be
discussed in more detail in Section 1.3.
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1.2.1.2 Alkylating agents (ifosfamide, cyclophosphamide, cisplatin)
With regard to alkylating agents, most evidence for acute neurotoxicity has been found for

ifosfamide 334!, Headaches and seizures 224243 hallucinations #4, agitation, and delirium # as
well as motor symptoms *® have been reported.

Despite its similar mechanism on cell duplication, cyclophosphamide is less frequently
associated with neurotoxic symptoms #’. This could be because it crosses the BBB less easily
than ifosfamide. Yule and colleagues (1997) demonstrated that cyclophosphamide was less
apparent in the cerebrospinal fluid of pediatric oncology patients compared to ifosfamide®®.
Notably, sudden confusion and cortical blindness have been reported for cyclophosphamide
used in combination with high dose methotrexate 3°.

Neurological symptoms associated with cisplatin, are mostly limited to sensory hearing *° and
vision loss °%°! and peripheral neuropathy, including pain and paresthesias 3. Nevertheless,
white matter alterations in the CNS have been reported *°. A combination of cisplatin and
ifosfamide may increase the risk of neurological side effects 23,

1.2.1.3 Vinca alkaloids (vincristine)
Central neurotoxicity due to vincristine is well known. Vincristine-related seizures and

peripheral toxicity such as diplopia >4, nerve paralysis >>°, sensory neuropathy >”>%, absence of
peripheral of reflexes and hearing loss °?°! have all been reported. Intrathecal administration
leads immediately to death %63,

Although all of these studies demonstrated acute neurological symptoms according to the
CTCAE criteria, none included neurocognitive assessments. Still, it is assumable that sudden
symptoms such as confusion, hallucinations, but also peripheral pain and paresthesias interact
with cognitive processes at central nervous system level. Hence, acute medical assessments of
neurotoxicity would ideally be combined with cognitive screenings in the future.

1.2.2 Animal studies
In addition to the existing evidence for acute neurotoxicity, histological evidence has been
demonstrated in rodent studies as shown in Table 1.2. We focused on ex vivo rodent studies.
For interested readers, we also refer to a comprehensive review by Seigers et al. 2°.
Dose-dependent apoptosis was found for all of the specified agents %% Notably,
Briones & Woods (2013) also found evidence of myelination changes in white matter ¢ when
methotrexate was used in combination with cyclophosphamide. Overall, these studies
demonstrated decreased neurogenesis at young age 4606875 as well as brain necrosis in adult

65,68,71,73,75,76,78,79,82’ which is

rodents 56776781 Most changes were found in the hippocampus
mainly associated with (episodic) memory functioning. Note that, in general, the hippocampus
is mostly investigated in animal studies. For cisplatin in particular, deeper structures (e.g., the
thalamus, hypothalamus and dorsal striatum) as well as higher order regions were affected
64,66,68-70,72,73,77808183  To date, only a few studies in rodents have investigated effects of
vincristine %684 Note that acute vincristine-induced neurotoxicity in patients was also mainly

limited to sensory hearing loss. Less evidence exists for central neurological symptoms.
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Table 1.2 Overview of animal studies for neurotoxic effects of chemotherapeutic agents (used in pediatric solid non-CNS tumor patients)

Chemotherapeutic Evidence for neurotoxicity Age Affected brain regions References Indication of
agent potential neurotoxic
mechanism
Methotrexate Dose-dependent apoptosis 7 days Cortex, thalamus, Rzeski et al. (2004) All mechanisms
(antimetabolite) hippocampus, caudate
nucleus
Dose-dependent decline in neurogenesis 3 months Hippocampus Seigers et al. (2008) All mechanisms
Decline in neurogenesis adult Hippocampus Briones & Woods All mechanisms
(2011)*
Reduced blood vessel density and microglia, 3 months Hippocampus Seigers et al. (2009) Immune
but no elevated cytokine levels dysregulation
Increased levels of IL-18, TNF-a, and COX-2, 12 months Corpus callosum Briones et al. (2013)* Immune
decrease in cytokine IL-10 dysregulation
Decreased myelination Not Cerebrum, cerebellum,
Increased levels of free radicals as marker for specified midbrain, pons medulla, Rajamanietal. (2006)  Oxidative stress
oxidative stress hippocampus and
hypothalamus
Increased levels of MDA Adult Cerebellum Uzar et al. (2006) Oxidative stress
(an important marker of lipid peroxidation)
Ifosfamide Dose-dependent apoptosis 7 days Cortex, thalamus, Rzeski et al. (2004) All mechanisms
(alkylating) hippocampus, caudate
nucleus
Cyclophosphamide  Dose-dependent apoptosis 7 days Cortex, thalamus, Rzeski et al. (2004) All mechanisms
(alkylating) hippocampus, caudate
nucleus
Decline in neurogenesis 8-10 weeks Hippocampal regions Yang et al. (2010); All mechanisms
2 months Christie et al. (2012)
Decline in neurogenesis adult Hippocampal regions Briones & Woods All mechanisms
(2011)*
Decreased survival of cells dividing at the beginning  Not Hippocampal regions Lyons et al. (2011) All mechanisms
of treatment, but no long-term effects specified
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LTP was impaired during cyclophosphamide 7 months Hippocampal regions Lee et al. (2006) All mechanisms
treatment,
but was enhanced after recovery from
chemotherapy
Increased levels of IL-13, TNF-a, and COX-2, 12 months Corpus callosum Briones et al. (2013)* Immune
decrease in cytokine IL-10 dysregulation
Decreased myelination
Decreased growth and viability of neurons, embryo Neural tube in embryonal Xiao et al. (2007) DNA damage
damaged nuclear DNA and early apoptotic brains
morphological changes
Decline in the levels of reduced glutathione, 6-8 weeks Not specified Bathia et al. (2006) Oxidative stress
glutathione peroxidase, and alkaline phosphatase

Cisplatin Dose-dependent apoptosis 7 days Cortex, thalamus, Rzeski et al. (2004) All mechanisms
(alkylating) hippocampus, caudate
nucleus
Remodeling of excitatory afferents and Purkinje cell 10 days Cerebellar cortex Avella et al. (2006) All mechanisms
dendrites
Increased cell apoptosis and decreased cell division ~ Not Subventricular, Dietrich et al. (2006)*  All mechanisms
specified hippocampus, corpus
callosum
8 days Cerebellar granule neurons Wick et al. (2004)* ° All mechanisms
Decreased spine density and cell death 1 day Hippocampal neurons Andres et al. (2014)*
Apoptosis, altered granule cell migration 10 days Cerebellum Cerriet al. (2011) All mechanisms
and Purkinje cell dendrite growth
Loss of neuronal activity, accompanied by cell embryo Auditory cortex cells Gopal et al. (2012)* All mechanisms
apoptosis
Increased BBB permeability, brain necrosis adult Hypothalamus, auditory Sugimoto et al. Direct neurotoxicity
cortex and caudal putamen (1995)
Cytoarchitectural changes and decrease in 10 days Hippocampal neurons Piccolini et al. (2012)  Immune
immunoreactivity for neurotransmitter markers dysregulation
DNA damage due to increased oxidative stress adult Not specified Turan et al. (2014) DNA damage &
adult Gulec et al. (2013) oxidative stress
Vincristine Dose-dependent apoptosis 8 days Cerebellar granule neurons Wick et al. (2004)* ° All mechanisms

(anti-mitotic)

Note. * Direct administration of agent to neuroepithelial stem cell/precursor brain cell (neuron/support cell) cultures
® Administration in combination with other agents
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As could be concluded from Table 1.2 some of the animal studies specifically have evidenced
biomarkers for inflammation 7737 and oxidative stress 7781887 We will now discuss how
these markers are related to specific neurotoxic pathways.

1.3 Possible neurotoxic mechanisms
According to Saykin and colleagues 2°%° five main pathways of chemotherapy-induced

neurotoxicity can be distinguished, namely direct neurotoxic effects, immunological responses,
hormonal changes, genetic factors and DNA damage (see Figure 1.3). In Table 1.2 we associate
these potential mechanisms with existing animal studies for the three specified
chemotherapeutic agents (i.e. methotrexate, alkylating agents, vincristine).

@ DNA
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Figure 1.3 Potential neurotoxic pathways of chemotherapy

Note. This figure illustrates the five main neurotoxic mechanisms and possible interactions between them: (1)
Direct neurotoxicity: chemotherapy crosses the blood-brain barrier immediately, (2) Immune dysregulation:
immune signals such as cytokines could become neurotoxic through neuroinflammation, (3) Hormonal changes
(e.g. alterations in estrogen and testosterone) are associated with cognitive functioning and functional changes
within the brain, (4) Genetic predisposition: polymorphisms of specific genes (e.g. BDNF, APOE, ...) are related
to neurotoxic vulnerability and neural repair after chemotherapy, (5) DNA damage (e.g. by oxidative stress):
chemotherapy can induce DNA damage in neurons directly or through oxidative stress.
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1.3.1 Direct neurotoxicity of chemotherapeutic agents
Several chemotherapeutic agents can cause central neurotoxicity by crossing the BBB readily

88 Direct damage to the BBB was shown in animal studies for agents such as cisplatin & (see
Table 1.2). This may lead to grey matter (GM) apoptosis and/or white matter (WM)
demyelination.

1.3.2 Immune dysregulation
In response to the disease itself®? or to surgery °°°! or to immunotherapy ? the human body

reacts with an increased immune response. Tissue damage activates peripheral immune
responses that can cause neuroinflammation either directly or indirectly. On the one hand,
peripheral cytokines (e.g. IL-1B, TNF-a, CRP) can directly bind to brain receptors, and cause
damage to the BBB 3. In this way they can directly invade the brain and induce neurotoxicity.

The indirect mechanism on the other hand, can be through stimulation of the vagal
nerve °* or through cytokine production and transition of macrophages within the brain %,
which induces functional brain changes in an indirect way. Evidence for neuroinflammation in
the case of solid non-CNS tumors was found by Kesler and colleagues (2013) 6. They
demonstrated higher levels of cytokines, as well as reduced hippocampal volume in breast
cancer survivors. Elevated levels of cytokines and simultaneous demyelination of the WM in
response to chemotherapy in rodents ®/ also suggest that neurological alterations can be
induced by peripheral cytokines.

In addition to anatomical changes, cytokines can affect hormonal processes, by altering
hypothalamus-pituitary-adrenal (HPA)-axis functioning °/~°°. Such hormonal changes can also
influence cognitive functioning 1%, which is discussed in the next section.

1.3.3 HPA-axis functioning: hormonal changes and stress
Since sex-related hormones (e.g. estrogen and testosterone) increase during adolescence,

and influence brain development, the question arises as to what extent these changes are
modified by chemotherapeutic agents. Sex- and stress-related hormones are mainly regulated
by the HPA-axis 1°. Because some chemotherapeutic treatments (e.g. in ALL patients) include
glucocorticosteroids, treatment may directly suppress HPA-axis activity. The investigation of
chemotherapy-induced alterations of HPA-axis function is an active area of research®102,
Some studies have demonstrated longer HPA-axis suppression during treatment of childhood
ALL and brain tumors 1027197 Changes in HPA-axis activity were shown to lead to learning and
memory difficulties in animals %,

1.3.4 Genetic predisposition
Polymorphisms that are associated with cell metabolism, DNA repair or brain development,

can affect the CNS vulnerability to chemotherapy-induced toxicity. The MTHFR-gene and the
APOE-gene genotypes have been investigated most extensively 8. The MTHFR-gene encodes
for methylenetetrahydrofolate reductase, which is related to the folate metabolism. Given
that disturbance of the folate metabolism may eventually result in demyelination, as well as
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in endothelial damage and in intensive stimulation of N-methyl-D-aspartate (NMDA)
receptors in the brain &, the association between these polymorphisms and neurotoxicity due
to MTX has been extensively investigated %819 Forinstance, with regard to the MTHFR1298-
gene, patients with the AC/CC genotype scored lower on the Trail Making Test than those
with the AA genotype. The APOE-gene on the other hand, encodes for Apolipoprotein E, a
glycolipoprotein that plays an important role in neuronal repair and neuroplasticity *'°. More
specifically, patients who carry an €4 allele show increased neurotoxic vulnerability to
chemotherapy when compared to the ones who do not ***.Polymorphisms of the BDNF (Brain-
Derived-Neurotrophic-Factor)-gene were recently also associated with neuroprotection
against the toxic effects of chemotherapy 2.

1.3.5 DNA damage and oxidative stress

Finally, neuronal DNA damage can lead to transcription inhibition and subsequent changes in
neurotransmission 3. Since chemotherapeutic agents interfere with DNA synthesis,
neurotoxicity might also be more pronounced when DNA repair mechanisms are weakened.
As mentioned in Table 1.2, Xiao and colleagues reported neural DNA damage due to
cyclophosphamide. One specific mechanism of DNA damage is oxidative stress. The
production of free radicals during cell metabolism causes neurodegeneration 4
Furthermore, increased oxidative stress was also discovered after the administration of MTX

8687 cisplatin 778115 and cyclophosphamide 8°

116

in rodent studies. Recently, Caron and
colleagues (2009) showed elevated levels of oxidized phospholipids in the CSF (i.e.
indication of oxidative stress) in combination with decreased executive functioning in
pediatric ALL patients. Cole and colleagues (2015) also demonstrated that specific gene
polymorphisms related to oxidative stress, were associated with lower neurocognitive scores

17 These studies indicate the important role of oxidative stress in

in ALL patients
neurocognitive development during cancer. According to Wang and colleagues (2015) %,
inflammatory cytokines may not only cross the BBB and induce hormonal changes, but can
also cause free oxygen radicals. This illustrates the interdependency between the previous

mechanisms.
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1.4 Possible influence in pediatric population

1.4.1 Neurotoxicity in a developing brain

Given that postnatal brain development occurs during childhood, children could be particularly
vulnerable for treatment-induced neurotoxicity 8. More specifically, cognitive functioning
including domains of attention, verbal and visual (working) memory, processing speed,
language, visuomotor functioning exponentially increase throughout development. From a
neurobiological point of view, structural development of brain regions and their connections is
crucial for daily life functioning. It has been widely assumed that neural development mainly
implies decreases in cortical GM and increases in WM between the age of 4 and 20 **°7121, We
discuss GM and WM development separately, even though their development is
interdependent 122123,

1.4.2 Grey matter development
GM consists of neuronal cell bodies. Maturation of the GM follows a curved pattern: its density

increases until young adolescence (between 12 and 20 years) and from then on it declines again
1191237126 These curves differ between brain areas. As reported by Gogtay and colleagues,
lower-order somatosensory and visual cortices mature first, which is followed by higher-order
association cortices and frontal cortex, which integrate the incoming information (i.e. parietal,
frontal and superior temporal cortices) '?2. This developmental pattern matches the
phylogenetical pattern (see Figure 1.4). Hence, integration of the higher-level cortical regions
results in better cognitive performance on more demanding tasks. Cortical development and
synapse elimination is thus heterochronous.
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Figure 1.4 Cortical development of GM volume throughout childhood.
Adapted from Gogtay et al. 1?2

An important GM structure located deeper in the brain is the hippocampus. This
structure is mainly responsible for (episodic) memory function. Hippocampal development is
influenced by stress-related hormones 27128 Since chemotherapy induces hormonal changes
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(see previous section about neurotoxic mechanisms), this may indirectly cause structural
changes in the hippocampus. In a recent review, Dietrich and colleagues '*° found that
chemotherapy-induced direct cellular toxicity, inflammation and oxidative stress (i.e. indirect
toxicity) all had a negative impact on hippocampal function.

Prefrontal regions, which are related to executive functioning, develop later. As a result,
behavioral symptoms such as lack of self-control could appear if development is disturbed
during the maturation process of this region. Such disturbances could arise before as well as
during adolescence. With regard to sex-related differences, Giedd and colleagues (1999)
showed that GM development peaks earlier for women than for men. This suggests hormonal
effects on brain development. More specifically, elevated levels of testosterone were related
to higher GM density for males 3.

Given the neurobiological evidence of neuron apoptosis in animal models, the question is
whether age-dependent damage to the GM, can result in specific cognitive or behavioral
symptomes.

1.4.3 White matter development
Besides this spatiotemporal pattern of the grey matter, white matter tracts which connect the

grey matter areas (mainly containing glial cells and axons), also mature (i.e. myelinate and
sprout) until young adolescence 3132 Whereas most GM development peaks in childhood,
the amount of WM, which contains glial cells and myelinated axons, continues to increase until
young adolescence 2912 gnd remains stable until mid-adulthood. Besides volumetric studies
of the WM, diffusion tensor imaging (DTI) is commonly used for investigating WM properties
at a more microstructural level. DTI studies have found increasing anisotropy with age in brain
regions associated with attention, motor skills, cognitive ability, and memory. Such increases in
anisotropy, suggest more spatially organized WM fiber bundles. Notably, higher anisotropy in
prefrontal and parietal regions has been correlated with working memory and reading abilities
133

As is the case for GM development, patterns of maturation differ between both sexes
124 WM increases more strongly for males, which suggests the influence of hormonal
differences. Given that animal studies as well as studies in adult cancer patients have found
changes in WM 67134 an important question to address is whether chemotherapy during
childhood may cause behavioral and cognitive sequelae. In this context, Schuitema and
colleagues found WM changes that correlated with cognitive dysfunction in ALL survivors 20-
30 years after diagnosis 134,
Due to these maturation processes, potential toxicity of medication and related mechanisms
highly depend on the age of the child. Furthermore, as developmental demands increase with
age, such induced cognitive deficits can tremendously affect academic performance, job
success, social functioning and mental health over time ©.
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1.4.4 Hormonal influences

Hormonal changes (e.g. stress-related changes) affect brain development in several ways, such
as functional and structural changes of the hippocampus and limbic structures due to
maltreatment and early stress (see Teicher et al. for a review 128). The most widely investigated
hormone is cortisol, regulated by the HPA-axis. Functional changes of this axis due to stress
135136 or due to chemotherapy may cause long-term brain damage. In this context, most
evidence of brain damage has been found for the hippocampal region 37138 Chemotherapy
induced HPA-axis alterations during childhood can impact negatively on the quality of life of
young cancer patients. For example, dysregulated activity of the HPA-axis in children has been

139 35 well as disruptive behavior 941 Although research is

associated with depression
abundant regarding the dysregulation of the reproductive system due to chemotherapeutic
agents 42143 potential dysfunctioning of the HPA-axis remains unclear. Since the HPA-axis is
mainly responsible for hormonal regulation, we see the urge to expand investigations of

chemotherapy-induced alterations of the HPA-axis.

1.5 Evidence of neurotoxicity in pediatric solid non-CNS tumors

1.5.1 Neurocognitive studies

In this section of our review, we discuss studies since 1990 which specifically included patients
who were treated for non-CNS tumors during childhood, as control group or as patient group,
if no radiotherapy was administered. Notably, solid non-CNS tumor patients were mostly
considered as a control group in childhood studies, not as the group of interest. In a recent
study, Bornstein and colleagues (2012) demonstrated that children who were treated for solid
non-CNS tumors obtained motor and cognitive functioning scores which were similar to
leukemia patients but lower than healthy controls 28, Also other studies confirmed equal 1Q
scores for both patient groups 4414, Accordingly, a large study of Kadan-Lottick and colleagues
(2010), revealed comparable scores for task efficiency and emotional regulation for several
cancer survivor groups (i.e. osteosarcoma survivors, Acute Myeloid Leukemia, ALL and non-
Hodgkin-lymphomas survivors), which were significantly lower than their siblings. However,
they did not find significant differences for soft tissue and Ewing sarcomas **’.

In contrast, some studies do report lower cognitive scores for ALL patients treated with
intrathecal chemotherapy in comparison to solid non-CNS tumor patients 8. Brown and
colleagues (1996) did not encounter such differences at diagnosis, but did find lower IQ scores
in ALL patients 3 years later 14°. Also visuomotor functioning appeared lower in ALL patients
who were treated with intrathecal chemotherapy compared to solid tumor patients 50151,
Similarly, significant cognitive complaints (e.g. for concentration, working speed, task efficiency

152 and leukemia survivors

or memory) were mostly found in CNS tumors, cranial irradiation
153 Recently however, in a series of 58 patients, Mohrmann and colleagues (2015) reported
that one out of three childhood solid non-CNS tumor patients had at least one cognitive
complaint °. Furthermore, Edelman and colleagues also demonstrated that osteosarcoma
survivors score significantly lower than controls for processing speed as well as memory,

reading and attentional functioning. However, in their study this was only related to endocrine



38 Chapter 1

and cardiac alterations, but not to MTX dose *. Concludingly, a limited number of studies
investigated cognitive functioning of pediatric solid non-CNS tumor patients. To date, no study
has been performed with cognitive assessments in only childhood solid tumor patients vs.
control participants.

1.5.2 Neuroimaging studies

Similar to the existing neurocognitive studies, most imaging studies for solid tumor patients
which investigate chemotherapy-induced neurotoxicity, were conducted for adult breast
cancer patients *>1°7. They described both structural as well as functional neural changes.
On the one hand, structural imaging studies demonstrated decreased GM densities in frontal,

158 ‘as well as reduced hippocampal volumes %> On the

temporal, and cerebellar regions
other hand, also microstructural WM differences were observed between patients and
control participants in multiple regions 23?41 With functional MR studies researchers also
found reduced activation in prefrontal regions during executive tasks 2411617163 g5 well as
hyperactivation during verbal memory tasks 163

In contrast to several studies in adults, brain developmental changes associated with
the treatment of childhood cancer have so far only been investigated in ALL. Cranial irradiation
is known to cause cognitive sequelae. As a consequence, chemotherapy combined with
radiotherapy induces stronger morphological brain alterations than chemotherapy alone 4,
Nevertheless, recent studies with ALL patients showed brain changes due to chemotherapy
alone. Neuro-anatomical findings in non-irradiated survivors leukemia which might explain
such deficits, range from overt white matter (WM) hyperintensities to more subtle changes in
grey and white matter volumes *>1>7167 For example, using quantitative morphometry, Lesnik
and colleagues (1998) 18 found smaller GM volumes in prefrontal and cerebellar regions of
ALL survivors, who were treated only with intrathecal MTX and high dose IV MTX. Furthermore,
DTI studies have shown WM alterations in the ALL survivor group *>%3* According to Paacko
and colleagues (2000) the most notable WM changes were found in younger children 6,
Besides such morphological changes, recent resting-state fMRI studies also found decreased
functional connectivity in ALL survivors 18170,

In this regard, we also recently demonstrated functional connectivity to be reduced in
leukemia survivors in the attention-related Default Mode Network (DMN), even years after
treatment 179 (see Figure 1.5). Such functional brain changes might contribute to executive
dysfunctioning, which was predominantly reported as a cognitive sequel in leukemia patients.

Although these studies suggest long-term neurotoxic effects, social contexts, such as
higher parental education, and patients’ baseline cognitive reserves are protective factors for
potential neurotoxicity. This was shown by Kesler and colleagues, who associated the amount
of neural reorganization of the WM with maternal education level *’*. So far, no neuroimaging
studies exist for pediatric solid tumor patients.
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Figure 1.5 Functional connectivity Default Mode Network leukemia survivors vs. controls.

Adapted from Billiet et al. *°
The group-average Default Mode Network is depicted in orange. The region which showed lower functional connectivity with
the DMN in leukemia patients, is indicated in green (i.e. Inferior Temporal Gyrus).

1.6 Concluding remarks and future directions

Given that survival rates of solid non-CNS tumors have increased during the last few years,
late psychosocial effects are of increasing interest and importance. So far, only physical
rehabilitation has received primary attention in solid tumors, since these complaints are
more common for solid tumor patients. Also, the sample size of these patient group is rather
small and heterogeneous (e.g. treatment protocols, tumor type, tumor locations, age at
diagnosis, etc.). This way it is challenging to perform high level research with these patient
groups, and to draw firm conclusions with regard to their functioning. However, we reported
histological and clinical evidence suggesting clear neurotoxicity of chemotherapeutic agents
in the treatment of pediatric solid non-CNS tumors. Such acute neurological conditions and
neural damage can lead not only to motor dysfunctioning, but also altered cognitive
processes. Hence, understanding how neurocognitive functioning is altered is equally
important, and acute cognitive screening assessments are highly recommended. We
reported the potential pathways through which chemotherapy elicits damage, its impact on
brain development and the long-term sequelae in pediatric cancer patients so far.

From animal and adult studies, we know that functional as well as structural

neurological changes can appear after non-CNS directed chemotherapeutic treatment.
Hence, the question whether and at what age brain development can be affected in pediatric
solid non-CNS tumor patients, becomes crucial to address.
Although neurocognitive research demonstrates altered brain development for pediatric ALL
and brain tumor patients, only a limited number of studies have been performed in pediatric
solid non-CNS tumor patients. Ideally, such future studies should combine neurocognitive
and imaging methods to assess neurodevelopment of pediatric solid tumor patients. Since
treatment of the former patient groups include CNS-directed chemotherapy and irradiation
respectively, it remains unclear whether non-CNS-directed chemotherapy can have a similar
impact on brain development.
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During development, gender and age play a major role in brain development, which

interacts with hormonal processes. One of the potential neurotoxic pathways of
chemotherapy is through hormonal pathways, such as modification of the HPA-axis. Such
alterations may result in emotional and behavioral changes, depending on the gender and
age of the patient. Furthermore, the different maturation patterns of brain regions at a
specific age suggest different neurotoxic effects between patients of different ages. Given
that frontal GM regions develop later in life than parietal regions, the largest impact of
chemotherapy could be expected in frontal regions, with attentional and executive problems
later in life. To address whether either younger patients or adolescents are more vulnerable,
we recommend prospective designs in future studies. This way changes over time can be
linked to dose, or to duration of treatment, and age at diagnosis. Since cognitive reserves
may also play a role, it is highly recommended to include socioeconomic information in future
studies.
Besides direct damage to the BBB, we discussed potential indirect toxic pathways of
inflammation and DNA changes. It is possible that certain DNA polymorphisms related to
brain development (i.e. APOE, BDNF, ...) may provide protection against neurotoxicity during
development. As it remains uncertain which immunological mechanisms and genotypes are
involved in chemotherapy-induced neurotoxicity, studies including measurements of such
biomarkers should be prioritized.

In comparison to ALL patients, childhood solid non-CNS tumors are a heterogeneous
group with different diagnoses, staging and treatment protocols. To be able to distinguish
between the potential neurotoxic effects of certain chemotherapeutic agents, differences in
treatment protocols including non-CNS-directed chemotherapy should be investigated
thoroughly. Although most studies only include a small number of patients, the acquisition
of meaningful data from homogeneous populations requires large sample-size longitudinal
multicenter studies. Given the evidence for acute neurotoxicity in childhood solid non-CNS
tumor patients, the limited number of studies for long-term effects is remarkable.

Ideally, longitudinal study designs should be used which include measurements at
diagnosis and after therapy. Given that this could be challenging, survivor studies would also
provide valuable information. Only based on the results of these studies, will it be possible to
construct international guidelines for further educational help, and for remediation, as well
as to correctly inform and advise affected children and their parents 1’2, In the event that no
evidence for long-term neurotoxicity will be found, clinicians will be able to communicate this
valuable and reassuring information to their patients and families.

In conclusion, whilst some advances have been made in our understanding of the neurotoxic
effects of chemotherapy, there remains an urgent need for more research investigating how
neurodevelopment is altered by chemotherapy in childhood and how this impacts on future
cognitive and psychosocial function.
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Objectives and outline

2.1 Objectives

The main aim of this PhD project was to gain knowledge about potential neurotoxicity in
childhood cancer patients using state-of-the art neurocognitive and neuroimaging
assessments. As previously mentioned, childhood cancer treatments are typically
individualized, according to the diagnosis (i.e. type of cancer), location of the tumor, risk group
(i.e. aggressiveness), and age at diagnosis. Hence, possible neurocognitive impairment highly
depends on the treatment constituents as well as subject-specific risk factors (e.g. SES, age,
cognitive reserves, ....).

Based on our literature review (Chapter 1), it was hypothesized that even (high-dose)
intravenous chemotherapy (which is non-CNS-directed) could be neurotoxic. Still, underlying
mechanisms probably cover a wide range, and are still to be unraveled (see Figure 2.1).
Furthermore, subject-specific risk factors such as age at diagnosis, SES, depression, therapy
doses and genetic predispositions are to be investigated.

Given that treatment-induced neural changes and subject-specific risk factors remain poorly
understood, we addressed the following main research questions:

1. How does neurocognitive functioning develop throughout childhood leukemia patients,
treated with intrathecal (i.e. CNS-directed) methotrexate and high-dose intravenous
methotrexate? (Chapter 4)

2. Does high-dose intravenous (non-CNS-directed) chemotherapy induce long-term
neurotoxicity in non-CNS sarcoma patients?

a. Do we detect long-term observable leukoencephalopathy? (Chapter 5)
b. Is white matter microstructure altered at intra-voxel level? (Chapter 6)
c. Is grey matter structure and functional coherence affected? (Chapter 7)

3. How does neurocognitive functioning and leukoencephalopathy develop in current
childhood non-CNS sarcoma patients treated with high-dose intravenous
chemotherapy (Chapter 8)

4. Can we optimize subject-specific neuroimaging technigues in case of extensive neural
damage (e.g. due to CNS tumors)? (Chapter 9)
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Figure 2.1 Schematic overview of neural anatomical systems involved in potential
neurotoxicity

2.2 Outline

To address these questions, a variety of MRI sequences and neurocognitive assessments were
obtained in current childhood cancer patients and survivor subgroups. Methods that were
implemented across different studies will be discussed in more detail In Chapter 3. The
different populations and applied methods to address the abovementioned questions are
discussed for each chapter below.

As mentioned in the introduction, leukemia patients receive CNS-directed prophylaxis in
addition to high-dose methotrexate, to prevent CNS metastases. This treatment was associated
with acute encephalopathy, as well as long-term neurocognitive and neuroimaging changes.
Nevertheless, evidence from longitudinal designs is still limited and developmental patterns
remain hypothetical. Hence, in Chapter 4 we investigated longitudinally acquired intelligence
assessments (WISC-R) in 94 childhood leukemia patients, who were treated with CNS-
prophylaxis in addition to high-dose intravenous methotrexate between 1990 and 1997. We
hypothesized that educational background of the parents and age at diagnosis were important
predictors in intelligence scores.

Based on the literature study, we also concluded a lack of neurotoxicity investigations in case
of high-dose intravenous chemotherapy during childhood. Therefore, Chapters 5, 6, 7 aimed to
clarify the imaging features of long-term neurotoxicity in adult survivors of childhood non-CNS
solid tumors. These chapters were based on our cohort study of survivors (n=34) who were
treated with high-dose chemotherapy only (and local surgery and possibly RT). We explored
the potential long-term impact of this treatment in childhood cancer survivors (n=34),
compared to healthy controls (n=34), using FLAIR MRI, DWI, T1-weighted MRI, rsfMRI
combined with neurocognitive assessments and genetic polymorphisms.
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e Chapter 5: Observable leukoencephalopathy

This chapter investigated long-term lesions which are visually detectable on FLAIR MRI
scans in the survivor cohort study. As previously mentioned, such lesions can be induced
by toxic medical treatments. We discussed the odds ratios of these lesions in the survivor
cohort, and hypothesized potential risk factors including the ApoE and MTHFR genotype,
chemotherapy doses, age at diagnosis. Finally, we investigated the association between
leukoencephalopathy, diffusion-weighted MRI, myelin-water imaging and neurocognitive
outcomes in these patients.

e Chapter 6: Microstructural white matter alterations

Besides macroscopic visually observable lesions, diffusion-weighted MRI provides more
detailed estimation of the white matter microstructure at a microscopic level, thanks to
its directional information. Previous DWI studies have shown compromised white matter
integrity following systemic chemotherapy in adult cancer patients. However, this has not
been investigated in childhood solid tumors yet. In addition, more recent advanced
diffusion models were not yet implemented in cancer patients. In this chapter, we applied
the most recent diffusion analysis techniques (i.e. fixel-based analysis and NODDI model)
to our survivor cohort.

e Chapter 7: Grey matter structure and functioning

Chapter 7 aimed to investigate grey matter structure and functional connectivity based
on the T1-weighted MRI and rsfMRI scans, respectively. A voxel-based and surface-based
approach was implemented to estimate grey matter density and cortical thickness, resp.
Additionally, functional connectivity was estimated for regions which show lower cortical
thickness, and these connectivity estimates were compared with healthy participants.

In order to explore neurodevelopmental and neurotoxic patterns throughout treatment in
current childhood non-CNS tumor patients, Chapter 8 demonstrates a longitudinal study in 15
pediatric cancer patients, of whom neurocognitive data and neuroimaging data were assessed.
This chapter demonstrates odds ratios of leukoencephalopathy, and development in
neurocognitive scores.

Given that the abovementioned studies yielded leukoencephalopathy due to chemotherapy,
and cognitive problems are frequently present in case of clear neural damage, subject-specific
neuroimaging becomes an interesting research field. Hence, we discussed a variety of DWI
neuroimaging analyses to investigate white matter microstructure and topological organization
in case of extensive neural damage in Chapter 9, specifically in survivors of fossa posterior
tumors. Using a voxel-based, fixel-based and graph theoretical approach, we estimate not only
local neural integrity, but also possible topological reorganization of the network.

Chapter 10 provides a general discussion of all abovementioned studies.
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Methods

3.1 Daily life questionnaires

Psychological complaints in oncology patients can cover a wide range of symptoms, including
cognitive, emotional and behavioral problems. However, the assessment of such symptoms is
a very complicated task in childhood cancer patients. Answering questionnaires about such
complaints, is challenging for children since their cognitive abilities are still in development.
Hence, a limited number of questionnaires were acquired in children, but were expanded to a
wider range of questionnaires in the adult survivor study.

3.1.1 Children

In our current childhood non-CNS cancer study, we acquired one executive questionnaire
(BRIEF) 173 and the Health-Related Quality of Life Questionnaire (HRQoL) from all children
above 10 years old, and from all parents (also for children with younger ages) 47>, It was
possible to acquire a larger range of questionnaires in our adult study.

3.1.2 Adults

In adult participants (i.e. childhood cancer survivors and healthy controls), we assessed
questionnaires covering a variety of domains such as anxiety, depression, cognitive and
executive functioning, daily quality of life including physical complaints and social functioning.
The selection of questionnaires was based on a similar previous study in adult survivors of
childhood leukemia 7¢, to be able to match data and compare findings.

First, anxiety was addressed using the State-Trait Anxiety Inventory (STAI) *’7. This
questionnaire aims to estimate state and trait anxiety levels. The questions with regard to the
trait anxiety domain covered long-term, general symptoms of anxiety, whereas state anxiety
items address current, situation-related, contemporary symptoms. The questionnaire
consisted of 40 multiple choice questions with a 4-point Likert scale. Second, depressive
symptoms were estimated using the Beck Depression Inventory (BDI) 1”8, This questionnaire
was composed of 21 multiple choice items, which belong to three different dimensions (i.e.
affective (5 items), cognitive (7 items) and somatic (9 items) dimension)). The questions were
regarding the participant’s feeling during the past two weeks, which was again to be answered
with a 4-point Likert scale. Third, to measure the degree of daily-life self-reported cognitive
difficulties, we made use of the Cognitive Failures Questionnaire (CFQ) *’°. This questionnaire
included 25 items, which can be categorized into four subscales (i.e. absentmindedness,
absentmindedness in social situations, names and words and orientation). Each question was
addressed with a 5-point Likert scale. Fourth, the Behavior Rating Inventory of Executive
Function (BRIEF) '8 was implemented to investigate subjective difficulties in daily life executive
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functioning (i.e. behavioral regulation). The questionnaire consisted of 75 items which covered
the nine domains of inhibition, flexibility, emotion-regulation, self-evaluation, taking initiative,
working-memory, planning and organizing, task-evaluation and tidiness. The items were rated
with a 3-point Likert scale. Fifth, we included the Pediatric Health Related Quality of Life
Inventory (HRQoL)*! to investigate general daily life functioning. 23 questions were posed with
regard to four different domains: physical complaints, emotional complaints, social and
education complaints.

3.2 Neurocognitive assessments

Besides subjective questionnaires, objective elaborate neurocognitive assessments (+/- 2.5-3.5
hours) were acquired to investigate neurocognitive functioning (see Table 3.1). These
assessments were used to estimate intelligence, verbal and visual memory, attention and
visuomotor functioning, optionally language tasks including word fluency and object naming.
The neurocognitive protocols for children were previously implemented and demonstrated to
be valuable in chronic pediatric diseases *¥2%3, The protocols for adults were previously
validated in adult survivors of childhood leukemia 7.

Table 3.1 Overview of the acquired neuropsychological assessments

Domain Children (7-16 years) Adults (>16 years)

Intelligence WPPSI-II, WISC-II WAIS-IV

Verbal memory CMS (word pairs) AVLT (15 words)

Visual memory CMS (dots) RVDLT (15 figures)

Attention ANT ANT

Visuomotor functioning VMI /

Language assessment / COWAT, PPVT
3.2.1 Children

First, we implemented the Wechsler Preschool and Primary Scale of Intelligence (WPPSI-III-
NL)!#* and the Wechsler Intelligence Scale for Children (WISC-III-NL) 8> to estimate intelligence
in children <6 years old and 6-16 years old, respectively. These assessments yielded a full scale
IQ score, verbal 1Q score and performance 1Q score. Additionally, the WPPSI-III included an
additional general language index. The verbal scale covered the tasks of information (i.e.
general knowledge questions), vocabulary (i.e. provide definitions for words) and word
reasoning (i.e. provide concept which is being described). The performance scale comprised
block design (i.e. construct presented patterns with two-color blocks), matrix reasoning (i.e.
complete an incomplete matrix of patterns with multiple choice options) and picture concepts
(i.e. select pictures with a common characteristic).

With regard to the WISC-IlI, additional subscales included verbal comprehension,
processing speed and perceptual organization. The verbal scale of the WISC-III consisted of
information (i.e. general knowledge questions), similarities (i.e. provide conceptual similarity
between two concepts), mathematics (i.e. calculations by heart), vocabulary (i.e. provide
definitions for words) and comprehension (i.e. explain the logical reasoning for specific
situations). The performance scale comprised the tasks of uncompleted figures (i.e. point to
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missing part of the figure), coding (i.e. fill in the correct symbol matching a specific number),
pictures order (i.e. order pictures of stories correctly), block design (i.e. construct presented
patterns with two-color blocks), visual puzzles (i.e. construct puzzle).

Second, the Children ‘s Memory Scale (CMS)*8 was assessed to address verbal and
visual memory. In the verbal memory task, 15 word pairs were presented auditory 3 times.
After each presentation, the child was asked to provide the associated word for each of the 15
words (i.e. immediate recall). A 20 minutes time interval was then planned, during which non-
verbal tasks of the remaining test assessment were acquired. After this time interval, the child
was again requested to provide as many word pairs as he/she remembers (i.e. delayed recall).
Finally, the child was asked whether word pairs were presented previously or not (i.e. delayed
recognition). The visual memory task of the CMS is a spatial location test. More specifically,
dots were presented in a matrix, of which the child the location needs to retain. This
presentation occurs 3 times. Each time, the child needed to reconstruct the pattern with
available dots. A second matrix was presented only once, after which the child needed to
reconstruct the latter matrix as well as the first matrix (i.e. interference task). Again, after an
interval of 20 minutes (during which verbal tasks are acquired), the child was requested to
reconstruct the first pattern once more (i.e. delayed recall).

Third, the computerized Amsterdam Neuropsychological Tasks (ANT) 87 were acquired
to investigate processing speed. To investigate baseline reaction times, focused attention,
divided attention, sustained attention, and inhibitory control and flexibility, multiple subtasks
were acquired according to the age of the child. More specifically, for children <9 years old,
Baseline Speed (BS), Focused Attention for Objects (FA40), Memory Search for Objects (MSO2),
Response Organization Objects (ROO), Sustained Attention for Objects (SAO2) and Tapping (TP)
were acquired. By contrast, for children above 9 years old, Focused Attention for Letters (FA4L),
Memory Search for Letters (MSL), Shifting Attentional Set-Visual (SSV) were acquired in
addition to the BS, ROO and TP.

Fourth, visuomotor functioning was assessed using the Beery developmental test of
Visual-Motor Integration (VMI) 188, During this test, the child was asked to copy figures (i.e. free
drawing), match geometric figures visually (i.e. check the figure which is exactly the same as
prototype), and draw lines within the predefined figure edges (i.e. restricted drawing). Using
these three tasks, we addressed the Beery motor scale, visual perception scale and motor
coordination scale, respectively.

3.2.2 Adults

The selection of test assessments was similar to a previous study in adult survivors of childhood
leukemia 17® to retain the option of data merging and comparisons of results. First, the
Wechsler Adult Intelligence Scale (WAIS-IV-NL) was administered to estimate intelligence!8%10,
The WAIS-IV-NL (Wechsler, 2012) provides a full scale 1Q, and subscales of verbal
comprehension, perceptual reasoning, working memory and processing speed. The subscale
verbal comprehension was based on the subtests information (i.e. general knowledge
questions) and vocabulary (i.e. explain the meaning of words). On the other hand, perceptual
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reasoning covered the tests block design (i.e. in construct complex figures with 4 or 9 blocks
with white, red or both colored surfaces) and matrix reasoning (i.e. complete figure rows with
multiple choice options). Working memory was estimated using the digit span task (i.e. repeat
sequences of digits in the presented order, the inverse order or rank them according to size).
Processing speed included the tests of symbol search (i.e. check matching symbols) and coding
(i.e. fill in the correct symbol matching a specific number).

Second, the Auditory Verbal Learning Test (AVLT)** was used to assess verbal memory
functioning. In this test, first a list of 15 unrelated words (list A) was auditory presented 5 times.
Then a second list (list B) was presented only once. After each presentation, the participant was
asked which words he remembered, to estimate learning, retro- and proactive interference
and confabulations. The abovementioned presentations were then followed by a break of 20
minutes (during which non-verbal tasks of the other assessments are acquired). After this
break, the participant was again requested to name all words he remembered (i.e. delayed
recall). In addition, words were auditory presented which the participant needed to categorize
whether they were part of the first list, the second list or absent (i.e. delayed recognition).

Third, the Rey Visual Design Learning Test (RVDLT)*®? was acquired to investigate
learning capacity with regard to visual information, thus short-term and long-term visual
memory. Similar to the AVLT, 15 figures were shown to the participant 5 times, after which
participants were asked to redraw as many figures as possible. Again, a break of 20 minutes
was planned (during which verbal tasks of the remaining tests were acquired), and the
participant needed to draw as many figures retained once more (i.e. delayed recall). Finally, 30
figures were presented which the participant needed to categorize either as ‘being presented
before’ or not (i.e. delayed recognition).

Fourth, to investigate attentional functioning and processing speed, the computerized
Amsterdam Neuropsychological Tasks (ANT)*” were assembled. This test assessment included
Baseline Speed (BS), Focused Attention for Letters (FA4L), Memory Search for Letters (MSL),
Shifting Attentional Set-Visual (SSV), Response Organization Objects (ROO) and Tapping (TP), to
measure baseline reaction times, focused attention, divided attention and memory, and
inhibitory control and attentional flexibility, respectively. Mean reaction times and error rates,
and related norm scores were calculated.

Fifth, we assessed word fluency using the Controlled Oral Word Association Test
(COWAT)!?3. This task required the participant to spontaneously produce as many words as
possible during one minute which belong to a certain semantic category (e.g. jobs and animals)
or starting with a specific character (e.g. N, A, K).

Finally, to explore object naming and object-term semantics, the Peabody Picture
Vocabulary Test (PPVT-III-NL) was implemented °*. Here, participants were instructed to select
the image of the object that was verbally named. The total error score (i.e. summation of all
items that were answered incorrectly) and normative total scores (i.e. according to the age
range) were calculated.
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In summary, normative values were calculated for intelligence assessments, CMS, VMI, ANT
and PPVT-III-NL. For these assessments, specifications of the normative samples are provided
in Table 3.2. On the one hand, normalizing the data is advantageous to obtain normally
distributed data, which optimizes this specific assumption for many statistical tests.
Furthermore, patients can be compared to a specific threshold and scores can be interpreted
as a “clinical” value in case of one standard deviation below the mean. On the other hand, the
normative samples are often historical, and hence lose their ‘normative’ value by time. Given
that normative data become older the longer an assessment is used, participants are compared
to outdated datasets (i.e. norm tables), which not only increases the normalized scores of the
participants, but can also change the relative positions between participants. The increases in
normalized scores are typically explained by the so-called Flynn effect. This effect is defined as
the rise in IQ scores over generations and time, with an increase of 3 I1Q points per decade on
average 1%°. As a result, historical norms become outdated and normalized scores can represent
overestimated scores, which could decrease sensitivity to detect differences between clinical
patient groups to healthy controls. Still, for the abovementioned assessments, normative
scores were preferred throughout the thesis given the relatively recent and geographically (i.e.
Dutch and Flemish) and age-matched normative data.

Table 3.2 Psychometric properties of implemented assessments

Int
Test-retest A fernal

reliability consistency Norm group Norm group

(correlation) (cronbach’s size characteristics
alpha)
STAI 196 .54-.86 .86-.95 NA Raw scores
BDI 17 .93 91 NA Raw scores
CFQ1°8 / .88 NA Raw scores
BRIEF .70-.79 .70-.94 815 Dutch, healthy
HRQoL 17> .68-.88 / NA Raw scores
WISC-III .52-.92 .55-.95 225 Flemish, healthy
WPPSI-III .35-.86 .67-.93 524 Flemish, healthy
CMS 122 .88-.98 .88-.93 1000 U.S., healthy
VMI .85-.88 .81-.82 1737 U.S., healthy
WAIS-IV .86-.98 .79-.97 510 Flemish, healthy
AVLT 200,201 .51-.86 >.90 NA Raw scores
RVDLT 202 46-.80 .51-.83 NA Raw scores
ANT .70-.84 / 6776 International
A40-. aw scores

COWAT 123 40-.60 / NA R
PPVT 94 90-.97 2032 children 5 1 healthy

+ 1573 adults
Note. Values were either derived from the original handbook, or from a specified reference.
/ indicates that the data were not available. NA=not applicable since raw scores were used.
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3.3 MR neuroimaging

Magnetic Resonance Imaging (MRI) is the imaging technigue relying on magnetic properties of
the biological tissue. More specifically, atomic nuclei consist of protons, which possess
electromagnetic features, and consequently behave as tiny magnets with a north and south
pole. Given that the human body mainly consists of water and fat, hydrogen protons are
abundant, and of main interest in medicine for the application of MRI.

Due to their natural spin around their main axis, hydrogen protons obtain magnetic
properties, which makes them sensitive to changes in a magnetic field. Without any external
magnetic field, magnetic signals resulting from spinning protons within the human body
neutralize each other due to their random orientation distribution. In other words, a balance is
met (i.e. net magnetization of approximately zero). However, when biological tissue is placed
in the MRI scanner (i.e. a strong static magnetic field (B0O)), the spins align along the main
scanner axis (i.e. along the main axis of this (BO) magnetic field). This axis is in most cases the
z-axis (foot to head axis of the human body). For the majority of the protons, the direction of
the alignment is according to the magnetic field (i.e. low-energy spin-up state), while others
are opposite to this magnetic field (i.e. high-energy spin-down state). Due to this difference,
the longitudinal (i.e. along the z-axis) magnetization becomes nonzero (Mz), which is the sum
of the nuclei precessing along that direction. The precession frequency of the spins parallel to
the direction of B0, is called the Larmor frequency (w0). This frequency is characteristic for the
nucleus and it is proportional to the magnetic field strength. The precession frequency of
hydrogen is 42.6MHz/Tesla (i.e. in a 1-Tesla magnetic field) (y). However, this is altered by the
surrounding tissue (cf. infra).

Lamor Frequency
w0 =yBo

During an MRl acquisition, radiofrequency (RF) pulses are applied with the same Larmor
frequency as hydrogen. By absorbing the energy from the pulse, these spins are excited. Some
low-energy spin-up spins will suddenly transform into high-energy spin-down spins. Hence, the
net longitudinal magnetization decreases (z-axis), while the transverse magnetization increases
(xy plane). All excited spins will start rotating with the same phase. Once the RF pulse is ended,
the protons gradually return to their original state (i.e. equilibrium, aligned with the static
magnetic field), which is called ‘relaxation’. This process comprises two subprocesses of
relaxation, including spin-lattice relaxation (i.e. T1 or longitudinal relaxation) and spin-spin
relaxation (i.e. T2 or transverse relaxation). First, the spins release energy to the surrounding
elements (spin-lattice) as the protons return to their original low energy state. The longitudinal
magnetization recovers (characterized by an exponential positive T1-curve). Second, due to
different local magnetic fields (depending on the chemical environment), the precession
frequencies of the spins differ (spin-spin), which causes loss of phase coherence and transverse
magnetization (characterized by an exponential T2 decay curve).
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Different tissue properties in biological organs result in different environments of the protons,
so the durations of these relaxation processes highly depends on the location of the hydrogen
protons. For instance, protons in CSF release their energy very slowly (i.e. long T1) and do not
interact as strongly with other protons (long T2) as they would in the white matter (i.e. shorter
T1and T2).

In the application of MRI, a sequence of MR pulses can control different combinations
of longitudinal and/or transverse relaxation. In addition, timing of the pulses can be modified
in order to affect relaxation times. In this regard, repetition time (TR) is the time interval
between RF pulses. Echo time (TE) is the interval between the RF pulse and the peak of the
signal in the coil. Based on the information of T1 and T2 relaxation times of different tissue
types, an MRI sequence can be used to obtain the contrast in the image. The MRI scan provides
the necessary information about the anatomical structure or function of the organ. This study
focuses on T1-weighted MRI, DWI, T2 FLAIR, RsfMRI (see Figure 3.1).

T1l-weighted MRI

& #

T2 FLAIR

Figure 3.1 Overview of images of main interest in this study
Note. MRI=Magnetic Resonance Imaging, DWI=Diffusion-weighted (MR) imaging, FLAIR= Fluid Attenuation
Inversion Recovery, fMRI=functional MRI.

3.3.1 T1-weighted MRI

As the term T1-weighted MRI suggests, the contrast of this MR image is mainly determined by
T1 properties of the tissue, given that both TR and TE are short. Protons in fat easily realign.
Hence, these protons have a short spin-lattice or T1 relaxation, and fat appears bright on a T1-
weighted image. By contrast, realignment of spins in water takes longer, so water shows a low
signal (i.e. appears dark). If longer TR would be applied, all the protons would recover their
original state in the main magnetic field. As a result, the image intensities would be uniform. A
TR shorter than the recovery times of the tissues allows us to differentiate between them (i.e.
tissue contrast) (see Figure 3.2). This way, T1-weighted MRI provides a clear neuroanatomical

image.
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Figure 3.2 Decay curves of T1 (left) and T2 (right) in fat, water and solid tissue.

Adapted from 203

Note. This figure depicts the relaxation curves for the different tissue subtypes. Based on these curves, a T1-weighted MRI
scan with a short TE and short TR can easily dissociate different tissue type, so the anatomical information of CSF, grey and
white matter in the brain can clearly be derived.

3.3.2 Diffusion-weighted imaging

To investigate microstructure of anatomical components with clear directionality information,
more specifically anatomical “tracts”, diffusion-weighted MRI (DWI) imaging is typically applied.
Within the brain, this is specifically relevant for estimations of white matter tracts.

In DWI, the spontaneous motion of water molecules due to collisions is assumed as
informative for directionality estimations. Although this movement cannot be measured at
proton level, the macroscopic bulk result of microscopic random motion can be estimated. In
a homogeneous collection of unrestricted water, the molecular motion may be truly random
(all directions have an equal chance, is called “isotropic”) and the displacement of particles
follows a Gaussian distribution. However, in case of anatomical microstructure, such
displacement is not random, but water molecules are impeded in their movement by the
natural barriers (e.g. cell membranes, neurofilaments, myelin, etc.). In contrast to random
movement, strong directional dependence of movement is called “anisotropic”. With regard to
the brain, the CSF can thus be assumed to show isotropic movement, whereas the water
molecules show anisotropic movement in the white matter, and the grey matter is situated
somewhere in between.

The most common approach to measure diffusion is to use a spin-echo acquisition
scheme. Using a diffusion-weighted spin-echo sequence, spins that diffuse along the gradient
direction experience a different gradient strength at two time points (resulting in net
dephasing). More specifically, diffusion weighting can be produced by implementing a set of
strong magnetic field gradients in equal direction and duration, but opposite magnitude prior
to and after the 180° rephasing pulse. The first gradient will dephase all nuclear spins, while
the second gradient will rephase only those spins that remained stationary. Hence, if water
molecules move along the direction of the diffusion gradient, the rephrasing of the spins
becomes incomplete, as they experience a different magnetic field during the second gradient.
The measured signal is decreased.
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This results in a local signal attenuation that is proportional to the (apparent) diffusion
coefficient (ADC) and the applied gradient. This resulting signal can be expressed as follows
(See equation 1.1).

S = S, e~bADPC (1.1)

With S representing the measured signal; S, the non-diffusion-weighted signal (no additional
gradients applied); ADC representing the diffusion constant (called ‘apparent’ given that it is
affected by surrounding tissue); and b describes the degree of diffusion-weighting (caused by
the diffusion-weighted gradients) and depends on gradient amplitude, duration and time
between gradients.

ADC values are usually highest in CSF, bit lower in gray matter and lowest in white
matter. Hence, CSF is depicted with high intensity on an ADC map (given the high ADC values).
It is called 'apparent' because it differs from pure water due to the presence of microscopic
barriers.

Besides a basic ADC calculation, Diffusion Tensor Imaging (DTI) is a model which expands
the distribution of random displacement along a single direction to a random displacement in
3D. In other words, it is not a tensor of the first order (i.e. vector) that is estimated, but a tensor
of the second order (i.e. matrix, see equation 1.2).

Dxx ny sz
D=|Dy, D, D, (1.2)
sz Dyz Dzz

The diagonal elements represent the displacements along three orthogonal axes (xyz). The non-
diagonal elements are correlations between displacements along any of the 2 relevant axes. To
estimate this tensor a minimum of 6 diffusion-weighted images are required with non-collinear
gradients. Once the tensor is estimated, a visual representation of this tensor is plausible using
an ellipsoid (see Figure 3.3). This shape can be fully characterized by 6 parameters: 3
eigenvalues (A1, A2, A3, the length of the axes, representing the magnitude of the diffusion) and
3 eigenvectors (the angles of the reference coordinate system ‘s axes, i.e. the direction of the
diffusion). In other words, the tensor displays the average diffusion distance in each of the
three principal directions during the applied diffusion gradient.

The most widely investigated scalar that can be derived from the diagonalized diffusion
tensoris fractional anisotropy (FA). FA is the ratio of the standard deviation and quadratic mean
of the eigenvalues. It has a value between 0 and 1 with O representing isotropic (i.e. equal in all
directions) and anisotropy (i.e. diffusion along a single direction), respectively. The more the
ellipsoid deviates from a sphere, the higher the FA.

Higher FA values suggest more white matter tracts going into the same direction.
Hence, it is also used in order to delineate white matter tracts (i.e. tractography, see

Figure 3.4). FA values depend on multiple microstructural white matter factors
(including white matter thickness, white matter integrity, myelination, crossing fibers, etc.). The
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highest FA values can be found in central WM bundles such as the corpus callosum and the
corticospinal tract. Due to pathological processes such as inflammation (edema), widening or
shrinkage of the extracellular space or axonal loss, these diffusion-weighted metrics are
affected which suggests microstructural tissue reorganization. More advanced models are
discussed in Chapter 5.

A

; . : 5 Orientation-color
Fractional anisotropy Map Color-coded Orientation Map conversion

Figure 3.3 Visual representation of a diffusion tensor ellipsoid.

Adapted from Mori et al. 204

Note. (A) From diffusion estimations along multiple gradient directions, orientation and shape of the “diffusion
ellipsoid” is estimated. Based on the ellipsoid (B), the orientation of the longest axis can be found (C), which is
assumed to represent the main local fiber orientation within this voxel. (D) An anisotropy (FA) map can be
estimated: dark regions are isotropic (spherical) whereas bright regions are anisotropic. This orientation of the
main axis can be converted to a color (F) at each pixel. By weighing color (F) by the anisotropy map (D), a color-
coded orientation map is created (E).

oF

L

Figure 3.4 Scheme representing the tensor-based reconstruction of white matter tracts.

Adapted from Mori et al. 204

Note. Based on anisotropy in each voxel, the average fiber orientation is estimated which is used
to propagate a line voxel to voxel, until low anisotropy is reached (dark voxels).
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3.3.3 T2-FLAIR imaging

Fluid Attenuation Inversion Recovery (FLAIR) is a sequence with an inversion recovery, which is
a conventional (spin-echo) pulse, preceded by an inversion pulse. This is typically implemented
to selectively null the signal from specific tissues. The function of the inverting pulse is to flip
the initial longitudinal magnetization (Mo) of all tissues opposite to the direction of the main
magnetic field (Bo). Next, these inverted tissues undergo T1 relaxation as they variably seek to
re-establish magnetization along the z-direction. If then the conventional 90°-pulse is applied
and spin echo signal generation begins, the initial longitudinal magnetizations of different
tissues are now separated based on their different T1 relaxation times. The degree of image
contrast depends on the inversion recovery time. In case of the FLAIR sequence, a long
inversion time is implemented, so the signal of the CSF is canceled out.

Hence, (subtle) peripheral lesions or in periventricular regions close to CSF can be detected.
More specifically, toxic leukoencephalopathy due to the use of certain medicinal drugs (e.g.
antineoplastic, immunosuppressive, antimicrobial drugs), psychopharmacological stimulating
drugs, cranial irradiation and environmental toxins (e.g. CO, As, CCls), predominantly affects
the white matter and can easily be discovered based on a FLAIR MRI scan. A case example of
leukoencephalopathy detected on a FLAIR MRI scan after chemotherapy, was presented
previously (see Figure 1.2).

3.3.4 Resting state fMRI

Besides anatomical MRI scans, functional measurements of the brain can be obtained using
functional MRI imaging (fMRI). Functional magnetic resonance imaging provides a non-invasive
way to measure brain activity indirectly. Activation within the brain requires an increase in local
oxygen metabolism. In addition, this neuronal activity is closely linked to local hemodynamic
cerebral microcirculation, which is called the neurovascular coupling and can be modeled with
the hemodynamic response function (see Figure 3.5). More specifically, elevated oxygen
consumption yields a local drop in oxygen concentration, which motivates the body to supply
more blood to the activated area.

Oxygen is transported by iron-containing hemoglobin in the blood. Using the
differences in magnetic properties between oxy- and deoxyhemoglobin in the capillaries near
the active neural zones as contrast, the blood oxygenation level dependent (BOLD) contrast
visualizes this hemodynamic response to neuronal activation. More specifically, the magnetic
state of the iron in hemoglobin depends on the amount of oxygen. Iron is paramagnetic if
hemoglobin is depleted of oxygen (deoxyhemoglobin), since the iron molecule is more freely
exposed to the magnetic field in this case. However, iron becomes diamagnetic when the
hemoglobin molecule is saturated (oxyhemoglobin). Given that deoxyhemoglobin is
paramagnetic, it introduces local inhomogeneity, which shortens T2* of the surrounding tissue
and reduces the MRI signal. This leads to a decrease in image intensity. By contrast,
oxyhemoglobin is weakly diamagnetic and therefore only affects image intensity to a small
extent. When the concentration of oxyhemoglobin increases, which occurs a few seconds after
neuronal activation, the local field inhomogeneity is reduced. Hence, T2* elongates again, and
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the measured signal (T2*-weighted pulse sequence), increases. This way, T2* of blood depends
on the degree of oxygenation of the blood; and BOLD fMRI techniques primarily measure
changes in the local inhomogeneity of the magnetic field, resulting from local changes in blood
oxygenation. The most well acknowledged model of the hemodynamic response suggests three
phases of the BOLD response to a short-term increase in neuronal activity. First, the initial
period of oxygen consumption leads to a drop in signal (due to increased
deoxyhemoglobin/oxyhemoglobin). Second, an increased blood flow causes an important
increase in the oxygen concentration. However, this supply is overcompensating the oxygen
demand. Third, after the oversupply of oxygenated blood, it takes some time for the blood
volume to diminish and return to baseline. Besides these changes in ratios of
deoxyhemoglobin/oxyhemoglobin, the BOLD signal is also affected by inflowing additional
blood, which was not similarly excited by the RF pulse. This inflow effect also adds to the
increasing oxyhemoglobin/deoxyhemoglobin ratio in the second phase and further increases
image intensity.

To acquire fMRI images, an Echo-Planar Imaging (EPI) is the typically implemented MRI
sequence to generate T2*-weighted images. EPI allows the collection of an entire 2D MR image
from one single excitation in about 40 to 100ms. The technique allows acquiring multiple
adjacent slices efficiently. The entire brain can be imaged within 2 to 3 seconds. This time
efficient acquisition helps us to understand the dynamic processes of the active brain.

In resting state fMRI studies, subjects do not have to perform a task. Instead, they are
asked to relax and close their eyes for several minutes. During such acquisition, low frequency
fluctuations (~ <.1 Hz) in oxy- and deoxyhemoglobin can be measured, which are presumably
caused by spontaneous neuronal activation changes. These spontaneous signal fluctuations
show a high degree of temporal correlation across widely separated brain regions. Hence,
resting state studies examine the level of co-activation between the functional time series of
anatomically separated brain regions during rest. Such co-activation is believed to reflect the
so-called functional connectivity between these brain areas. By detecting such correlations,
functional cortical networks have been extensively described, including the motor, language,
auditory and visual network 2%. These so-called resting state networks typically correspond to
critical brain ‘states’ or functions, as their specific names already suggest (e.g. language
network is highly important for language functioning, ...).

If no specific cognitive function is hypothesized to be affected in the participant group,
it can be challenging to select an appropriate task for an active fMRI scan. Hence, resting state
fMRI is particularly interesting, since this technique does not depend on task selection, nor on
the participant’s performance. Given that findings about neurocognitive difficulties in cancer
patients remain heterogenous, we opted for resting state fMRI acquisitions in the current
childhood cancer study (see Chapter 8) and adult survivor studies (see Chapters 5,6,7).
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Figure 3.5 Fundamental principle of fMRI BOLD signal.

Adapted from Heeger et al. 206
Note. The figure shows the assumed relationship between activity, neurotransmitter recycling and metabolic demand (Panel
A), and the effect of deoxyhemoglobin on the MRI signal (Panel B).
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Neurocognition in childhood ALL
treated with intrathecal and intravenous methotrexate

This chapter has been published as:

Charlotte Sleurs, Jurgen Lemiere, Gertrui Vercruysse, Nathalie Nolf, Ben Van Calster,
Sabine Deprez, Marleen Renard, Els VVandecruys, Yves Benoit, Anne Uyttebroeck.
Intellectual Development of Childhood ALL patients:

A Multicenter Longitudinal Study. Psycho-oncology, 26 (4), 508-514.

Abstract

In childhood Acute Lymphoblastic Leukemia (ALL), radiotherapy for CNS prophylaxis is not used
in frontline therapy anymore. Standard treatment for ALL currently consists of
polychemotherapy. Therefore, assessment of potential chemotherapy-induced cognitive side
effects becomes important. Although neurotoxicity was demonstrated in cross-sectional
studies, longitudinal studies remain scarce. We evaluated intellectual development of 94
pediatric ALL patients between 1990 and 1997, diagnosed between the ages of 2 and 12 years
old, treated according to the EORTC CLG 58881-protocol. Three assessments of the WISC-R
were performed, according to age. Using repeated measures regression analysis, we
investigated the effect of gender, (low vs. increased) risk group, parents’ education, age at
diagnosis, 1Q subscale (verbal (VIQ) vs performance (PIQ) intelligence), and test session. PIQ
scores were significantly lower than VIQ at baseline (-5.3 points on average, p=.0032), yet PIQ
increased more strongly (PIQ: +3.9 points per test session; VIQ: +.8, p=.0079), so this baseline
difference disappeared (p=.0079). There were no clear effects of gender (girls: +.6 points;
p=.78), or risk group (low risk: +1.5 points; p=.49), but IQ scores were significantly higher when
one parent had followed higher education (+9.5 points, p<.0001). Finally, diagnosis at younger
age predicted lower IQ scores (-1.3 points/year, p=.0009). Given that IQ scores did not decline,
our findings demonstrate a stable pattern. However, the lower PIQ scores at baseline may
indicate that performance functioning is vulnerable to acute neurotoxicity. Also, lower scores
for younger patients, highlight the stronger impact of the disease and/or treatment at younger
age.

Keywords: Acute Lymphoblastic Leukemia, Intelligence, Follow-up, Development, Performance
vs Verbal intelligence
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4.1 Introduction

The remaining physical 2 and psychological symptoms 3 often affect daily life of pediatric cancer
survivors to a large extent. Since survival rates of pediatric cancer patients continue to increase,
factors that influence their quality of life, increasingly receive attention. During childhood, one
important factor that influences daily life is performance at school 2%, School results often
decline once a child is diagnosed with cancer %8, The disease as well as the treatment can have
an important impact on cognitive development. On the one hand, it is possible that cancer
and/or chemotherapy induce physiological neurotoxic mechanisms. On the other hand, due to
intensive treatment, also functioning at school can be delayed. For pediatric cancer patients it
was shown that cognitive deficits thoroughly limit their overall functioning in daily life 4. Brown
and colleagues for instance demonstrated that children treated for ALL obtained lower scores
on intelligence tests than control participants .

During the last few years, evidence for potential treatment-induced neurotoxicity in
pediatric oncology is increasing. So far, most evidence exists for brain tumor and ALL patients
>6 However, these neurotoxic effects are mostly induced by radiotherapy (RT) 314299 Also in
ALL patients neurocognitive functioning was mostly reduced in case of chemotherapy in
combination with RT 134210 To |imit RT-induced neurotoxic adverse effects, therapies
changed throughout time towards chemotherapy-only treatments. Given that ALL is generally
treated with chemotherapy only and prophylactic Central-Nervous-System-(CNS-)directed RT
isabandoned, the long-term effects of chemotherapy become more important to address 12211,
Chemotherapy for ALL includes CNS-directed prophylaxis, i.e. intrathecal (IT) chemotherapy, as
well as high dose intravenous methotrexate (HD-MTX). High dose MTX can however cause
serious acute neurological symptoms in patients 3°. Also animal studies evidenced neurotoxic
effects, affecting both behavior as well as neurophysiology 79887 For chemotherapy only,
Magnetic Resonance (MR) imaging studies indicated smaller grey matter volumes 68212 35 well
as decline in white matter (WM) integrity % and WM hyperintensities *%° in ALL survivors
compared to controls.

So far, survivor studies including neuropsychological assessments of chemotherapy-
only treated patients, showed impairment of several neurocognitive functions. These include

213 214 " visuomotor control *° as well as verbal, and

memory “*°, specific attentional skills
nonverbal functioning 8. However, evidence for such specific deficits remain inconsistent 421>,
Furthermore, general IQ scores of ALL patients also remain within the normal range 2.

All of the previously mentioned studies used a cross-sectional design. Although they
showed neurocognitive sequelae, it remains unclear how cognitive functioning of the children
evolves throughout their development. Given that this has important consequences for
education and academic functioning of these patients later in life, longitudinal designs are
essential to acquire a better understanding of cognitive and intellectual development over time
in children treated for ALL. Only a few longitudinal studies were performed. Brown and
colleagues (1999) concluded a decrement in intellectual functioning in children receiving CNS-

11

prophylactic chemotherapy for leukemia **. In a small series of 16 CNS-directed treated

patients (including Acute Lymphoblastic Leukemia, Acute Myeloid Leukemia, T-cell lymphoma)
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and 10 non-CNS treated patients, they acquired 1Q scores yearly from diagnosis for 5 years.
Later, Kingma and colleagues (2002) investigated a broader range of functions, by assessing IQ
scores as well as memory and attentional functioning ?!’. Unpaired t-tests resulted in a
significantly lower VIQ and executive performance for patients, but only 5 years after diagnosis.
Recently, Halsey and colleagues (2011) demonstrated significantly lower IQ scores for ALL
patients throughout development compared to controls, independently from MTX dose 218,
These researchers used intervals of .5, 3 and 5 years after diagnosis. Jansen and colleagues did
not encounter such differences between patients and siblings, not at baseline, nor after
treatment 2°. All of these longitudinal studies used different IQ measurements during their
study, and variable assessment schedules according to the patient’s age. In our study, we used
one consistent intelligence test for a large population. Intelligence scores were assessed three

times with an average interval of three years.

4.2 Methods

4.2.1 Patients
This was a cohort study of 94 Belgian Dutch speaking childhood ALL patients between the age

of 2 and 12 years at diagnosis, who were newly diagnosed with ALL between 1990 and 1997 at
the University Hospitals of Ghent and Leuven in Belgium. Out of 144 childhood leukemia
patients, 50 patients were excluded because of predefined exclusion criteria: exceeding the
age range (n=17, < 2 years old or > 12 years old at diagnosis), other diagnosis (n=25, high risk
ALL, CNS involvement, mature B-cell ALL, or relapse), early death (n=1), missing data (n=5),
refusal of the parent (n=2). Data were only complete if all subscales of the 1Q test were
acquired. The median age at diagnosis was 4.4 years (range 2.0-11.9 years). The majority of the
patients was younger than 6 years old at diagnosis (n=60). All of the patients were treated
according to the European Organisation for Research and Treatment of Cancer Children’s
Leukemia Group (EORTC-CLG) 58881 trial 229221, 3 BFM-based protocol, which consisted of CNS
prophylaxis with intrathecal methotrexate (IT-MTX) and HD-MTX (5g/m?). No one received
cranial RT. Only patients from the low (n=53) and increased (n=41) risk group were included,
whereas high risk patients (i.e. corticoresistent after prophase therapy; did not achieve
complete remission after induction therapy; undifferentiated immunophenotype with absence
of B-cell, T-cell, myeloid markers or CALLA; certain cytogenetic characteristics: t(9;22), t(4;11)
or near-haploidy) were excluded, given their elevated risk of relapse during the first year of
therapy 220221,
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4.2.2 Design

We used the Dutch translated version of the Wechsler Intelligence Scale for Children Revised
(WISC-R). Given that we attempted to test with consistent materials throughout the study, and
the WISC-R test can only be performed between 6 and 17 years old, first assessments were
only established once patients had reached the age of 6 years old. A schematic overview of our
design is presented in Figure 4.1. Cognitive functioning was evaluated at three time-points,
according to their age. Given the age range limitations of the test, only patients younger than
12 years at diagnosis were included. We excluded patients younger than 2 years old, to avoid
too large intervals between diagnosis and the first neuropsychological assessment.

All patients between 2 and 6 years old at diagnosis were tested at baseline (T1), as soon as they
reached the minimal age (i.e. 6 years) for testing. For all other ages, baseline testing was
executed at diagnosis if the patients were in a good clinical condition. Assessments were
acquired within 12 months after diagnosis, avoiding periods when steroids were administered.
Two- and three-year-old patients at diagnosis had their second and third assessment 6 and 9
years after diagnosis, respectively. All other patients” second and third neuropsychological
assessment was planned 3 (T2) and 6 (T3) years after diagnosis. As a consequence, the interval
between diagnosis and T2 was larger than 3 years (max 6 years) for the two- and three-year-
old patients. For a detailed time schedule for all subjects, (see Figure 4.1).
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Figure 4.1 Design for longitudinal assessments in leukemia patients

Note. (a) The longitudinal design of the study: three neuropsychological assessments over time (T1), (T2), and (T3), for each
age at diagnosis (dx). Patients who were diagnosed younger than 6 years old were tested once they reached the age of 6 years.
Two-year-old and three-year-old patients were tested a second and third time 6 years after diagnosis and 9 years after
diagnosis, respectively. Patients between 4 and 6 years old were tested a second and third time 3 and 6 years after diagnosis,
respectively. Patients older than 6 years old were tested within the first year after diagnosis, 3 and 6 years after diagnosis. (b)
The schedule of assessments (for each patient separately): age at diagnosis (x) is plotted against each test session (dots).
Patients are sorted by age at diagnosis.

Socioeconomic status was defined by the educational level of the parents. We defined
educational level as a binary variable. Education was considered as ‘high’ if one parent had
obtained a degree of higher education after high school.
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4.2.3 Statistical analysis

Socio-demographic predictors such as socioeconomic status (SES) 222

223 can affect

and gender
intellectual outcome in children. Hence, we selected the following predictors a priori for the
multivariate model to predict IQ scores: gender, risk group, education of the parents, age at
diagnosis, 1Q scale (verbal vs performance), and test session (1°F, 2"¢, 3™). The last two variables
were repeated measures (within-subjects variables). First, we evaluated the correlations
between these predictor variables to address their possible interdependence before setting up
our model.

Second, given the different approach for children diagnosed before vs after the age of
6 (see Design section), we investigated whether age at diagnosis had a different effect on 1Q
for the patients who were diagnosed before the age of 6 than for patients who were diagnosed
after the age of 6 (i.e. a ‘piecewise effect’ for age at diagnosis). This was done to account for
the different procedure for children younger than 6 years old who had already received or even
completed chemotherapy, whereas for older children the first measurement was at diagnosis.

Third, we decided a priori to only assess interaction effects of test session with gender,
IQ scale, and age at diagnosis. One joint likelihood ratio test was used to test for statistical
significance at the 5% alpha level when adding all three interaction terms. If significant, the
strongest interaction term was added and a second joint test was performed for the remaining
two. We used fixed effects repeated measures regression with PROC MIXED in SAS v9.4 (SAS
Institute, Cary, NC, USA). The first order autoregressive covariance structure was used to model
the longitudinal effect of test session.

4.3 Results

4.3.1 Descriptive statistics
Descriptive statistics of predictors and outcomes are presented in Table 4.1. From the 94 the

study was discontinued for thirty-eight patients (40%), of which 11 (29%) was due to death, 24
(63%) due to refusal for further participation and three (8%) due to relapse or second
malignancy. The median verbal IQ was 105 (interquartile range (IQR): 96-115) at the first
testing, and 108 (IQR: 97-119) at the third testing. The median performance IQ was 99 at the
first testing (IQR: 88-111), and 109 at the third testing (IQR: 99-122).
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Table 4.1 Patient characteristics and descriptive data longitudinal leukemia study

N Percentage
Girls vs. boys 46 vs. 48 49% vs. 51%
Low vs. increased risk 53vs. 41 56% vs. 44%
Higher vs. lower education of parents 45vs. 49 48% vs. 52%
N Median (IQR%) Range
Age at diagnosis (years) 94 4.4(3.2-7.0) 2.0-11.9
Age at testing (years)
Testing 1 94 6.4 (6.1-8.3) 6.0-12.4
Testing 2 70 9.5(8.7-10.6) 7.3-14.9
Testing 3 56 12.3 (11.6-13.9) 9.7-18.4
ViQ
Testing 1 94 105 (96-115) 79-145
Testing 2 70 106 (95-120) 76-150
Testing 3 56 108 (97-119) 76-143
PIQ
Testing 1 94 99 (88-111) 71-150
Testing 2 70 104 (97-116) 76-137
Testing 3 56 109 (99-122) 74-137
TIQ
Testing 1 94 102 (94-115) 79-142
Testing 2 70 108 (96-121) 78-141
Testing 3 56 108 (100-122) 78-139

Note. * indicates Inter Quartile Range (IQR) = middle 50% of the data

4.3.2 Selection of predictors
We checked whether the effect of age at diagnosis was different before and after 6 years, given

the different approach for children diagnosed before and after the age of 6. There was little
evidence of such a ‘piecewise’ effect for age at diagnosis (p=.44).

Regarding the selection of interaction terms, the joint likelihood ratio test for the three a priori
selected interaction terms was statistically significant (p=.007), resulting in the inclusion of the
interaction between IQ scale and test session into the final regression model. The joint test for
the remaining two interaction terms was not statistically significant (p=.25), such that these
latter interactions were not considered further.

4.3.3 Repeated measures regression analysis
Concerning the demographic factors, IQ scores had a weak relationship with gender (girls: +.6

points on average; p=.78) and with risk group (low risk: +1.5 points; p=.49) (Table 4.2). Parental
education by contrast, was significantly related to differences in intelligence scores. More
specifically, children of whom at least one parent finished higher education obtain an IQ score
which is on average 9.5 points higher (p<.0001).
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Figure 4.2 Spaghetti plots for developmental IQ patterns in leukemia patients

Note. The red line shows the average relationship between IQ and age (obtained with spline smoothing). (a)
Spaghetti plot of Verbal IQ scores. (b) Spaghetti plot of the Performance IQ scores. (c) Spaghetti plot of the
difference between VIQ and PIQ (positive result means verbal 1Q was higher than performance 1Q).

Furthermore, patients who were diagnosed at a younger age obtained lower 1Q scores at
baseline, with an average decrease of 1.3 points per year (p=.0009). Notably, a different pattern
was observed for the two 1Q subscales (i.e. performance IQ vs. verbal Q). More specifically, at
baseline assessment VIQ was higher than PIQ (+5.3 points; p=.0032). In addition, there was an
interaction effect between IQ subscale and test session (p=.0079): whereas VIQ scores
increased only to a limited extent (+.8 points per session; p=.39) (see Figure 4.2), PIQ scores
increased more strongly (+3.9 points per session). As a result the difference between PIQ and
VIQ at baseline disappeared over time. (Detailed descriptive data of the subscale scores at each
assessment are reported in Table 4.3).

Table 4.2 Results of mixed model regression analysis predicting IQ scores

Predictor Coefficient SE 95% Cl P
Intercept 103.0 3.55

Boy vs Girl -.6 2.16 -49t03.7 .78

Low vs increased risk 1.5 2.16 -2.8t0 5.7 49
Lower vs Higher education -9.5 2.19 -13.9t0-5.2 <.0001*
Age at diagnosis (per year) 1.3 40 6to2.1 .0009*
PIQvs VIQ® -5.3 1.78 -89t0-1.8 .0032*
Test session (0, 1, 2) ° 8 94 -1.1to0 2.7 .39
Test session by IQ scale interaction ° 3.1 1.14 .8t05.3 .0079*

Note. ? this refers to interaction effects with age at testing. ® due to the interaction effects with age at testing,
these effects represent the effect at the reference level (i.e. the main effect of IQ scale represents the difference
between PIQ and VIQ at first test session; the main effect of test session represents the increase in average IQ
score for VIQ. The interaction term coefficient represents the increase in average IQ score per test session for PIQ)



66

Chapter 4

Table 4.3 Mean scores (with standard deviations) for each subscale

Subscale WISC-R

Mean score at assessment (SD)

Time 1 2 3

Number of participants N=94 N=70 N=56
Information 10.12 (2.74) 10.09 (2.92) 10.30(2.87)
Similarities 11.60 (3.25) 12.00 (3.21) 12.29(3.77)
Arithmetic 10.00 (3.24) 10.19 (3.15) 10.18 (3.05)
Vocabulary 11.68 (2.84) 11.50 (3.07) 11.96 (4.63)
Comprehension 11.87(3.03) 12.61(2.71) 12.54 (2.59)
Digit Span 9.04 (2.99) 10.07 (2.80) 10.17 (2.99)
Picture Completion 10.62 (2.99) 11.23(3.15) 11.88(2.67)
Picture Arrangement 10.61 (3.08) 11.14 (2.59) 11.41 (2.56)
Block Design 10.13 (3.45) 10.46 (3.29) 10.66 (2.89)
Object Assembly 8.98 (3.62) 10.17 (3.06) 11.04 (3.13)
Coding 10.44 (3.48) 11.27 (3.16) 11.00 (2.84)
Mazes 10.13(2.72) 10.63 (2.85) 10.71 (2.90)

4.4 Discussion

In this longitudinal study, we investigated the potential neurotoxic effects of chemotherapy-
only treatment in ALL patients without CNS involvement. For these patients, we did not
encounter decrements (or lack of increase) in IQ scores. After controlling for the effect of
parental education as indicator of socioeconomic status, we observed that VIQ scores
increased only limitedly for ALL patients throughout and after treatment. However, we found
that PIQ scores were lower than VIQ at baseline and increased more strongly. Furthermore, we
encountered lower IQ scores for patients who were diagnosed at younger age. Seeing the
different approach for children diagnosed before vs after the age of 6 (see Design section), the
youngest patients already finished their therapy before their first assessment. Given that the
most intensive phase of IT-MTX and intravenous HD-MTX is scheduled during the first 6 months
of treatment 220221 |ower PIQ scores at baseline may indicate a stronger acute vulnerability to
chemotherapy of performance functioning, with the youngest patients being the most
vulnerable. The lower PIQ scores at baseline and stronger impact for younger patients, can both
be due to the chemotherapy as well as to the disease itself. To further explore this hypothesis,
performal functioning was plotted against duration between first assessment and diagnosis
(see Figure 4.3).
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Figure 4.3 Scatterplot with PIQ scores for different time intervals between diagnosis and test
assessment

As could be visually observed, a local regression curve fit (LOESS) suggests an acute
decrease during the first 2 years, while patients who were tested at least 2.5 years after
diagnosis at first assessment, show an increasing trend in scores. However, given the high
variability in these data, not any non-linear regression model supported significant prediction
of PIQ scores based on these intervals.

Given that tumor burden reflected by low vs. increased risk did not result in different IQ scores,
and CNS positive patients were excluded, we suggest that lower PIQ scores in an acute stage
should be assigned to the treatment rather than to the disease burden. Notice that treatment
protocols between both risk groups also did not differ to a large extent (see Table 4.4).
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Table 4.4 EORTC — CLG 58881: Treatment protocol for low vs. increased risk patients

Dose Days of administration
Induction: protocol IA
Prednisolone (PO) 60 mg/m? 1-7 (prephase)
Prednisolone (PO) 60 mg/m? 8-28, + over 9 days
Vincristine (V) 1,5 mg/m? (max2,5mg) 8,15, 22,29
Daunorubicin (IV) 30 mg/m? 8,15, 22,29
Methotrexate (IT) 12 mg 1,8, 22
According to randomisation
E. coli asparaginase (IV) or 10 000 1U/m? 12,15, 18, 22, 25, 29, 32, 35
Erwinia asparaginase (IV) 10 000 1U/m? 12,15, 18, 22, 25, 29, 32, 35
Consolidation: protocol IB
Cyclophosphamide (V) 1 000 mg/m? 36, 63
Cytarabine (IV) 75 mg/m? 38-41, 45-48, 52-55, 59-62
6-Mercaptopurine (PO) 60 mg/m? 36-63
Methotrexate (IT) 12 mgt 38,52
Interval therapy
6-Mercaptopurine (PO) 25 mg/m? 1-56

Methotrexate (24 h) with leucovorin

rescue at h36
Methotrexate (IT)

According to randomisation for

increased risk pts
Cytarabine (IV)

Reinduction: protocol Il
Dexamethasone (PO)
Vincristine (V)
Doxorubicin (IV)
Methotrexate (IT)
Cyclophosphamide (V)
Cytarabine (IV)
6-Thioguanine (PO)

According to randomisation
E. coli-asparaginase (IV) or
Erwinia asparaginase (IV)

Maintenance (up to 2 years after day 1

of induction)
6-Mercaptopurine (PO)
Methotrexate (PO)

According to randomisation
6- Mercaptopurine (V)

5000 mg/m? 12 mg/m?/6h

12 mg

1 000 mg/m?

10 mg/m?

1,5 mg/m? (max 2,5 mg)
30 mg/m?

12 mg

1 000 mg/m?

75 mg/m?

60 mg/m?

10 000 1U/m?
10 000 1U/m?
50 mg/m?

20 mg/m?

1g/m?

8,22,36,50

9,623,37,51

9,10, 23, 24,37, 38,51, 52

1-21 + over 9 days
8,15, 22,29
8,15, 22,29

38

36

38-41, 45-48
36-49

monthly

Note. PO=Per Os; IV=intravenous; IT=intrathecal
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Importantly, most ALL patients are diagnosed between 3 and 5 years old 2. Yet, for
these ages |IQ testing is less reliable. Therefore, although patients differed in their treatment
progress, this design permitted us to use the same test materials (WISC-R) and consistent
norms for all patients. Despite a dropout of 40% after the second measurement, we could still
acquire intelligence scores for a second time for 70 patients, of which 56 patients participated
a third time. We mention that for the dropout group (n=38), the majority of the patients had
lower education of the parent (60.53%). Given that education of the parents was a significant
predictor in our analysis, this specific dropout might have resulted in a stronger positive trend
of the remaining data.

Considering the earlier neuropsychological longitudinal studies, other studies did show
decrements in 1Q scores 1187218 However, notice that in these earlier studies, IQ materials
changed for some patients throughout time, and analyses did not include covariates. By
contrast, Jansen et al. !9 also showed rather stable IQ scores of chemotherapy-only treated
ALL patients. Still, they also demonstrated that PIQ was lower for younger patients (at
diagnosis). Our finding of lower PIQ at baseline suggests an acute decline in performance
cognitive functioning for ALL patients, whereas verbal functions are preserved. Consistent with
the results of Jansen and colleagues, the most strongly affected patients in our study appeared
to be the younger patients at diagnosis. Other studies with regard to brain vulnerability during
development, also evidenced stronger vulnerability in younger children, such as early pediatric
head injury and RT in ALL patients *°. Although Halsey and colleagues ?*2 did not find differences
between IT-MTX + HD-MTX vs. IT-MTX only, they did encounter lower IQ scores for patients
than control participants at second (i.e. 3 years after diagnosis) and third (i.e. 5 years after
diagnosis) assessment. More specifically, scores of control participants increased throughout
development, whereas these of the patient groups (treated with either HD-MTX, IT-MTX or RT)
remained stable. The increase in these scores for control participants could partly be explained
by the Flynn effect (i.e. the observed rise in norm IQ scores over time, with an estimated
increase of 3 1Q points per decade '°°). As a result, norms become obsolete. Therefore, the
stability of patients’ scores could indicate an inhibition of such growth in intelligence.
Comparably, in our study, the increase in IQ scores that we observed in patients, could also
have been stronger if no chemotherapy was administered. Given that we did not have data
available about premorbid intellectual functioning, nor from control groups, it remains difficult
to estimate the impact of the Flynn effect on these results. Unfortunately, premorbid screening
for IQ and exact timing of control assessments, remains challenging to acquire in time.

With regard to the increase of 1Q scores throughout development, we encountered the
strongest increase in performance functioning with time (i.e. ‘measurement’) in comparison to
verbal functioning. This suggests that for the lower PIQ scores at first assessment,
compensation arises throughout development. In this context, Anderson and colleagues

discussed plasticity of the younger brain 2%

. In their review they report the potential
regeneration of new neurons as well as new connections (i.e. so-called sprouting). The stronger
increase in PIQ scores might be due to stronger practice or rehabilitation effects for PIQ than

for VIQ, as Halsey and colleagues earlier suggested 2%, However, in our study we did not
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register whether patients attended specialized rehabilitation programs (e.g. with
physiotherapists, speech therapists, teachers) or special care. If this information could be
accounted for in the future, the distinction between rehabilitation effects will become much
clearer.

Finally, it is important to mention that we used general IQ measurements. Besides our

219 3lso cross-sectional studies

longitudinal study and the study of Jansen and colleagues
generally show average 1Q scores for ALL patients compared to norm scores. By consistently
using more specific measurements of attention, memory and executive functioning, as well as

including control groups, chemotherapy-induced sequelae could be investigated in more detail.

4.5 Conclusion

In contrast to the existing evidence for long-term neurotoxicity due to RT, we showed that IQ
scores of chemotherapy-only treated ALL patients increase only a little for VIQ, but increase
more strongly for PIQ. Still, lower 1Q scores for patients who were diagnosed at younger ages,
highlight the stronger impact of the disease and/or treatment at younger age. Given that the
tumor burden reflected by low vs. increased risk did not meaningfully affect 1Q scores, we
would assign this effect to treatment rather than to the disease burden. Although comparable
to the normative range, PIQ was lower than VIQ at baseline. Given that patients already started
therapy at first assessment, this could indicate that performance functioning is most vulnerable
to acute neurotoxicity at baseline, specifically for patients diagnosed at younger age.
Nevertheless, patients appear to catch up with a stronger increase in PIQ scores, which possibly
indicates that PIQ is being trained more easily than VIQ. Still, given earlier evidence for delay in
development of specific cognitive functions from cross-sectional studies, new longitudinal
studies measuring more specific cognitive functioning will be required to address this question
in the future. Also to investigate the impact of disease vs. treatment on cognition, it is
recommended to implement neuro-imaging and behavioral assessments at baseline before
treatment starts.
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Long-term leukoencephalopathy in childhood sarcoma survivors
treated with high-dose intravenous chemotherapy
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Abstract

Knowledge is limited regarding the prevalence and persistence of chemotherapy-induced
leukoencephalopathy in childhood cancer. This study explored the presence, clinical relevance
and potential risk factors of leukoencephalopathy in childhood bone and soft tissue sarcoma
survivors, treated with high-dose intravenous chemotherapy only. We acquired cross-sectional
neurocognitive data in adult survivors (n=34) and healthy age-matched controls (n=34) (median
age at diagnosis=13.32 years, age range=[16-35] years). Additionally, MR imaging included T2-
weighted FLAIR (leukoencephalopathy Fazekas rating), multiexponential T2 relaxation (MET2)
and multishell diffusion weighted MRI (DWI), to estimate myelin-related metrics and fluid
movement restrictions, respectively. Finally, chemotherapy subgroups (methotrexate,
alkylating agents or combination), age at diagnosis, the Apog and MTHFRC677T polymorphisms
were explored as potential risk factors for leukoencephalopathy.

At group level, quality of life, working memory, processing speed and visual memory were
significantly lower in patients compared to controls. Furthermore, this is the first study
demonstrating long-term leukoencephalopathy in childhood sarcoma survivors (27.2%), which
was related to attentional processing speed. Lesions were related to diffusion-derived, but not
to myelin-sensitive metrics. A significant interaction effect between age at diagnosis (AaD) and
chemotherapy group demonstrated more lesions in case of high dose methotrexate (HD-MTX).
However, patients treated with alkylating agents (without HD-MTX) also showed lesions in
younger patients. Genetic predictors were non-significant. This study suggests long-term
leukoencephalopathy with possibly underlying changes in vasculature or axonal structure,
rather than long-term demyelination. Such lesions could affect processing speed, and as such
long-term daily life functioning of these patients.

Keywords: Leukoencephalopathy, neurocognition, bone and soft tissue sarcoma survivors
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5.1 Introduction

Cranial irradiation and chemotherapy can lead to neurocognitive alterations in childhood brain
tumor 226227 gnd acute lymphoblastic leukemia (ALL) patients, respectively 2287230 Underlying
neural processes for such cognitive changes are increasingly investigated. With regard to
clinical neuroimaging, acute leukoencephalopathy was demonstrated in approximately 20% of
ALL patients 231,

Besides such clinical (e.g. FLAIR) MRI images which show leukoencephalopathy,
advanced neuroimaging techniques are currently implemented to investigate microstructural
brain changes. More advanced neuroimaging studies demonstrated functional 232 and
structural 134 neural changes in ALL survivors. However these patients are treated with high-
dose methotrexate (HD-MTX) and intrathecal therapy. By contrast, limited research was
conducted in childhood cancer patients treated with high-dose intravenous chemotherapy only
19, Given that osteosarcoma patients are treated with high doses of intravenous chemotherapy
(i.e. methotrexate), the question arises to which extent this could affect brain development
during childhood. In this regard, Edelmann and colleagues evidenced deficits in reading,
attentional and processing speed in pediatric osteosarcoma survivors >4, Similarly, Mohrmann
and colleagues also reported that 1 out of 3 solid non-central nervous system (CNS) childhood
tumor patients experience cognitive difficulties later in life °. However, neural underpinnings of
such behavioral differences are currently unknown in childhood solid tumor patients.

Multiple radiological case reports demonstrated acute MTX-induced 233 and ifosfamide-

induced 23* leukoencephalopathy 23!

in solid tumor patients. However, long-term persistence
of such lesions, their neurobehavioral impact and underlying pathological processes, were not
documented yet. So far, advanced neuroimaging studies were only performed in adult cancer
patients (e.g. breast cancer 24157235236 testicular cancer 237), suggesting neural alterations due
to non-CNS directed chemotherapy as well. For instance, to investigate white matter (WM)
microstructure, diffusion-weighted neuroimaging is usually implemented. Derived parameters
of this neuroimaging technique (e.g. fractional anisotropy (FA), apparent diffusion coefficient
(ADC)) reflect diffusion restriction, which could be related to multiple underlying neural
processes (e.g. axonal loss, demyelination, crossing fibers, fluid retention etc.)?3®. These
parameters were repeatedly shown to be affected in adult cancer patients 2323%, However, such
investigations are absent in childhood cancer patients. Furthermore, diffusion-derived metrics
are insufficiently specific for myelination estimations. Recently, estimations of myelin water
fraction (MWF) based on so-called myelin water imaging became available 3%
Neurodevelopmental patterns of these estimates are assumed to correspond better to
histological changes in myelination, compared to diffusion-weighted MRI measurements.
Besides the lack of evidence for underlying pathological processes in
leukoencephalopathy, subject-specific risk factors to develop leukoencephalopathy were not
yet investigated. Previously hypothesized risk factors for treatment-induced neurotoxicity
include genetic predisposition, age at diagnosis, hormonal changes, therapy doses, ... %°.
Multiple genetic polymorphisms have been hypothesized to play an important role in
treatment-induced neurotoxicity *724°, So far, most evidence was provided for the methylene
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tetrahydrofolate reductase (MTHFR) genotype in ALL 2*, given its important role in
methotrexate metabolism; and genes associated with brain development, including the
apolipoprotein (Apoe) E genotype 9. More specifically, the Apoe4 (argl12, argl58) allele is

242 and Alzheimer’s disease 243

associated with elevated risk for both cerebrovascular , as well
as with cognitive difficulties in adult cancer patients (breast cancer ?*4, lymphoma 1%, testicular
cancer 2%/, brain tumors 24>248),

Given that case reports showed acute leukoencephalopathy after administration of HD-
MTX and/or ifosfamide, we investigated the risk for long-term leukoencephalopathy and
neurocognitive functioning in survivors of bone and soft tissue sarcoma, who were treated with
multi-chemotherapy during childhood. To clarify potential underlying pathology of such
observable lesions, we correlated the level of leukoencephalopathy with diffusion-derived and
myelin-sensitive metrics. Finally, we explored potential risk factors including the Apog4 and
MTHFR677T genotype, chemotherapy subgroups, age at diagnosis (AaD), socio-economic

status (SES) and depression rates for survivors.

5.2 Methods

5.2.1 Subjects

Consulting the database of the Pediatric Hemato-Oncology Unit of the University Hospitals
Leuven, 65 patients treated between 1991 and 2014 were eligible for this study. These patients
were at least 2 years off therapy, non-cranial-irradiated, more than 16 years old at time of
assessment, treated according to MMT89, MMT95%/, EORTC2001, EuroEwing99%48,
EURAMOS01%4°, RMS05, NRSTS05%°° for ewing sarcoma, osteosarcoma, rhabdomyosarcoma or
non-rhabdomyosarcoma soft tissue sarcoma. 52% of all eligible patients participated in our
study (n=34). Patients who did not participate were not motivated because of time
consumption or distance. 34 adult control participants were age- and gender-matched at group
level, and recruited through internal hospital announcements. Informed consents were
obtained from all participants. This study was approved by the ethical committee of the
University Hospital Leuven.

5.2.2 Data acquisition

5.2.2.1 Imaging acquisition
MRI images were acquired on a 3T Philips Achieva ds MRI scanner with a 32-channel

phased-array head coil. First, MR-imaging included T2-weighted-Fluid-Attenuated Inversion
Recovery (T2-FLAIR), which was evaluated for leukoencephalopathy?>! (TR/TE=9000ms/120ms,
28 slices, in-plane resolution of .685mm x .685mm, slice thickness of 5mm). T2-FLAIR images
were visually classified by a trained neuroradiologist A.R. according to the Fazekas rating scale,
and independently re-evaluated by a second neuroradiologist S.S. 2°2. The radiologists were
blinded to the other acquired imaging modalities, to subjects group and cognitive performance
data. The Fazekas rating scale resulted in four patient subgroups (Fazekas rated 0-3; see Figure
5.1).
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Figure 5.1 Cases showing white matter lesions, rated according to the Fazekas rating scale
Note. Lesions were highlighted using an intensity thresholded color map with higher intensities depicted in
yellow-red

Second, Apparent Diffusion Coefficient (ADC) and Fractional Anisotropy (FA) maps were
derived from diffusion-weighted MRI data (echo-planar, multi-shell imaging b-values 700, 1000
and 2800 s/mm?, applied along 25, 40 and 75 directions, 10 b = 0 images "%, voxel size 2.5x 2.5
x 2.5 mm3, TR/TE = 7800 ms/90 ms, 50 axial slices). These values represent the estimated
magnitude of diffusion (of water molecules) in a voxel, and the degree of this movement in one
principal direction, respectively. Both can be affected by multiple neurotoxic processes e.g.
demyelination, inflammation, microbleeds, axonal loss, ... Therefore, more recent myelin-
sensitive maps of Myelin Water Fraction (MWF) and Intra-Extra cellular Water Fraction (IEWF)
were estimated based on a 3D GraSE sequence (voxel size .96 x .96 x 2.5 mm?, ETL=32, TE=10,
20, ..., 320ms, TR=1s, 32 slices, EPI factor 3, acceleration factor 2) (see example maps for one
case, Figure 5.2) 2°3. For both modalities, images were non-linearly registered to a population-
based template. Metric averages were calculated for each subject (based on FA-thresholded
maps for DWI maps, and TE1 segmentation for MWI maps) within the population-based WM
masks (see Figure 5.2).
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DWI mask

Figure 5.2 Example of diffusion- and myelin- derived metric maps to link with lesions
Note. DWI- and MWI-derived metric maps are shown for case who showed most extreme lesions (Fazekas was
rated 3). Based on Diffusion-weighted MRI scans, Fractional Anisotropy (FA) and Apparent Diffusion Coefficient
(ADC) maps were estimated. The multiexponential T2 relaxation (MET2) images were used for estimations of
Myelin Water Fractions (MWF) and Intra- Extra-cellular Water Fraction (IEWF). For both image modalities, the
white matter mask was segmented to estimate the average values DWI and MW!I per subject (depicted in orange
and green, respectively).

5.2.2.2 Medical assessments
Medical records included cardiotoxicity and neurotoxicity during treatment, MTHFRC677T

genotyping (CC, CT and TT) and Apoe genotyping (€2, €3, €4 allele, resulting in five subgroups:
€2/€2, €2/€3, €3/€3, €3/€4, €4/e4; €2/e4 was not observed), AaD and time since start of
treatment. Cumulative chemotherapy doses were recorded for methotrexate, ifosfamide,
cyclophosphamide, cisplatin and doxorubicin (detailed patient characteristics and cumulative
doses are shown in Table 5.1). One survivor was eventually excluded from analyses due to
irradiation of the skull base.

Table 5.1 Patient characteristics sarcoma survivors

Osteosarcoma Ewing Rhabdomyosarcoma Non-
rhabdomyosarcoma

TREATMENT EORTC2001 EURAMOS1 EuroEW99 MMT95 RMS2005 NRSTS2005
NUMBER 3 13 7 6 3 2
AGE DIAGNOSIS 12-15years 10-18years : 12-15years | 4-15years 9-16years 11-14years
TIME SINCE 14-15years  2-13years 4-15years 12-20years  4-8years 2-20years
THERAPY
MTX (G/M?) 0-45 96-144 0 0 0 0
IFOS/CYCLO (G/M?)  0-36 0-87 0-102 0-54 24-102 33-36
DOXO (MG/M?) 450 450 180-360 0 0-375 210-240
CISPLATIN (MG/M?) 600 240-480 0 0 0 0
FAZEKAS RATING 0,1 0,1,2,3 0,1 0,1 0,1 0
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5.2.2.3 Neurocognitive assessment
We acquired data for intelligence, verbal and visual memory, and attentional functioning. An

extensive battery included the Dutch versions of the WAIS-IV intelligence test, Auditory Verbal
Learning Test, Rey Visual Design Learning Test and Amsterdam Neuropsychological Task
battery. Subjective daily life experiences were acquired using the State Anxiety Inventory (STAI),
Beck Depression Inventory (BDI), Behavior Rating Inventory of Executive functioning (BRIEF),
Cognitive Failure Questionnaire (CFQ) and Quality of Life (QoL) Questionnaire. All data were
acquired on the same day.

5.2.3 Data analyses
First, subjective complaints and objective neurocognitive measurements were predicted in one

multivariate ANOVA (MANOVA) model by the predictors patient vs. control, lesion Fazekas
rating, corrected for SES and depression rates as covariates 226, Second, white matter
average DWI- and MWI-derived metrics were predicted by the Fazekas lesion rating scale (i.e.
one-way ANOVA). Third, odds ratios of white matter (WM) lesions were compared between
HD-MTX administration (vs. no administration), the MTHFR and Apoe polymorphisms
(likelihood ratio (LR)). Finally, in order to investigate the impact of AaD on the presence of WM
lesions in survivors, the interaction effect of chemotherapy subgroup (i.e. HD-MTX, alkylating
agents (i.e. ifosfamide or cyclophosphamide), patients who received both) and AaD was
investigated (i.e. two-way ANOVA). For each model, p-values were assumed significant at
a=.05. Statistical analyses were performed using SPSS v20.

5.3 Results

5.3.1 Behavioral functioning patients vs. controls

Median AaD was 13.32 years (IQR:4), time since start of treatment = 8.95 years (IQR: 8), age
range=[16-35] years). Diagnoses included Ewing sarcoma (n=7), osteosarcoma (n=16),
rhabdomyosarcoma (n=8) or non-rhabdomyosarcoma soft tissue sarcoma (n=2).

The comparison of subjective functioning between patients and controls shows significant
decreases in overall QoL (F=5.070, p=.029) (complete statistical output of the multiple
(uncorrected) ANOVAs, see Table 5.4). Furthermore, cognitive measures of WAIS working
memory (F=6.485, p=.014), WAIS processing speed (F=5.619, p=.022) and RVDLT total (F=8.117,
p=.007) were significantly lower in the patient group.

5.3.2 White matter lesions, pathology & functional outcome
Fazekas ratings for leukoencephalopathy were significantly related to DWI-derived metrics (i.e.

FA: F=3.967, p=.012, and ADC: F=3.929, p=.012), but not to the myelin-sensitive metrics (i.e.
MWEF: F=2.216, p=.095 and IEWF: F=.579, p=.631). More specifically, higher ADC and lower FA
was found in subjects with higher Fazekas ratings. Furthermore, higher Fazekas levels were
associated with longer attentional reaction times within the patient group during basal,
focused, divided and sustained attention tasks (p<.05; see complete statistical model in Table
5.4).
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5.3.3 Exploration of potential risk factors for leukoencephalopathy
As shown in in Figure 5.1, WM lesions were detected in nine out of the 33 patients (27.2%), in

contrast to two out of 34 matched controls (6%, limited to Fazekas 1; LR=4.018, p=.045).
Within patients, white matter lesions were more often present in case of HD-MTX
administration (LR=2.977, p=.084), albeit non-significant. Percentages of WM lesions were
approximately 40% (n=6/16) in HD-MTX-treated patients, while only 18% (n=3/17) in non-MTX
treated patients (see Figure 5.3). The highest levels on the Fazekas rating scale (level 2 and 3)
were reached for three osteosarcoma survivors, treated with high dose MTX (144g/m?) without
ifosfamide/cyclophosphamide.

Furthermore, the interaction effect between chemotherapy subgroup and AaD was significant
(F=3.434, p=.047; see Table 5.2). As shown in Figure 5.4, HD-MTX treated patients (without
alkylating agents) were older at diagnosis (median 14.98 years), but leukoencephalopathy also
occurred in patients treated with ifosfamide/cyclophosphamide only, but mainly in younger
patients at diagnosis (median 8.65 years).

With regard to polymorphism subgroups, 30% of the lesions was found in the €3/e3 Apoe-
genotype subgroup (see Figure 5.5; Table 5.3), whereas the €2/€2, €2/€3 group did not show
any lesions. Nonetheless, these ratios were not significantly different (LR=2.468, p=.650). For
HD-MTX treated survivors (n=16), patients showing white matter lesions carried at least one T
allele of the MTHFR polymorphism (100%), possibly showing a trend (LR=5.214, p=.074), but
non-significant association.

Table 5.2 Univariate ANOVA results WM lesions predicted by MTX administration, age at
diagnosis and interaction effect

Type Il Sum of
Squares df Mean Square F Sig. n?
Intercept .198 1 .198 1.127 .298 .041
MTX/IFO/COMBI .907 2 453 2.583 .094 .155
Age at diagnosis 426 1 426 2.425 131 .080
Interaction effect 1.206 2 .603 3.434 .047* .199

Note. MTX= methotrexate. IFO=ifosfamide. COMBI=combination of both agents. WM lesion grade (Fazekas
rated) was implemented as primary outcome.

Table 5.3 Percentages of white matter lesions in patient group, categorized by Apoe genotype
and MTHFRC677T

Apoe subgroup MTHFRC677 subgroup
€2/e2 €2/e3 €3/e3 €3/eE4  €4/e4 Total CC CcT TT Total

WM lesions Absent 1 (100%) 2 (100%) 14 (70%) 6 (75%) 1(50%) 24 (72.7%) 3 (100%) 6 (66.6%) 1 (25%) 10 (62.5%)
Present  0(0%) 0(0%) 6(30%) 2(25%) 1(50%) 9(27.3%) 0(0%) 3(33.3%) 3(75%) 6 (37.5%)

Total 1(100%) 2 (100%) 20 (100%)8 (100%) 2 (100%) 33 (100%) 3 (100%) 9 (100%) 4 (100%) 16 (100%)
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Methotrexate Ifosfamide/Cyclophosphamide
n=11 n=17

Fazekas 3 V

|| Fazekas 2
¥ Fazekas 1 Combination MTX & IFO/CYCLO Controls
M Fazekas 0 n=5 n=34

-

Figure 5.3 Percentages of patients with leukoencephalopathy,
classified by Fazekas rating scale

Note. HD-methotrexate and ifosfamide/cyclophosphamide are administered with the highest
cumulative doses of all agents within the specified treatment protocols. Ratios of WM lesions
rated according to the Fazekas rating scale, are shown for each subgroup treated with one or
both of these agents. HD-MTX (n=11+5) was only administered in osteosarcoma patients
(12g/m2 over four or six hours IV per course). Treatments for Ewing sarcoma and (non-
Jrhabdomyosarcoma included ifosfamide/cyclophosphamide (without MTX administration,
n=17). Note that all patients received these agents in multi-agent chemotherapy protocols (see
Table 5.1).
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Figure 5.4 Boxplots for age at diagnosis, lesions and chemotherapy subgroups
Note. In the group of patients showing no lesions, n=3 had received combination therapy, n=16
ifosfamide/cyclophosphamide, n=5 methotrexate only. In the group of patients showing lesions,
these numbers were n=2, n=3, n=4, resp. Error bars represent standard deviations of the values.
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Figure 5.5 Percentages of patients with lesions for each polymorphism
Note. Percentages of patients in each subgroup are depicted. The distribution of the
polymorphism variants is shown in dark blue. Within each polymorphism subgroup (Panel A: Apoe
genotype, Panel B: MTHFR genotype), the distribution of Fazekas rated WM lesions is shown in
green, orange, light blue and yellow for rating 0, 1, 2 and 3, respectively.
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Table 5.4 MANOVA Subjective & objective scores predicted by WM Fazekas rating lesions

Chapter 5

. Patient vs. Control WM lesions Fazekas SES Depression
Dependent Variable
F Sig. n? F Sig. n? F Sig. n? F Sig. n?

BRIEF Total 1.626 .209 .036 1.391 .258 .087 1.036 314 .023 3.677 .062 .077
PedsQL Total 5.070 .029* .103 2.453 .076 143 .056 .814 .001 28.665 <.001*** .394
STAIl Total 1.033 315 .023 1.021 .393 .065 2.221 143 .048 48.940 <.001*** .527
CFQ Total 3.345 .074 .071 1.206 319 .076 .105 748 .002 271 .605 .006
WAIS FSIQ 1.958 .169 .043 .576 .634 .038 4.055 .050 .084 .369 .547 .008
WAIS VCI .659 421 .015 1.235 .308 .078 3.799 .058 .079 .205 .653 .005
WAIS PRI .027 .870 .001 447 .720 .030 1.447 .235 .032 .072 .790 .002
WAIS WMI 6.485 .014* 128 .690 .563 .045 5.112 .029* .104 2.150 .150 .047
WAIS PSI 5.619 .022%* 113 458 713 .030 .015 .904 <.001 4.190 .047%* .087
AVLT Total .044 .835 .001 454 716 .030 1.165 .286 .026 .994 324 .022
AVLT immediate recall .510 479 011 450 719 .030 419 521 .009 .084 773 .002
RVDLT total 8.117 .007** 156 312 .816 .021 .252 .618 .006 12.116 .001** 216
RVDLT immediate recall 3.742 .060 .078 403 751 .027 .025 874 .001 1.914 173 .042
AVLT recognition 782 .381 .017 .627 .602 .041 .020 .888 <.001 .075 .785 .002
RVDLT recognition .598 443 .013 2.859 .048%* .163 .301 .586 .007 5.325 .026 .108
ANT reaction time baseline 718 401 .016 3.910 .015%* 210 1.035 315 .023 449 .506 .010
ANT stability reaction time baseline .013 911 <.001 3.797 .017* .206 .002 .966 <.001 4.201 .046* .087
ANT reaction time focused attention .029 .866 .001 6.827 .001** .318 459 .502 .010 1.234 273 .027
ANT focused attention: effect of distractors .780 .382 .017 1.084 .366 .069 1.347 252 .030 .507 480 .011
ANT focused attention: effect of memory load 224 .638 .005 4.244 .010* 224 .056 .815 .001 .384 .538 .009
ANT reaction time divided attention 493 486 .011 8.770 <.001*** 374 147 .704 .003 912 .345 .020
ANT reaction time divided attention one distractor 182 672 .004 .802 499 .052 <.001 .983 <.001 .268 .608 .006
ANT reaction time divided attention two distractors .103 .750 .002 .645 .590 .042 .083 775 .002 1.329 .255 .029
ANT reaction time compatible task 754 .390 .017 .207 .891 .014 .643 427 014 294 .590 .007
ANT set shifting: inhibition effect 3.465 .069 .073 5.708 .002** .280 9.071 .004** 171 179 .674 .004
ANT set shifting: cognitive flexibility effect .303 .585 .007 281 .839 .019 1.141 291 .025 .250 .620 .006
ANT reaction time sustained attention .106 746 .002 2.807 .051 161 .078 .782 .002 1.384 246 .031
ANT stability reaction time sustained attention 2.462 124 .053 4.452 .008** 233 142 .708 .003 .020 .887 <.001

Note. *indicates p<.05, ** indicates p<.01, *** indicates p<.001
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5.4 Discussion

Long-term neurotoxicity of intravenous chemotherapy was investigated using FLAIR-images,
neurobehavioral assessments, DWI- and MWI-derived parameters and exploration of DNA
polymorphisms in childhood sarcoma survivors. This study is the first study reporting long-term
leukoencephalopathy in 27.2% of survivors, with highest frequency in HD-MTX treated patients
(40%). Lesions were associated with diffusion-weighted imaging (i.e. water molecule
movement), but not to more myelin-sensitive parameters. The presence of long-term
leukoencephalopathy was related to longer reaction times, while on a group level, survivors
performed worse on QolL, processing speed, working memory and visual memory.

Behavioral measures at group level

Patients reported lower QoL in comparison to controls. Such vulnerability in cancer patients
has consistently been reported in earlier psychosocial studies in childhood cancer patients and
survivors®’. Besides these subjective reports, our neurocognitive test assessment
demonstrated lower performances on processing speed (i.e. WAIS processing speed), working
memory (i.e. WAIS working memory) and visual memory (RVDLT total), which could have an
important impact on QoL of these patients. These findings confirm earlier attentional and
processing speed alterations that were encountered in osteosarcoma survivors by Edelmann
et al. (2016) **. In addition to their behavioral findings, this study importantly added the
detection and potential impact of long-term leukoencephalopathy in these patients. However,
one should note that the significance levels of behavioral comparisons between patients and
controls in our study remained low, and would not survive stringent corrections for multiple
comparisons.

Although behavioural investigations in cancer patients often focus on neurocognition
independently of personality or coping mechanisms, factors such as depression and SES can
largely affect cognitive functioning. Hence, we included both factors as covariates. We note
that if depression would not have been included as covariate, anxiety (STAI) also appeared
significantly higher in patients, and only working memory remained different at group level
(while processing speed and visual memory did not). This demonstrates the possible impact of
depression rates on decreased processing speed, which suggests the importance of detecting
also emotional vulnerability as a potential risk factor early on during childhood, in order to
improve neurodevelopment (e.g. information processing).

Imaging & cognition

Reaction times during baseline attention, focused, divided and sustained attention, were longer
in patients showing leukoencephalopathy. Similarly, Cheung et al. (2016) reported acute
leukoencephalopathy in leukemia and their experience of decreased task organization 23°. We
note that scores in our study were obtained using a computerized task, recording reaction
times in detail. As these scores only reached a clinical threshold in case of highest lesion load
(Fazekas 3), such decreases in processing speed could be more subtle in case of smaller lesions

or cerebrovascular damage 2°8.
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With regard to underlying pathology, Cheung et al. (2018) recently associated elevated
cerebrospinal values of total tau and myelin basic protein with development of
leukoencephalopathy 2°°. This suggests underlying neural damage, which could be axonal injury
(e.g. demyelination). Nevertheless, the current study did not demonstrate a link between
leukoencephalopathy and myelin-water fraction, as an estimation of axonal myelin content in
sarcoma patients. To our knowledge, myelin-metrics were only implemented in two previous
studies with cancer patients so far 179260 Similarly, these studies showed no differencesin MWF
3-4 years after breast cancer treatment 2%, nor 15 years after treatment for leukemia *7°, which
is consistent with our findings in childhood sarcoma survivors. Although they showed acute
changes in diffusion metrics (i.e. decreased FA), these values normalized years after treatment
260 Still, in the current study, diffusion changes remained clearly associated with lesion ratings,
even years after treatment. Confirmingly, some adult cancer studies previously showed long-
term diffusion changes in case of high-dose chemotherapy administration (i.e. including
cyclophosphamide of 6g/m?) 23 Given that the majority of patients with lesions in our
population (66%) had also received highest cumulative doses of methotrexate (of >45g/m?),
this could explain the observed long-term diffusion changes (measured with FA and ADC).
Previous cancer studies focused either on WM lesions 23° or on diffusion images *°°, but did not
report both modalities. The link between diffusion changes and lesions could suggest axonal
reorganization/loss, interstitial fluid, but also microscopic vascular damage 6. Even increased
blood-brain-barrier permeability was linked to hyperintensities in vascular cognitive
impairment 262, Hence, early detection of leukoencephalopathy and attentional assessments,
will become informative to investigate daily life functional outcomes in these patients.

Potential predictors of leukoencephalopathy

Leukoencephalopathy was most frequent in HD-MTX-treated patients, showing the highest
lesion load (Fazekas 2 and 3). HD-MTX combined with intrathecal administration was previously
associated with acute leukoencephalopathy in ALL patients 239253 (16%-27% in asymptomatic
230.231 s 58% of symptomatic patients) 231, However, the question remains how persistent such
lesions are. One study showed long-term lesions in 68% of ALL survivors (2.6-7 years after
treatment) treated with triple intrathecal therapy (vs. 22% in case of intrathecal MTX) (n=66)254.
We demonstrated such long-term leukoencephalopathy in 27% of childhood sarcoma survivors
who did not receive CNS-directed treatment in contrast to ALL patients. ALL patients receive
less intensive treatments of intravenous HD-MTX (3-5g/m?/course over 24-36 hours

228 compared to osteosarcoma patients (12g/m?/course over 4-

(cumulative doses of 20g/m?))
6 hours (cumulative doses MTX of 144g/m?)), which could explain the higher frequency of
lesions in the latter group (40%, n=6/16).

In our study, an interaction effect between chemotherapy subgroup and AaD,
suggested that leukoencephalopathy was more pronounced in younger patients after
treatment with alkylating agents (cumulative doses 24-102g/m?). This could suggest that not
only HD-MTX induces long-term leukoencephalopathy, but alkylating agents could yield similar

effects in young patients. Importantly, median ages at diagnosis were 14.98 years, 12.31 years,
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and 15.05 years for patients who received only HD-MTX, only ifosfamide/cyclofosfamide, or the
combination, respectively.

Finally, with regard to genetic predisposition, three out of the six HD-MTX-treated
patients showing WM lesions, were carriers of the MTHFRTT variant and showed the highest
Fazekas rating (2 and 3). This could suggest a potential role of the MTHFRTT in developing
lesions. Furthermore, approximately 30% of Apoe3/e3 and Apoe4 carriers showed WM lesions,
whereas no Apoe2 carrier showed WM lesions. This finding might be complementary with
earlier demonstrated cognitive dysfunction in Apoe4 carriers in adult cancer populations
111,237,244-246 Nevertheless, both polymorphisms were non-significant and currently limited to
draw firm conclusions.

Limitations and future directions

Although this is the first study evidencing long-term leukoencephalopathy in childhood bone
and soft tissue sarcoma patients, the number of patients showing lesions (n=9/34) remained
limited to draw firm conclusions regarding possible risk factors. This study provided an
exploration of risk factors including age at diagnosis, MTHFR and Apoe polymorphisms, and
type of chemotherapy. Nevertheless, the low absolute number of cases showing lesions might
partly explain the absence of significant results. Given the small cohort, larger studies including
wider age ranges and inclusions in genetic subgroups, are necessary to confirm such subject-
specific factors for neural damage in detail. Furthermore, we assumed lesions to be probably
caused by the high dose chemotherapy, given earlier case reports. Nonetheless, baseline data
were not available in this study. A longitudinal study with childhood patients is therefore highly
recommended (see Chapter 8). Finally, given that lesions are heterogeneous between patients,
underlying pathology and the impact of such lesions could be subject-specific, which will again
require larger sample sizes and biochemical investigations in future research. More advanced
imaging analyses could also investigate whether patients with large lesions (e.g. Fazekas 2 or
3), also demonstrate clear brain network changes (see Chapter 9). Larger samples of cases
showing such lesions will therefore be required.

5.5 Conclusion

Survivors of childhood solid bone and soft tissue sarcoma treated with intravenous
chemotherapy show an elevated risk for leukoencephalopathy, which was associated with
increased attentional reaction times. The association with diffusion metrics suggests long-term
microstructural tissue changes (e.g. vasculature, inflammation, axonal loss), but not necessarily
long-term demyelination. Although only reaction times were related to lesion load, lower Qol,
lower working memory, processing speed and visual memory was also detected at group level,
which can highly affect patients’ long-term daily life functioning. In order to address risk factors
in more detail and improve neurodevelopment, future longitudinal studies are highly
recommended including large samples.
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White matter microstructural changes in childhood sarcoma
survivors treated with high-dose intravenous chemotherapy
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Abstract

With the increase of survival rates of pediatric cancer patients, the number of children facing
potential cognitive sequelae has grown. Previous adult studies suggest that white matter
(WM) microstructural changes may contribute to cognitive impairment. This study aims to
investigate WM microstructure in childhood bone and soft tissue sarcoma.

Differences in (micro-)structure can be investigated using diffusion weighted MRI (DWI). The
typically used diffusion tensor model (DTI) assumes Gaussian diffusion and lacks information
about fiber populations. In this study, we compare WM structure of childhood bone and soft
tissue sarcoma survivors (n=34) and matched controls (n=34), combining typical and
advanced voxel-based models (DTl and NODDI model, resp.), as well as recently developed
fixel-based models (for estimations of intra-voxel differences, Apparent Fiber Density (AFD)
and Fiber Cross-section (FC)). Parameters with significant findings were compared between
treatments and correlated with subscales of the WAIS-IV intelligence test, age at diagnosis,
age at assessment and time since diagnosis. We encountered extensive regions showing
lower fractional anisotropy, overlapping with both significant NODDI parameters and fixel-
based parameters. In contrast to these diffuse differences, the fixel-based measure of AFD
was reduced in the cingulum and corpus callosum only. Furthermore, AFD of the corpus
callosum was significantly predicted by chemotherapy treatment and correlated positively
with time since diagnosis, visual puzzles and similarities task scores.

This study suggests altered WM structure of childhood bone and soft tissue sarcoma
survivors. We conclude global chemotherapy-related changes, with particular vulnerability of
centrally located WM bundles. Finally, such differences could potentially recover after
treatment.

Keywords: White matter, Childhood solid tumors, non-CNS directed chemotherapy, Diffusion-
weighted imaging
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6.1 Introduction

As survival rates increase for oncological patients, potential late aversive effects of the
treatment become important to address #2¢°. In children specifically, brain development could
be challenged during cancer, due to the disease and/or treatment. Hence, it becomes essential
to trace potential neurotoxic mechanisms. In pediatric oncology, cranial irradiation was
evidenced to lead to cognitive deficits in brain tumor patients 226227 and leukemia patients
148,216,228,266 - Consequently, treatment for leukemia patients was replaced by CNS-directed
chemotherapy.

Still, evidence also exists for cognitive decline due to CNS-directed chemotherapy, even

without radiotherapy 19266267 Most difficulties were reported for executive functioning
116,147,216 | line with these cognitive studies, recent neuroimaging studies have also evidenced
white matter 1>134268-270 and grey matter changes due to CNS-directed chemotherapy 2737273,
In contrast to the large number of reports about late neurocognitive sequelae in leukemia 274,
only limited research has been conducted on childhood solid non-CNS tumors *°. Recently, a
few studies have reported cognitive outcomes of childhood solid non-CNS tumor survivors.
Mohrmann and colleagues have shown that one-third of solid non-CNS tumor patients
experience cognitive complaints later in life °. For rhabdomyosarcoma, a recent survivor study
also evidenced higher risk for depression and task efficiency problems 27°. Patients using
psychopharmaca for anxiety or depression appeared to be most vulnerable. In addition, a
recent study performed by Edelman and colleagues, demonstrated lower reading skills,
attention, memory and processing speed in survivors of osteosarcoma 4,
Not only the number of behavioral studies remains limited for these patients, neuroimaging
studies in childhood non-CNS solid tumor survivors have not been performed yet. Still, adult
studies have reported alterations of the white matter microstructure in solid tumor patients
(including breast and testicular cancer) 1°6158235237.276 " Cyrrently, MR diffusion-weighted
neuroimaging is used to characterize the WM microstructure, and assess possible changes after
treatments. These studies typically implement the diffusion tensor imaging (DTI) model,
modeling the diffusion of water molecules in each voxel as a 3D Gaussian distribution /7.

In the cancer patient groups previously described, DTI-derived parameters such as
fractional anisotropy or mean diffusivity often showed differences in multiple regions,
scattered throughout the brain 13415278280 However, the cellular microstructure in biological
tissue can lead to hindered, non-Gaussian diffusion, for which the DTl model is inadequate.
Hence, advanced models should include information of more specific microstructural
compartments of the tissue. One of these compartment models is Neurite Orientation
Dispersion and Density Imaging (NODDI) 281, This is a three-compartment model of white
matter microstructure: intra-axonal space, extra-axonal space, and the cerebrospinal fluid.
According to the model, water movementin the intra-axonal space depends on the orientation
dispersion of tracts. Anisotropic and isotropic Gaussian distributions of movement are assumed
for the extra-axonal space and cerebrovascular fluid, respectively. Using these biophysical
assumptions, the NODDI model derives parameters for Neurite Density, Orientation Dispersion
Index and Isotropic volume fraction to characterize white matter microstructure.
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Still, these parameters are voxel-based, while white matter voxels are typically occupied by
multiple fiber populations, resulting in crossing fibers 282, In other words, changes measured by
voxel-based parameters (i.e. based on the DTI or NODDI model), are not fiber-specific. To
overcome this limitation, Raffelt and colleagues have recently developed the so-called ‘Fixel-
based’ analysis 8. Instead of calculating voxel-based parameters, the concept “fixel” was
introduced to refer to individual fiber populations within a voxel, segmented from the fiber
orientation distribution within a voxel. Hence, fiber-specific white matter microstructure can
be modeled in each direction, and provide more detailed information about specific fiber
bundles. Specifically, fixel-based parameters can model changes at both microstructural level
(e.g. apparent fiber density, AFD) and macroscopic level (e.g. fiber cross-section, FC).

In this study, we compare WM microstructure between childhood bone and soft tissue
sarcoma survivors and healthy matched controls, by using both fixel-based and voxel-based
analyses. In addition, we investigate the link between IQ subscales and diffusion metrics. This
way, we aim to investigate the white matter microstructure as underlying neural substrate for
cognitive functioning in more detail. We hypothesize that if WM development is affected by
chemotherapy during childhood, differences are expected in the diffusion-derived parameters.
Specifically, if WM differences are different at macroscopic vs. microscopic level, the fixel-
based analysis could demonstrate such distinctions and show fiber-specific changes.

6.2 Methods

6.2.1 Participants
This study included the same cohort as Chapter 5. We acquired DWI in 34 survivors of pediatric

solid non-CNS tumors and 34 healthy age- and gender-matched controls. The patient group
consisted of survivors of bone and soft tissue sarcomas (n= treated according to the
chemotherapy protocols EURAMOS1 (n=13), RMS2005 (n=3), NRSTS2005 (n=1), Euro-Ewing99
(n=7), MMT95 (n=5), EORTC2001 (n=3), IVAD (n=1), which included intravenous chemotherapy
only (1 survivor was excluded due to cranial irradiation). Adult survivors were included at least
2 years after treatment at the University Hospitals Leuven. The age at diagnosis ranged
between 4.00-17.75 years (mean=12.97 vyears, SD=3.33). Healthy age-matched control
participants were recruited using local electronic advertisements. All participants were aged
between 16.14-35.28 years (mean=22.51, SD=3.97) at the moment of acquisition. Time since
diagnosis ranged between 2.08-19.92 years (mean=9.92, SD=4.72). The study was approved by
the Ethical Committee of University Hospitals Leuven and conducted according to the
Declaration of Helsinki.

6.2.2 Data acquisition

Images were acquired on a 3T Philips Achieva MRI scanner with a 32-channel phased-array
head coil. The echo-planar, multi-shell diffusion imaging scheme consisted of b-values 700,
1000 and 2800 s/mm?, applied along 25, 40 and 75 uniformly distributed gradient directions
respectively, in addition to 10 non-diffusion-weighted images (b=0). This multi-shell scheme
including a high b-value, allowed us to apply advanced diffusion models. For all diffusion series,
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the following acquisition parameters were constant: TR/TE=7800ms/90ms, 50 slices, voxel
resolution of 2.5mm x 2.5mm x 2.5mm. The total acquisition time for the diffusion-weighted
scans was approximately 25 minutes.

In addition to the neuroimaging data, the WAIS-IV intelligence test was acquired in all subjects
on the same day. The main subscales were investigated as neurocognitive outcome of interest,
including Verbal Comprehension Index subscales (i.e. Similarities, Vocabulary, Information),
Perceptual Reasoning Index (i.e. Block Design, Matrix Reasoning, Visual Puzzles), Working
Memory (i.e. Digit Span and Arithmetic) and Processing Speed (i.e. Symbol Search and Coding).
Descriptive statistics of the main scales for this population and included data, see Table 6.1).

Table 6.1 Descriptive statistics of subgroups patients & controls

Measurement Patients Controls

Range Mean (SD) Range Mean (SD)
Cognitive outcome
FSIQ 73-133 100.58 (13.86)  89-137 109.91 (11.76)
PRI 70-135 102.24 (16.01) 85-139 101.74 (13.13)
VClI 70-131 100.55 (13.63) 74-134 108.97 (13.63)
WM 77-143 97.94 (13.58) 80-143 109.12 (13.92)
PS 63-122 99.45 (14.02) 81-134 107.38 (14.23)
Demographic variables
Age at diagnosis (years) 5-18 13.24 (2.97) NA NA
Time since diagnosis (years) 2-20 9.80 (4.74) NA NA
Age at assessment (years) 16-35 23.04 (4.31) 16-30 22.12 (3.60)
Socio-economic status 11.5-60.5 35.19(12.71) 19-66 47.58 (12.83)
DWI parameters
FA significant regions .56-.65 .61 (.02) .62-.70 65 (.19)
AFD corpus callosum .25-41 .32 (.04) .27-44 35 (.04)

Note.

FSIQ=Full Scale 1Q, PRI=Perceptual Reasoning Index, VCI=Verbal Comprehension Index, WM=Working
Memory, PS=Processing Speed. SES* was measured using the Hollingshead Four Factor Index of Social
Status. NA=Not applicable. FA=Fractional Anisotropy, AFD=Apparent Fiber Density.

6.2.3 Data processing
To investigate the white matter of survivors in detail, both voxelbased and fixelbased analyses
were used. For a schematic overview of these analyses, see Figure 6.1.
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Figure 6.1 Schematic overview of voxel-based and fixel-based parameter maps
Note. NDI=Neurite Density Index, ODI=Orientation Dispersion Index, VISO=Isotropic Volume fraction, FA=Fractional
Anisotropy. For fixelbased analyses, FODs=Fiber Orientation Distributions are used to calculate fixel-based parameters
including: FC=Fiber Cross-section, AFD=Apparent Fiber Density.

6.2.3.1 Voxelbased analyses
DWI preprocessing including motion- and eddy current induced distortion correction was

performed using ExploreDTI 284, DWI bias field correction 22> and global intensity normalization
286 \as performed using MRtrix3 287, The corrected DWI images were then fitted with the (1)
diffusion tensor model to generate fractional anisotropy (FA) maps using MRtrix3 and (2) the
NODDI model using the NODDI Matlab toolbox %8, resulting in three additional parameter
maps: neurite density index (NDI), isotropic volume fraction (Viso), orientation dispersion index
(ODI).

The corrected DWI images were then used to compute fiber orientation distributions
(FODs), using robust constrained spherical deconvolution 2% with a group average response
function (based on the highest shell data (b=2800)). To be able to make interindividual
comparisons at group-level, individual maps should be registered to the same space. Hence,
individual FODs were registered diffeomorphically to a population-based FOD-atlas 2%, which
was created based on 20 individual FOD-maps (10 patients and 10 controls; mean age of
subgroup: 20.83 years old (range 16.14-25.69)) (see Figure 6.2). This selection was required to
limit the duration of the atlas calculation. Transformation fields of these registrations were
applied to individual FA-, NDI-, ODI- and VISO-maps.
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Figure 6.2 Population-based atlas of Fiber Orientation Distributions (FODs)
Note. To be able to make interindividual comparisons, individual Fiber orientation distributions (FODs) were
calculated, using robust constrained spherical deconvolution 288, Individual FOD maps were diffeomorphically
registered to the population-based FOD-atlas.

6.2.3.2 Fixel-based analyses
Fixel-based parameters were calculated as described by Raffelt and colleagues, using MRtrix3

2%0 FODs were used to segment the fiber populations (fixels) in each voxel. More specifically,
the first fixel-based parameter, apparent fiber density (AFD), was calculated as the integral of
each FOD lobe 2%, This measure is correlated with the relative intra-axonal volume of fibers
along the main direction of that lobe. The second fixel-based parameter, fiber bundle cross-
section (FC), is a macroscopic measure representing changes in the number of voxels that a
specific tract bundle occupies. FC was computed based on the non-linear FOD registration step,
as the cross-sectional change in the plane perpendicular to the fixel orientation. Smoothing and
cluster enhancement was applied in a fixel-based manner, instead of voxel-based 2.

6.2.4 Statistics
White matter microstructure was compared between the solid non-CNS tumor survivor group
and healthy controls by using multiple T-tests (p < .05). Threshold-free cluster enhancement

291 and

was applied for voxel-based parameters (i.e. FA-, ODI-, NDI- and VISO- maps)
connectivity-based fixel enhancement for measures of FD and FC in all white matter fixels (i.e.
AFD, FC). 12 T-tests tests were performed (i.e. FA, ODI, NDI, VISO, AFD and FC (6) * patients >
controls and vice versa (2)). P-values were calculated for each fixel using non-parametric
permutation testing (5000 permutations), and family-wise error corrected for multiple
comparisons. Finally, stringent bonferroni-correction (p < .05/12) was applied to investigate
most significant differences in more detail. In Figure 6.3, we depict the expected value changes

in case of specific white matter changes.
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Figure 6.3 Schematic presentation of potential WM changes after therapy and expected DWI

parameter changes
Note. In case of chemotherapy-induced WM microstructural damage, parameters derived from diffusion models,
are expected to change. In voxelbased analyses, typically lower FA (DTI model), lower NDI and higher VISO (NODDI
model) are expected. In fixel-based analysis, FC and AFD are expected to change, according to macroscopic and
microscopic changes, respectively. NDI=Neurite Density Index, ODI=Orientation Dispersion Index, VISO=Isotropic
Volume fraction, FA=Fractional Anisotropy, FC=Fiber Cross-section, AFD=Apparent Fiber Density.

In addition, to investigate the link between clinical data and diffusion parameters, Pearson
correlation analyses were performed. More specifically, the region showing most significant
differences in diffusion parameters was selected for further analyses with clinical measures
within the patient group. The most significant parameter in this region was correlated with age
at diagnosis, time since treatment, age at assessment, task scores on the subscales of the WAIS-
IV assessment (Matrix Reasoning (MR), Visual Puzzles (VP), Similarities (S), Vocabulary (V),
Information (1), Digit Span (DS), Arithmetic (A), Symbol Search (SS), Coding (C)), and was
compared between chemotherapy protocols (SPSS toolbox, v.23).

6.3 Results

6.3.1 Voxelbased analyses
Voxelbased analyses based on the NODDI model, demonstrated significant group differences

for the neurite density index (NDI) and isotropic volume fraction (VISO). More specifically,
elevated VISO was encountered distributed throughout the central white matter in the patient
group, even after Bonferroni-corrections. These regions surrounded a small region of higher
NDI in the corticospinal tract. Additionally, FA was lower in similar white matter regions (see
Figure 6.4).
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Figure 6.4 Voxelwise group comparisons of DWI metrics
Note. Regions showing significant different white matter paramaters in bone and soft tissue sarcoma survivors
when compared to healthy matched controls using voxel-wise permutation testing with threshold-free cluster
enhancement (FWE-corrected p<.05). Upper panel shows original results. Lower panel shows results after
stringent additional Bonferroni corrections (adapted for 12 tests). Significant higher NDI and VISO in patients is
depicted in orange and purple, resp. Lower FA is shown in green.

6.3.2 Fixelbased analyses

Given that the typical single-tensor (i.e. DTI) measures can be affected by the amount of fiber
populations in the voxels, fixel-based analysis was performed. Similar to the widespread
differences of FA and VISO, fiber cross-section (FC) was also lower throughout the brain in the
patient group. As shown in Figure 6.5, this measure overlapped with lower FA, higher VISO and
higher NDI values. By contrast, apparent fiber density (AFD) was lower in specific tracts,
including the corpus callosum, the cingulum and a small part of the corticopontine tract. In
conclusion, the scattered differences of FA and VISO overlapped with both fixel parameters
fiber cross-section and fiber density, but differences in AFD seemed limited to single tracts (see
Figure 6.6). AFD in the corpus appeared most significantly different, which remained after
Bonferroni corrections. Finally, the fixel-based and voxel-based parameters indicated

additional significant regions, which were not detected by the other modality (i.e. voxel-based
and fixel-based, resp.).
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Figure 6.5 Fixel-based group comparisons of AFD and FC
Note. Regions with lower Apparent fiber density (AFD) in the corpus callosum and cingulum of patients compared to controls
(p<.05) are depicted in orange. Lower Fiber Cross-Section (FC) is presented in blue. In the lower panel, results of the group
comparisons are shown after stringent Bonferroni corrections (adapted for 12 tests)

Figure 6.6 Results of fixel-based group comparison of AFD
Note. Panel A: Lower apparent fiber density (AFD) in survivors is depicted (colored by direction: left-right, anterior-posterior
and superior-inferior are represented by red, green, blue, resp.) (p<.05). Panel B: A mask was created in the corpus callosum,
for the significant region of AFD only, in order to calculate mean AFD values in this region for all subjects. These mean values
were correlated with timing variables (time since diagnosis, age at diagnosis and age at assessment)
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6.3.3 WM structure, intellectual outcome, therapy dose and timing
The region showing significant differences (p < .05) in the most diffusion parameters, was the

posterior part of the corpus callosum body (Figure 6.5 and Figure 6.6). AFD was most significant
in this region (most significant fixels in this region showed p <.01). Hence, this parameter was
calculated for each individual within this region. The mean AFD was specifically calculated
within the central part of the corpus callosum (coronal view), which showed significantly lower
AFD. Probabilistic fiber tracking in this region was performed, based on the FOD template, to
use as mask (see Figure 6.6). This specific AFD measure was compared between chemotherapy
protocols (using a univariate ANOVA) and used to correlate with timing variables: age at
diagnosis, time since treatment and age at assessment, as well as with the subscales of the
WAIS-IV. First, AFD was significantly predicted by the treatment protocol (F(7,1)= 3.080,
p=.008). More specifically, AFD appeared lowest for patients treated according to the
EURAMOS1 and RMSO05 treatment (see Figure 6.7). However, for specific chemotherapy doses
within these protocols, no clear associations were encountered (see Figure 6.8).

Second, correlations were calculated within the patient group between mean AFD in the CC,
timing variables and 1Q subtask scores. Mean AFD did not correlate significantly with age at
diagnosis, age at assessment (r=-.068, p=.708; r=.030, p=.809, respectively; See Figure 6.9), nor
with most subscales of the WAIS (see Table 6.2). In contrast, time since diagnosis and task
scores on visual puzzles and similarities were positively correlated with mean AFD (r=.366,
p=.036; r=.262, p=.032; r=.288 p=.018, resp.; See Figure 6.7).

Table 6.2 Correlations between AFD corpus callosum and WAIS subscale scores

Main Scale Subscale Correlation (p)
Perceptual Reasoning Index Block Design .072 (.562)
Matrix Reasoning 123 (.321)
Visual Puzzles .262* (.032)
Verbal Comprehension Index Similarities .288* (.018)
Vocabulary .080 (.519)
Information 222 (.071)
Working Memory Digit Span 112 (.368)
Arithmetic .030(.810)
Processing Speed Symbol Search -.074 (.550)
Coding .050 (.687)

Note. Each subscale of the WAIS intelligence assessment was correlated with AFD in the corpus
callosum. The subscales of Visual Puzzles and Similarities were significantly correlated with AFD. For
these subscales, scatterplots are included in Figure 7 in the main manuscripts. * indicates significant

correlations (p<.05).
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Figure 6.7 Apparent Fiber Density, treatment protocol and cognitive outcomes

Note. Panel A: Bar plots with average AFD values for the control group in blue (n=33). The red bars represent equivalent
values for patients, treated according to the following chemotherapy protocols: RMS05 (n=3), EURAMOS1 (n=13),
MMT95 (n=5), EuroEwing99 (n=7), EORTC2001 (n=3), NRSTSO5 (n=1), IVAD (n=1)

Panel B: Scatter plots indicating the significant linear associations between IQ subscales and AFD, for both controls and
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Figure 6.8 Scatter plots depicting the relationship between timing and AFD of the corpus

callosum

Note. Timing variables including time since diagnosis, age at diagnosis and age at assessment are depicted against
apparent fiber density that was measured in the significant region within the corpus callosum



96 Chapter 6

4500

40007

ol IR I O LN T

125007

Apparent Fiber Density

2000 T T T T T T T T T T T T T T T
0 45 9% 108 112 144 0 240 480 600 0 1200 1500 1600 3150
MTX dose Cisplatin dose Carboplatin dose

4500

- ot = "]

30001

Apparent Fiber Density

25007

2000 T T T T T T T T T T — T T T T T
0 180 210 240 300 360 375 450 0 450 0 24 33 36 37 51 54 60 87 102

Doxorubicin dose Epirubicin dose Ifosfamide dose

Figure 6.9 Boxplots showing AFD in the corpus callosum against chemotherapy doses
Note. No clear linear relationship was encountered between chemotherapy doses and AFD in the corpus callosum.

6.4 Discussion

This study showed the first findings of potential WM alterations in childhood solid non-CNS
tumor survivors (i.e. bone and soft tissue sarcomas), on average 10 years after chemotherapy-
treatment, when compared to healthy controls. This was the first childhood cancer survivor
study investigating long-term microstructural changes using advanced imaging methods. By
expanding the standard voxel-based analyses of fractional anisotropy (i.e. based on the DTI
model) to NODDI and fixel-based analysis, distinctions could be made between different origins
of white matter changes. This study showed widespread differences between patients and
controls, with lower values of fractional anisotropy (DTI), increased isotropic volume fraction
(NODDI) and reduced fiber cross-section in patients, while lower apparent fiber density
appeared only in specific WM tracts in patients (FBA). However, after stringent Bonferroni
corrections, only widespread VISO and AFD in the corpus callosum remained significant. The
fiber density measure also appeared to be related to time since diagnosis and verbal and visual
subtask scores. Using these advanced methods, we demonstrated microstructural changes
even in cases who did not show white matter lesions.

Widespread differences in voxel-based measures

First, voxel-based comparison of FA-maps showed lower FA in multiple brain regions in
survivors when compared to matched controls. This finding is in line with previous findings in
cancer survivors 23280292 describing reduced FA linked with impaired cognitive performance
suggestive for decreased WM integrity. In earlier studies, regions showing lower FA values were
also heterogenous, suggesting widespread WM microstructural changes. One hypothesis of
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chemotherapy-induced neurotoxicity is accelerated aging of fiber populations due to
chemotherapy 2%8. Healthy aging studies typically report decreases in FA values throughout
lifespan after the age of 30 years 2%3. The differences in FA did not remain after Bonferroni
correction. However, this correction could be a rather stringent method in this case, given that
the NODDI analyses showed an overlap between lower FA and higher VISO. This latter measure
clearly remained significant after corrections. A recent study of Billiet and colleagues yielded
comparable results related to aging throughout lifespan, with increases in VISO and NDI and
decrease in FA 2°3, Similar to our study, they did not encounter differences in ODI. Since ODI
did not differ between our survivor group and controls, we assume that the diffuse pattern of
higher VISO and lower FA is not due to increased neurite dispersion but due to the relative
amount of fluid in the extra-cellular space.

Such elevated levels of extra-cellular fluid could suggest widespread changes due to
white matter atrophy or cerebral edema. Periventricular changes related to fluid retention,
could also explain altered NDI of the corticospinal tract. Neurotoxic mechanisms including

294 could result

ischemic hypoxia, encephalopathy, cardiac arrest, inflammatory processes, etc.
in elevated interstitial fluid. Although the VISO parameter suggests increased interstitial fluid,
voxelbased parameters are affected by multiple underlying tissue changes, including axonal
loss, axonal density, axon diameter, myelination, gliosis etc., which cannot be easily
disentangled 2%. Furthermore, in crossing fiber regions, the degeneration of tracts can even
lead to higher anisotropy, which makes the interpretation of voxelbased measures difficult.
Tensor-derived metrics, such as FA are also more dependent on periventricular partial volume
effects given the remaining csf signal in lower b-values. Given that only the higher shell b=2800
data were used for CSD-derived metrics, these effects should be smaller. Therefore, we assume
the fixel-based measure to be less dependent on the overall amount of white matter, and
partial volume fractions. By using fixel-based analyses, we could provide essential additional

information in this study.

Distinction between global and local differences in fixel-based measures

In accordance with the diffuse differencesin VISO and FA, the fixel-based measure of the fiber-
cross-section also appeared to be widely decreased. The lower fiber cross-section values
support the hypothesis of decreased axon bundle thickness, which could be due to atrophy or
interstitial fluid retention. In contrast, with regard to the microstructural measure of apparent
fiber density, differences were encountered only in the single tracts of the corpus callosum, the
cingulum and the corticopontine tract. Since AFD is different in specific fiber populations, it
could be hypothesized that these centrally-located tracts are specifically vulnerable for
microstructural changes in pediatric chemotherapy. The vulnerability of central tracts could be
explained by their dense axonal packing and their high vascular supply 2°¢. More specifically,
after Bonferroni corrections, AFD appeared only significant in the corpus callosum. As
described by Garg and colleagues (2015), the corpus callosum would be especially vulnerable
to demyelination and inflammatory processes, which could reduce the intra-axonal
compartment volume fraction in these regions. This region was already suggested to be
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vulnerable to toxicity earlier due to chemotherapy *°°, but also due to alcohol abuse as well
297,298 Suych specific sensitivity of the corpus callosum could explain the observed decrease in
AFD in this region. Although metrics derived from higher shell data (b=2800) are less affected
by CSF volume effects, one should note that highly variable partial volumes in small structures
might affect significance levels. By contrast, larger structures such as the corpus callosum
would be influenced by such volume effects to a smaller extent 2°°.

Microstructural differences, intelligence scores, chemotherapy and timing

Finally, the specific measure of fiber density in the corpus callosum was associated with
chemotherapy protocol, time since diagnosis and intelligence subtask scores. Specifically,
survivors treated according to the EURAMOS1 and RMSQ5 protocol, showed lower apparent

236 showed

fiber densitiy in the corpus callosum. Similarly, Stouten-Kemperman and colleagues
that patients exposed to higher doses of chemotherapy are probably more vulnerable to
neurotoxicity. However, the protocols included in our study prescribe different chemotherapy
agents. The first protocol mainly includes methotrexate, cisplatin and doxorubicin 2493%,
whereas the second protocol mainly prescribes ifosfamide, vincristine and actinomycin 301,

As our survivor group was limited to 33 subjects, this study was not able to investigate
the effects of specific agents included in these protocols. Multiple chemotherapy protocols
were included in this study, which resulted in heterogeneity in the patient group. Still, all
treatments included at least one high-dose chemotherapy agent (methotrexate and/or
ifosfamide). Furthermore, as higher chemotherapy doses are administered in case of larger,
more aggressive tumors, or metastases, these factors could also indirectly be related to
potential neurotoxicity. Nevertheless, additional figures did not show clear trends in AFD
related to cumulative chemotherapy doses (see Figure 6.9). This suggests that neurotoxicity
probably arises in case of certain combinations of agents, and depending on an individual’s
vulnerability, rather than due to only the dose of one specific agent. In addition, the significant
group difference in AFD was measured between survivors and control participants, at group
level. During recruitment of patients, 52% of the existing database of patients (inclusion
criterium: treated according to the predefined chemotherapy protocols, >2 years out of
treatment) participated. Given that times since diagnosis were similar between the
participating and non-participating patients, we assume that this dataset was representative
for all patients. Nonetheless, we note that the ratio of osteosarcoma patients was higher in
participating than in non-participating patients. Given that these patients often receive high-
dose chemotherapy, we cannot exclude this higher ratio to have affected our results.

Furthermore, although this study showed group-based effects for bone and soft tissue
sarcoma patients, larger samples are necessary to investigate vulnerability of specific
subgroups and differentiate between specific chemotherapy agents. At this stage, it remains
uncertain which individual factors play a role in therapy-induced toxicity affecting the WM.
Besides neurotoxicity, also differences in SES could have an important impact on brain
development during childhood. In this regard, one should note that SES scores were
significantly lower in patients. This might highly affect the group comparison results. Although
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itis complicated to investigate the independent effect of this measure on imaging values or any
cognitive value, since these are highly correlated, additional analyses showed that significant
group differences in diffusion metrics still remain after statistical correction for SES. With
regard to cognitive measures, visual puzzles and similarities subtask scores were positively
correlated with corpus callosal fiber density. Both these subtasks require matching skills and
logical reasoning. Puzzles require visuospatial matching and manual coordination. Previous
studies have clearly indicated the important role of the corpus callosum in bimanual

coordination3%?

. By contrast, the ability to find similarities between words depends more on
conceptual matching (cognitive semantics). As our measure of AFD was derived from the
posterior part of the corpus callosum, we mainly investigated the link between parietal and
occipital lobe connectivity and intellectual outcome. This region could play an important role
in conceptual and visual matching skills. However, we cannot exclude that the global
macrostructural changes (as measured with VISO, FA and fiber cross-section) can affect
multiple other cognitive domains as well.

Finally, we encountered a significant correlation between time since diagnosis and AFD
of the corpus callosum, suggestive of a recovery pattern after treatment. In this respect,
Armstrong and colleagues recently summarized the processes of axon regeneration and
remyelination in case of brain injury 3%3. They demonstrate the natural tendency of the WM to
remyelate after inflammation or vascular damage 3%, Since chemotherapy could induce such
neurotoxic processes 3% leading to microstructural changes, recovery processes could arise
in childhood cancer patients as well. Furthermore, recently a similar potential recovery was
detected in FA values 3 years after treatment in breast cancer patients 2°3. This would explain
a positive trend in apparent fiber density throughout time. Although a positive trend with age
at diagnosis was expected as well, this correlation was not significant. Still, other pediatric
oncology (i.e. brain tumor and leukemia) studies also evidenced higher neurotoxic vulnerability
of the younger patients at diagnosis 116:14>216.228 patients in our study were on average 13 years
old at diagnosis. Although the age at diagnosis ranged between 5 and 18 years, the majority of
the patients were older than 10 years at diagnosis (91%). It can be assumed that
underrepresentation of this younger patient group would explain the lack of correlation
between age at diagnosis and AFD. If future studies would show similar lack of correlation
between age at diagnosis and diffusion parameters in younger patients at diagnosis as well,
recovery processes could provide a possible explanation.

Future directions

By using multiple analysis methods, we aimed to distinguish between several potential tissue
changes. First, based on voxel-based analyses, we showed elevated isotropic fractions and
lower fractional anisotropy, presumably due to interstitial edema. Second, based on the fixel-
based analyses, we showed diffuse macroscopic WM morphological changes (as measured by
FC), while microscopic changes (as measured AFD) were limited to densely packed WM tracts.
In summary, these findings suggest that densely packed WM tracts are mainly vulnerable for
microscopic changes, while macrocopic changes are diffuse. Both types of WM changes could
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lead to lowered ability to transfer information efficiently. In this respect, lower FA values were
related to lower processing speed 28° and attentional functioning 23>2°3 in breast cancer
patients. To investigate which type of WM change leads to specific cognitive difficulties, and
processing speed in particular, future studies will be necessary including behavioral
measurements. Furthermore, this is the first pilot study showing potential long-term white
matter microstructural changes in children treated with chemotherapy, using advanced
diffusion imaging. Hence, this patient group covered a variety of subgroups of patients (i.e.
bone as well as soft tissue sarcoma), treated according to different chemotherapy protocols. In
this study, we did not report a relationship between chemotherapy dose and diffusion metrics.
Since exploratory analyses did not show differences in AFD of the corpus callosum according to
the cumulative doses of individual chemotherapy agents (i.e. methotrexate, cisplatin,
carboplatin, doxorubicin, epirubicin or ifosfamide), statistical analyses were not included in this
study to investigate this in detail. Additional diffusion-weighted MRI studies will be necessary
to draw firm conclusions about potential predictors for neurotoxic vulnerability. Although this
prospective study suggests potential WM changes due to treatment, the underlying
physiological processes cannot be identified using DWI alone. Not only are some
chemotherapeutic agents more toxic than other agents, also individual risk factors in patients
should be further investigated, such as therapy metabolism, cardiotoxicity, and genetic
predisposition. Finally, we suggest to implement longitudinal studies to investigate potential
recovery processes in more detail, since this study only included a cross-subject correlation
between time since diagnosis and AFD.

6.5 Conclusion

In summary, our study provides the first evidence of changes in the WM structure of childhood
survivors of bone and soft tissue sarcoma. We showed widespread differences in diffusion
parameters, suggesting macroscopic changes. Furthermore, microscopic differences in
centrally-located tracts could suggest specific vulnerability to vascular or inflammatory
mechanisms after disease or treatment, associated with chemotherapy protocol, visual and
verbal matching task scores, and time since diagnosis. Advanced diffusion models, such as fixel-
based analyses bring additional insights in the mechanisms of disease- or therapy-induced
neurotoxicity and enabled us to differentiate between WM toxicity at the macroscopic vs.
microscopic level. Still, histological animal and post-mortem studies are necessary to
complement these findings.
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Grey matter structure and function in survivors of childhood
sarcoma treated with high dose intravenous chemotherapy

Abstract

Research with regard to grey matter development in childhood non-CNS cancer patients is
currently limited. However, as behavioral studies showed cognitive as well as emotional
complaints in childhood cancer patients and survivors, structural as well as functional neuronal
changes could be hypothesized. In order to investigate long-term cortical developmental in
survivors of childhood non-CNS tumors, we analyzed high-resolution structural (T1-weighted)
MRI and resting state functional MRI (Rsfmri) scans, to derive structural and functional cortical
information in survivors of sarcoma, respectively.

Images of these patients, who had received high doses of intravenous chemotherapy during
childhood (n=33), were compared to matched healthy control participants (n=34).

Cortical density was investigated using a voxel-based morphometry analysis (VBM), while
cortical thickness comparisons were based on a vertex-wise surface-based morphometry (SBM)
approach. Significant regions showing lower density or thickness were further investigated as
seeds of interest for Rsfmri-derived functional coherence investigations. Finally, we explored
whether cortical thickness was associated with cumulative doses of chemotherapy (i.e.
methotrexate and ifosfamide), and age at diagnosis; and the link between functional regional
strength, neurocognitive assessments and subjective daily life complaints. We conclude lower
grey matter density and cortical thickness in frontal brain areas, of which the orbitofrontal area
appeared associated with age at diagnosis. Furthermore, cortical thickness of the
parahippocampal area appeared lower in survivors, but only if the group comparison was not
controlled for depression. This region specifically also showed lower functional coherence in
survivors, which seemed associated with lower processing speed.

This neuroimaging study integrating structural and functional information of the cortex in
survivors of childhood solid non-CNS tumors, suggests cortical thinning as well as decreased
density of frontal and parahippocampal areas. These brain areas could be important for
attentional functioning and emotion/reward, which could provide an explanation of long-term
complaints in daily life. Frontal brain areas might specifically be vulnerable during adolescence.

Keywords: Grey matter, cortical structure and coherence, non-CNS directed chemotherapy
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7.1 Introduction

Evidence for treatment-related changes in emotional and cognitive functioning in daily life of
cancer patients is dramatically increasing. However, underlying neural mechanisms remain
largely inconsistent and hypothetical. It is hypothesized that neural signaling is altered due to
cancer treatment, which could explain cognitive and behavioral changes. So far, neural
signaling was mainly investigated using active 2416 or resting state functional MR] 18170306 jn
adult non-CNS cancer patients. Such functional neural changes can be attributed to

306 35 well as to

psychosocial risk factors such as adverse early life events 307308 fatigue
anatomical cortical damage (e.g. atrophy) 3%°. Given that childhood cancer patients suffer from
both stress and chemotherapeutic treatments, it is extremely important to investigate brain
developmental patterns in these patients. However, such research is currently lacking.

So far, grey matter cortical thickness or density in childhood cancer patients has only

310

been investigated in case of cranial radiotherapy 3!° and intrathecal chemotherapy 167271311~

313 'in brain tumors and leukemia respectively. Nonetheless, increasing evidence exists for
similar anatomical changes in adult cancer patients treated with intravenous chemotherapy
only (i.e. no CNS prophylaxis) 292. Cortical decreases in grey matter volumes and density were
consistently reported in adult breast cancer 1>>314319 ovarian cancer 3%°, testicular cancer 31,
lung cancer 322 patients. Such changes appeared distributed across the brain (e.g. frontal,
parahippocampal, cingulate gyrus, and precuneus). However, a surface-based approach was
not implemented yet to investigate cortical thickness. What is more, the functional impact of
such anatomical changes was not always reported.

Unfortunately, similar investigations of grey matter pathological mechanisms during
childhood brain development are non-existing to date, and as such, they are highly
recommended. So far, a few studies reported altered neurocognitive functioning in childhood
non-CNS solid tumor patients ° or survivors *** (who only received intravenous chemotherapy).

323 aswell

147

These existing studies demonstrated lower intelligence scores in preschool patients
as long-term complaints of reduced memory, processing speed >4, task efficiency and
difficulties at school in around 1/3 non-CNS tumor patients °. Using an EEG paradigm, also
decreased auditory processing speed was evidenced 324, Besides such cognitive changes, other

mental complaints of discomfort including post-traumatic symptoms 32>326 fatigue 32/

, anxiety
and depression 328, highly affect long-term mental health in childhood cancer patients 3%°.

In order to investigate long-term cortical development changes, we analyzed structural
and functional cortical information in adult survivors of childhood non-CNS tumors
(osteosarcoma and soft tissue sarcomas), who had received high doses of intravenous
chemotherapy during childhood. First, anatomical cortical changes were investigated using
both a voxel-based morphometry analysis (VBM) as well as a vertex-wise surface-based
morphometry (SBM) approach. Second, significant regions of lower grey matter density and
cortical thickness were used as seeds of interest for resting state functional coherence
investigations. Finally, we investigated whether cortical thickness was associated with
cumulative doses of chemotherapy, and age at diagnosis; and the link between functional

regional strength, neurocognitive assessments and subjective daily life complaints.
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7.2 Methods

7.2.1 Participants
This study included the same cohort as Chapters 5 and 6. Survivors of childhood bone and soft

tissue sarcomas (n=33), who were treated with intravenous chemotherapy only (protocols
EURAMOS1, RMS2005, NRSTS2005, Euro-Ewing99, MMT95, EORTC2001, IVAD) were recruited
in this study. Their treatment consisted of multimodal chemotherapy including high-dose
methotrexate either combined with ifosfamide or not. Patients were >2 years out of treatment.
Time since diagnosis ranged between 2.08-19.92 years (mean=9.92, SD=4.72). Thirty-four
healthy control participants were age- and gender-matched. All participants were aged
between 16.14-35.28 years (mean=22.51, SD=3.97) at the moment of acquisition. The study
was approved by the Ethical Committee of the University Hospitals Leuven.

7.2.2 Data acquisition
First, high-resolution whole brain T1-weighted MRI scans were acquired for anatomical cortical

analyses (i.e. voxel-based (VBM) and surface-based morphometry (SBM)), and for anatomical
reference. Acquisition parameters were as follows: MPRAGE, resolution=.98x.98x1.2mm,
TE=4.6 ms, TR=9636 ms, FOV=192x250x250mm, 160 slices with slice thickness=1.2mm.
Second, resting state functional MRI scans were obtained using a T2*-weighted echo-planar
imaging (EPI) sequence. Parameters were: resolution=3.6x3.6x4mm, TE=33 ms, TR=1700 ms,
FOV=230x230x120mm; 30 slices with slice thickness=4mm. Both scan sequences were
obtained within one scanning session on a 3T Philips Achieva MRI scanner with a 32-channel
phased-array head coil.

Besides MRIimaging, questionnaires were obtained assessing emotional values (anxiety
(STAI) and depression (BDI)), cognitive failure (CFQ) and quality of life (PedSqgl). An extensive
neurocognitive test battery covered the domains of intelligence (WAIS), verbal (AVLT) and
visual memory (RVDLT), and computerized attention tasks (ANT). Based on previously reported
behavioral group comparisons (see Chapter 5), only processing speed, working memory
(measured with the WAIS-1V) and attentional reaction times (ANT computerized tasks) were
extracted and analyzed in the current study.

7.2.3 Data preprocessing
First, T1-weighted MRI images were skull-stripped using FSL brain extraction *3°, and bias field

corrected using ANTs 28°. These images were further processed in CAT12 (SPM) toolbox for
VBM and SBM investigations using standard settings 33!. In this process, images were
segmented using a 6-tissue probability map (including the grey and white matter, and CSF),
smoothed with a kernel of 12mm, and non-linearly registered to MNI template space for group
comparisons. The grey matter maps are further processed for grey matter density (based on
VBM) and cortical thickness estimations (based on SBM).

Second, resting state fMRI images were preprocessed using FSL (realignment, brain
extraction, spatial smoothing of 2mm, intensity normalization). Signal denoising and nuisance
regression of the CSF and white matter were performed, using FSL and its add-on ICA-AROMA
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toolbox. Finally, a high pass filter of .01Hz was applied. Using Freesurfer, subject-specific
parcellations were estimated based on the T1-weighted MRI image, applying the Desikan-
Killiany atlas. This atlas was both used to localize significant VBM and SBM results (CAT), and
for subject-specific parcellations which were rigidly coregistered in native space (ANTs) to the
Rsfmri data, in order to construct a functional connectome. These subject-specific
connectomes consisted of the Desikan-Killiany atlas nodes (see Figure 7.1) and positive partial
correlations between their average BOLD signals as their edge weights (in-house matlab

scripts).
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Figure 7.1 Included nodes for connectome construction based on the Desikan-Killiany atlas
Note. The Desikan-Killiany atlas consisted of 68 nodes, which were complemented with 9 additional nodes from
the whole-brain freesurfer parcellation in each hemisphere, resulting in 84 nodes in total.

7.3 Statistical analyses

First, outlier T1-weighted and Rsfmri data were excluded from analyses (based on the
Mahalanobis distance (n=1), and movement parameters (>2mm framewise displacement, n=3),
respectively. Second, whole-brain anatomical group comparisons (patients vs. controls) were
performed for grey matter density (GMD) at voxel-level (VBM) using a GLM model
(patients<controls and vice versa; with SES and total intracranial volume as covariates). In
addition, cortical thickness (SBM) was compared between the two groups (patients<controls
and vice versa; with SES and age at assessment as covariates).

Third, these models were complemented with the predictor of depression (BDI) to address the
association between anatomy and depression in addition to neurocognitive outcome. Group
comparisons were assumed significant at cluster-level with FWE-corrected p-values <.05,
combined with a threshold of p <.001 uncorrected at voxel-level.

Fourth, the Desikan-Killiany atlas-based connectivity graph (see Figure 7.1) was used to
calculate functional graph theoretical efficiency values at whole-brain level (i.e. global
efficiency), local level (i.e. local efficiency) and nodal level of the selected regions only (i.e. nodal
strength (nodal degree only in case of significantly different nodal strength) of significant VBM
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and SBM regions) (BCT toolbox). These values were compared between patients vs. controls
for a range of network density thresholds (0-50%).

In order to demonstrate potential local functional impact, possibly driving the nodal
strength values, group average partial correlations (of the SBM-selected regions showing
significant differences in nodal strength) were depicted. Finally, cortical thickness values of
significant SBM regions were correlated with cumulative chemotherapy doses of methotrexate
and ifosfamide, and age at diagnosis. Functional nodal strength values of significant nodes were
correlated with the abovementioned functional outcomes (i.e. BDI, STAI, CFQ, working
memory, processing speed). All correlations were calculated within the survivor group, and
assumed significant at p<.05.

7.4 Results
7.4.1 T1-weighted MRI: VBM and SBM group comparisons

Based on the voxel-based analysis, lower grey matter density was found in the frontal lobe (1
cluster) and in the cerebellum (1 cluster) (see Figure 7.2, panel A). After correction for
depression, these regions remained significant and a third region appeared in the cerebellum
(see Figure 7.2, panel B). No significant differences were found in the opposite directions (i.e.
patients > controls).
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Figure 7.2 ANOVA group comparison results of GMD (patients < controls)
Note. Panel A depicts the significant group difference patients < controls, corrected for SES and age
at assessment; panel B shows the results after additional correction for BDI.

Comparably, based on SBM, cortical thickness appeared lower in patients than in controls in
the right orbitofrontal region (2 clusters), left medial frontal region and left parahippocampal
region (see Figure 7.3, panel A). After additional correction for depression, all frontal regions
remained significant. By contrast, the parahippocampal region was no longer significant, while
a second cluster in the left medial frontal appeared significant after adding this predictor (see

Figure 7.3, panel B).

Again, no regions were detected with higher cortical thickness in patients than controls.
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Figure 7.3 ANOVA group comparison results of cortical thickness
Note. Panel A depicts the significant group difference patients < controls, corrected for SES and age
at assessment; panel B shows the results after additional correction for BDI.
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7.4.2 Rsfmri: nodal strength

With regard to the functional graph theoretical measures, global and local efficiency measures
across the entire brain were not significantly different between patients versus controls.

By contrast, functional strength at nodal level (calculated for significant VBM and SBM regions)
appeared only significantly different in the left parahippocampal volume. This region showed
decreased nodal strength in patients compared to controls, which remained the case for any
network threshold (see Figure 7.4).

By contrast, the cerebellum, left and right rostral middle frontal region and left lateral
orbitofrontal region did not show any significant differences in functional nodal strength
between patients and controls. Furthermore, nodal degree (i.e. the number of functional
connections) was only significantly different in the parahippocampal region between patients
and controls, if the network was thresholded extracting the strongest connections only (<10%
network density).

In order to visually explore whether the abovementioned group differences in
parahippocampal nodal strength could be driven by specific connections, group average partial
correlations between this region and other brain regions (at threshold correlations >.05) were
depicted in Figure 7.4. As could be inferred from this figure, most connections seem rather
similar between patients and controls. However, some specific parahippocampal associations
appeared particularly different, which might affect the overall nodal strength measures and
their group differences. More specifically, correlations between the left parahippocampal
region and right orbitofrontal region, right pericalcarine region, right superior temporal area,
and right supramarginal region remained at this threshold in the control participant group, but
not in the patient subgroup; which could partly drive the higher overall nodal strength of the
parahippocampal region in controls. Still, this remains a merely visual interpretation.

7.4.3 Risk and outcome of cortical thickness and functional nodal strength
Finally, correlations between cortical thickness, cumulative methotrexate and ifosfamide doses
and age at diagnosis were calculated for the frontal areas (given that cortical thickness of these
regions remained significantly lower after correction for depression) (see Table 7.1).
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Figure 7.4 ANOVA group analysis results of functional strength values in the left parahippocampal region
Note. Panel A depicts the results of the ANOVA group comparison of nodal strength values between patients and controls, for a range of network densities between 1-50% thresholds. This network density range
represents the proportionally thresholded network with an increase of .01% (e.g. network density .1 means the subject-specific networks were thresholded at 10% strongest connections). Panel B depicts the
results of the ANOVA group comparison of normalized nodal strength values. These values represent the nodal strength of the parahippocampal region, proportional to the entire subject-specific network. Panel C
depicts the results of the ANOVA group comparison of nodal degree values (i.e. the total number of existing connections). Panel D represents the group average partial correlations of the parahippocampal region,
patients are depicted in red, control participants in blue. Panel E represents the thresholded (i.e. correlations > .05) group average partial correlations of the parahippocampal region. This figure shows correlations
that remain in both subgroups, and some that remain in only one of them. More specifically, correlations between the left parahippocampal region and right orbitofrontal region, right pericalcarine region, right
superior temporal area, and right supramarginal region remained at this threshold in the control participant group, but not in the patient subgroup; whereas correlations that remain in patients but not in controls
include the left parahippocampal region with right cuneus, lingual region, pars opercularis, superior parietal and transverse temporal region.
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Table 7.1 Bivariate correlations between cortical thickness of SBM-selected regions,
chemotherapy dose and age at diagnosis.

Correlation (p-value)

Region of interest

cumulative MTX cumulative IFO dose  age at diagnosis
dose
Left rostral middle frontal .028 (.881) .058 (.751) -.079 (.666)
Right rostral middle frontal ~ .160 (.382) -.008 (.967) .065 (.724)
Right lateral orbitofrontal .333(.063) -.121(.510) 478 (.006)**

Note. * indicates p<.05; ** indicates p<.01. MTX=methotrexate, [FO=ifosfamide
Regions of interest were selected based on the SBM results (significant regions with different cortical thickness
at group level, corrected for BDI, SES and age).

As could be inferred from Table 7.1, cortical thickness of the right lateral orbitofrontal region
positively correlated with age at diagnosis. In other words, older age at diagnosis was
associated with higher cortical thickness of the right lateral orbitofrontal region. No
chemotherapy dose-dependency of the cortical thickness was detected.

Furthermore, the abovementioned behavioral (subjective and objective) outcomes and
parahippocampal nodal strength were correlated. As shown in Table 7.2, the nodal strength of
the parahippocampal region correlated significantly with processing speed of the intelligence
test assessment.

Table 7.2 Bivariate correlations between functional nodal strength of the parahippocampal
region and behavioral outcome measures

Scale Correlation (p-value)
with parahippocampal nodal strength

PedSql -.011 (.957)

STAI .163 (.399)

BDI .262 (.170)

CFQ .059 (.761)

WAIS working memory -.080 (.675)

WAIS processing speed 438 (.015)*

ANT reaction time baseline -.002 (.991)

ANT reaction time divided attention -.334(.076)

ANT set shifting: inhibition effect -.326(.085)

ANT stability reaction time sustained attention ~ -.055 (.782)

Note. * indicates p<.05
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7.5 Discussion

This is the first neuroimaging study integrating structural and functional neuroimaging of the
grey matter in survivors of childhood sarcoma. We demonstrated lower grey matter density
and cortical thickness in frontal areas, and lower grey matter density in the cerebellum. We did
not observe dose-dependency of cortical thickness in these frontal areas, but cortical thickness
of the right orbitofrontal area was correlated with age at diagnosis. The additional predictor of
depression appeared to play a role in group differences in cortical thickness of the
parahippocampal area. Besides these structural grey matter differences, only the latter region
showed significantly lower nodal strength in patients, which correlated with lower processing
speed in patients.

Structural cortical changes and risk factors

The medial- and orbitofrontal brain regions with lower GM density (based on the VBM analysis),
also showed lower cortical thickness (based on the SBM analysis). These findings could suggest
cortical thinning of the cortical layer, as well as decreased density at voxel-level in childhood
cancer survivors. Previously, Hakamata and colleagues (2007) also showed lower GM volumes
in the orbitofrontal regions, but specifically in adult cancer survivors suffering from a post-

traumatic stress disorder 3%°

. In our study, even after correction for depression, group
differences between patients and controls still remained significant in these regions.

By contrast, the parahippocampal area only showed lower cortical thickness, if not
corrected for depression. In other words, higher depression rates in patients might partly
explain lower cortical parahippocampal cortical thickness in this group. Previously, we detected
higher depression levels in the patient cohort compared to controls (see Chapter 5). Therefore,
we now aimed to investigate the group comparison for grey matter anatomy, both corrected
and uncorrected for depression. In cancer patients specifically, one study by Yoshikawa and
colleagues (2007) demonstrated smaller amygdala volumes in breast cancer patients who had
experienced a depressive episode, compared to control breast cancer patients 3% In this
regard, earlier studies also demonstrated lower cortical thickness of the orbitofrontal cortex
and temporal lobe areas in non-cancer patients who suffer from major depressive disorders
332 depending on the age of depression onset 333, Specifically, patients with a depression onset
at younger age, showed lower hippocampal volumes. These researchers previously
hypothesized age-dependent stress-related remodeling. In childhood cancer patients in
specific, traumatic experiences during cancer treatment could yield similar developmental
changes, resulting in long-term cortical changes up to adulthood in this specific region.
Recently, such neurobiological double hit hypothesis (i.e. effect of treatment combined with
stress) was posed by Marusak and colleagues (2017), suggesting specific vulnerability of the
hippocampus 334, Our current findings seem to be in line with this proposed hypothesis.

Unfortunately, we did not have any stress-related subjective, nor objective, measures
available during treatments. In this regard, higher stress levels (i.e. so-called allostatic load)
during cancer treatments and inefficient coping strategies, have been hypothesized to affect

the HPA-axis, and as such, indirectly affect emotional and cognitive side effects 3%°.
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The important impact of hormonal processes on the cerebral cortex was not only
evidenced by post-traumatic and depression studies in non-cancer patients, but also in cancer
studies including hormonal treatments 33°. More specifically, glucocorticoid responses to a
physiological stressor 337, as well as memory recall 337 in breast cancer patients appeared to
depend on specific hormonal treatments (e.g. gonadotropin-releasing hormone agonist, anti-
estrogen). Similarly, androgen deprivation for prostate cancer in men was associated with
lower frontal grey matter volumes 338, Hence, implementation of stress-related measures (both
subjective and biochemical markers) in future neuroimaging research, would yield additional
insights into potential interactions between chemotherapy doses and stress-related hormonal
responses at neurobiological level. Stress responses can additionally be affected by
socioeconomic environment 33%, which can have an important impact on cortical development.
For instance, parental education was previously associated with increased cortical thickness of
frontal areas 3%°. This can partly be explained by increased parental stimulation 34*. In order to
investigate cancer treatment-related effects, SES and BDI were included as covariates. Given
that the encountered group differences in frontal areas still remained after correction, we
assume that cancer (and its treatments) could decrease grey matter thickness and density.

With regard to age-dependency, we specifically showed frontal cortical thickness to
negatively correlate with age at diagnosis. Frontal brain areas are known to develop later
throughout neurodevelopment. More specifically, across the brain, the amount of grey matter,
cortical thickness and cortical complexity in general decrease throughout development 342343,
while the latter mainly increases in frontal areas 3**. This is thought to be an adaptive process
with increased selective pruning and decreased synaptogenesis, leading to improved executive
functioning throughout childhood 3#°. Given that the majority of our patients were treated
during adolescence (median age of 13.32 years old), this finding could demonstrate specific
vulnerability of frontal regions during treatment, possibly leading to inefficient pruning and
decreased cortical thickness.

In contrast to the surface-based approach in our study, earlier studies only investigated
grey matter volumes and grey matter densities using a voxel-based approach in adult oncology
patients (using a binary and weighted GM map, resp.). Evidence for decreased grey matter

volumes and density were consistently reported in adult breast cancer 1°>314-319

322

, ovarian cancer
320 testicular cancer 32, lung cancer 322 patients. However, cortical thickness (based on SBM)
was not yet explored, neither were these approaches implemented for childhood cancer
survivors before. Given that the SBM analysis in our study also yielded significant lower values
in frontal areas, cortical thinning could be hypothesized in addition to decreased GM density

during childhood cancer, with specific vulnerability during adolescence.

Functional cortical changes and functional outcomes

Besides the lower cortical thickness of the parahippocampal region in patients, this region also
showed lower functional nodal strength. Furthermore, this appeared to correlate with
processing speed values in the survivor subgroup. Given that the parahippocampal cortical
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thickness appeared lower in patients, only as long as it was not controlled for depression, this
region could potentially play a role in depressive scores as well.

The results of our surface-based analyses as well as nodal strength group comparisons
yielding the left parahippocampal area to appear as a significant region, might suggest a
structural as well as functional sensitivity of this region. We note that only 5 regions were
extracted for the functional nodal comparisons, based on the voxel- and surface-based results,
to limit the number of statistical tests. However, functional strength could be reduced rather
globally, and the difference in parahippocampal strength might not be as specific as was
hypothesized. In order to validate this specificity, the prevalence of significant group
differences in nodal strength of the remaining 80 rois was explored (with additional post-hoc
group comparisons of nodal strength across all regions, non-corrected). This additional
exploration yielded only 7 regions with different nodal strength values between the two groups,
including the left parahippocampal region. Such limited number of significant regions
strengthens the hypothesis of a specific vulnerability of the parahippocampal area. It is
hypothesized that the association between stress, hormonal alterations by the HPA-axis, and
structural and functional changes of the hippocampus, is mediated by high-affinity
glucocorticoid receptors in the hippocampus 3*¢. By mediating the feedback inhibition of the
HPA-axis 3*/, the hippocampus is assumed to be vulnerable for glucocorticoid-induced atrophy
348 known as the glucocorticoid cascade hypothesis 3430,

The functional nodal strength of the parahippocampal area appeared associated with
survivors’ processing speed. Although this region was historically mainly associated with
memory encoding and retrieval, hippocampal and parahippocampal subregions are proposed
to relate to multiple functional systems and behavioral outcomes 3°13>2 Given that the
parahippocampal strength was related to processing speed, the parahippocampal-prefrontal
system could be particularly of interest. The stronger thresholded connectivity between the
left parahippocampal area and the right orbitofrontal area in controls, could be in line with this
hypothesis. Consistently with our findings, an EEG study in childhood cancer survivors earlier
demonstrated lower processing speed in an auditory task 34, However, their study included 19
survivors, treated for leukemia with cranial RT. Our study extends these previous findings with
decreased resting-state fMRI connectivity of the parahippocampal area in survivors of solid
tumors who did not receive any cranial RT.

Furthermore, previous psychological research demonstrated the negative impact of

353 35 well as in adults 2°°.

depression and stress on information processing speed in children
Given that the survivor group showed elevated depression scores, this could specifically affect

processing speed in cases with clinical depression scores.
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Absence of network efficiency differences
Functional efficiency measures were not significantly different between patients and

controls. Similar to our findings, Kesler and colleagues (2017) recently demonstrated no group
differences in global efficiency in breast cancer patients, and only subtle differences in local

efficiency (at uncorrected p-level) 34,

Based on structural networks, Amidi and colleagues
(2017) also did not encounter global efficiency differences, but did encounter lower local
efficiency in testicular cancer patients 3. This suggests that (functional) networks are probably

not profoundly reorganized, but overall functional coherence might be lower in patients.

Limitations and future directions

Based on our study, we only reported lower density in cerebellar regions, but could not
provide information about the thickness of the cerebellar cortical layer. Unfortunately, using
the current techniques we applied, we were unable to derive the cortical thickness of the
cerebellum. Furthermore, to estimate functional coherence in the brain, we calculated positive
partial correlations between atlas-based areas. The calculation of partial correlations is
currently a standard implemented approach to estimate coherence between regions, as they
would remove sources of shared variance in oscillations with other brain areas 3°.
Furthermore, we regressed out the CSF and WM signals and denoised the data from noise
components. However, we did not regress out global BOLD signal, and ignored anti-correlations
(i.e. negative correlations). For both decisions pros and cons are disputable 3°. Regression of
the global signal might help remove non-neural related covariance between regions (e.g.
movement, respiration). However, it can also result in spurious artefactual anti-correlations. In
this study, we focused on positive correlation values in the connectomes only, since it remains
unclear whether anti-correlations in BOLD signal are biologically meaningful or not.
Furthermore, negative partial correlations in our dataset were limited to a very low correlation
range (<.2). As a consequence, we cannot exclude the possibility that negative values might still
appear valuable in future studies, once a biological interpretation of negative correlations
would become available. In addition, to investigate excitatory and inhibitory effects of regions
to other brain regions, dynamic analyses of the BOLD signals could provide more detailed
temporal information, as compared to partial correlations. Partial correlations provide a static
measure of coherence of regions across the entire fMRI acquisition (7mins). However, using a
specific time-window (i.e. dynamic analyses, dynamic changes in these networks (rather than
the size or strength of nodes and networks) might be affected during cancer treatments as well.

We focused mainly on nodal strength measures of brain regions showing lower density
or cortical thickness. This yielded lower strength of the parahippocampal region only. However,
studies often investigate all of the existing partial correlations between regions to regions, to
clarify specific localized “connection” differences. Given that 84 nodes were included in our
analyses, such approach would have resulted in 6972 connection comparisons. This would have
elevated the risk for type | errors, due to the high number of tests and possibly random
coincidence. Therefore, in order to limit the number of statistical tests, we only focused on
nodal strength of each node as a more robust measure, rather than ROI-to-ROI specific
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correlations. Nevertheless, we cannot exclude the possibility of brain area-specific differences
in functional coherence, which did not necessarily differ in nodal strength. Using our method,
specific connectivity changes could therefore have been missed.

Finally, this study investigated a group of solid tumor survivors, who were treated
according to different chemotherapeutic protocols. As these treatments and different ages at
diagnosis result in a heterogenous population, investigations of more complicated interaction
effects (e.g. between chemotherapeutic agents, and individual risk factors) require larger
sample studies.

7.6 Conclusion

This neuroimaging study of childhood cancer survivors integrated structural and functional grey
matter investigations, which suggested long-term cortical changes of cerebellar, frontal and
the parahippocampal area. With regard to the parahippocampal region, both cortical thickness
and functional strength appeared lower in patients, of which the latter seemed associated with
lower processing speed. Furthermore, cortical thickness of orbitofrontal areas correlated with
age at diagnosis. Based on this exploratory cohort study, we assume that treatment- or stress-
related neurotoxicity could depend on the age and emotional coping mechanisms of the child,
with frontal areas possibly being vulnerable during adolescence and parahippocampal areas
might depend on depressive symptoms. As previous oncology studies mainly reported changes
in attention, our findings of structural frontal and functional parahippocampal brain alterations,
could support the hypothesis of underlying neuronal remodeling during development.
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Longitudinal follow-up of childhood sarcoma patients:
interim analyses

Abstract

Neuroimaging and neuropsychological investigations in adult cancer patients increasingly
report treatment-induced neurotoxicity, resulting in cognitive changes. However, no
longitudinal studies exist in childhood solid non-CNS tumor patients who are treated with high-
dose intravenous chemotherapy without CNS-prophylaxis. Although case reports and our
survivor cohort study suggest leukoencephalopathy, the incidence and neurocognitive
outcomes are largely unknown. In this study, we acquired longitudinal MRI scans and
neurocognitive assessments in childhood bone and soft tissue sarcoma patients (aged between
2.17 and 18.33 years old (M=12.00, SD=4.46)). Test assessments were acquired at diagnosis
and 2 years after diagnosis in 24 bone and soft tissue sarcoma patients in total. Additionally,
MRI was acquired in 12 children at the start and end of treatment, of whom 6 were also
scanned 2 years after diagnosis. This interim study of preliminary data demonstrated acute
leukoencephalopathy in 6/12 of the included patients at the end of treatment. However,
neurocognitive assessments did not significantly change from baseline to follow-up. This study
suggests stable age-equivalent cognitive values, up to 2 years after diagnosis. This study will be
continued and more patients will be recruited, in order to address more subject-specific risk
factors for leukoencephalopathy. Future studies are highly recommended to also explore
emotional or fatigue outcomes, which were not included in this study. Finally, advanced multi-
modal neuroimaging techniques in larger sample childhood cancer studies could vyield
additional insights in underlying biochemical mechanisms and neurodevelopmental patterns.

Keywords: Acute leukoencephalopathy, non-CNS directed chemotherapy, childhood sarcoma
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8.1 Introduction

Although evidence for high-dose chemotherapy-induced neurotoxicity is slowly
increasing based on cross-sectional studies, the amount of longitudinal studies remains limited
357 With regard to childhood cancer, longitudinal neurocognitive studies were only performed
in childhood leukemia patients so far. These studies yielded subtle declines in intelligence

359 350 working memory 7, attentional and

scores *8, fine motor functioning °, verbal fluency
school difficulties 228361362 Often the intelligence scores appear lower than healthy controls,
but are still within the normal range %228, With regard to neuroimaging, clinical MRI scans have
evidenced acute leukoencephalopathy in leukemia patients as well. For instance, Reddick and
colleagues (2009) showed bilateral hyperintensities in leukemia patients on longitudinally
acquired T2-weighted MRIs 363, According to these researchers, such white matter damage
could initially lead to decreased processing speed, and other neurocognitive outcomes could
be affected in a secondary stage 3¢, Similarly, in adult leukemia survivors such acute lesions
were recently associated with long-term difficulties in task organization and initiation 23,

Although the evidence of subtle decreases in attention and leukoencephalopathy are
increasing in leukemia patients, such investigations were not reported in solid non-CNS tumor
patients yet. Important to note is that leukemia patients receive IT-MTX (i.e. CNS-directed
chemotherapy) combined with HD-MTX, which is not the case in solid non-CNS tumor patients.
Hence, both components could induce encephalopathy. However, some subgroups of non-CNS
tumor patients (e.g. osteosarcoma patients) also receive high doses of intravenous
chemotherapy (e.g. methotrexate, alkylating agents), which has been evidenced to induce
acute neurological symptoms and neurobiological toxicity *°.

Longitudinal neuroimaging studies in solid non-CNS tumor patients were only more
recently performed in adult cancer patients. These studies suggested structural as well as
functional brain changes after multi-agent chemotherapy treatments. Such neural alterations
were predominantly investigated in breast cancer 2423>315,318365371 't also testicular cancer
321,355 and gastric cancer patients 372, With regard to anatomical changes, widespread reduced
grey matter densities (in frontal 318321 parietal 32, occipital !> and temporal 3¢ areas) and
altered white matter microstructure 233> were encountered throughout the brain.
Furthermore, a number of functional MRI studies in adults evidenced altered fMRI BOLD signal
during rest 372, or during an active task 24367:363370373 These studies most consistently reported
signal changes in frontal regions during tasks which require working memory.

Although the amount of longitudinal imaging studies is increasing for adult cancer
patients, longitudinal studies are very rare in childhood non-CNS tumor patients. Still, case
reports of childhood cancer patients treated with high-dose intravenous chemotherapy also
showed treatment-induced leukoencephalopathy 233. Unfortunately, the prevalence of acute
leukoencephalopathy in childhood non-CNS tumor patients, and its clinical relevance currently
remains unknown. Hence, we launched a longitudinal study to explore developmental patterns
in leukoencephalopathy in current childhood bone and soft tissue sarcoma patients based on
preliminary data of FLAIR MRI neuroimaging, in combination with a comprehensive
neurocognitive test battery. Here, we present interim results of currently included patients. We
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explored whether significant evolution occurred in leukoencephalopathy and cognitive
measurements, whether age at diagnosis or MTX administration could be important risk
factors, and whether leukoencephalopathy was associated with neurocognitive outcomes.

8.2 Methods

8.2.1 Participants
In this study, 24 childhood bone and soft tissue sarcoma patients were recruited at diagnosis,

treated with multi-agent intravenous chemotherapy regimens including high-dose agents (i.e.
either HD-MTX or high-dose alkylating agents). 12 of these patients were treated for
osteosarcoma who received high-dose MTX. The other patients were treated for ewing
sarcoma (n=6), rhabdomyosarcoma (n=5) and non-rhabdomysosarcoma (n=1) with treatments
including high-dose alkylating agents (i.e. ifosfamide or cyclophosphamide). Patients were aged
between 2.17 and 18.33 years old (Mean=12.00, SD=4.46). For detailed patient characteristics,
see Table 8.1.

Table 8.1 Patient characteristics

DIAGNOSIS Osteosarcoma Ewing sarcoma Rhabdo- Non-
myosarcoma | rhabdomyosarcoma

TREATMENT EURAMOS1 EEOS8 EE12 RMS2005 NRSTS2005
NUMBER 12 4 2 6 1

AGE DIAGNOSIS 5.25-17.8 6.44-14.99 14.71-14.97 2.93-17.21 14.42

MTX (G/M?) 132-144 0 0 0 0

IFO (G/M?) 0-60 54-102 54-84 51-54 33

CYCLO (G/M?) 0 0-12 4.5-12 4.2-8.4 0

DOXO (MG/M?) 450 0 0 0-240 225
CISPLATIN (MG/M?) 480 0 0 0 0

Note. EEEEUROEWING. MTX=methotrexate, IFO=ifosfamide, CYCLO=cyclophosphamide, DOXO=doxorubicin. 1
patient received combined multi-agent treatments of EURAMOS and RMS.

8.2.2 Data acquisition
Of all included patients (n=24), 18 patients underwent a comprehensive neurocognitive

assessment at diagnosis, and 2 years after diagnosis. MRI scans were independently obtained
at diagnosis and end of treatment in 12 patients, of whom 6 underwent a third MRI scan
combined with the second neurocognitive test assessment (see Figure 8.1). These data were
used for preliminary analyses.

MRI scans included FLAIR images, which were visually rated by a neuroradiologist for
the level of leukoencephalopathy according to the Fazekas rating scale (see Chapter 5). These
ratings range between 0 (no lesions present) and 3 (most extensive white matter lesions). The
radiologist was blinded to the participant groups (scans were anonymized and randomly
organized). With regard to neurocognitive values, age-dependent assessments included
intelligence assessment (WPPSI-III, WISC-Ill, WAIS-1V), visual and verbal memory assessment
(CMS), visuomotor functioning (VMI) and attentional tasks (ANT) (as described in detail in
section 3.2.1). All scores that were extracted, were age-equivalent scores (i.e. compared to the
age-dependent norms).
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Since 2012 Since 2015
Neurocognitive Neurocognitive
assessments assessments + MRI
Diagnosis Neurocognitive Neurocognitive
assessment (n=27) assessment + MRI (n=12)
Passed away ﬂ

(n=6)
End of MRI scans
treatment Declined to participate (n=12)
(n=3)

2 years after Neurocognitive Neurocognitive Still in FU
diagnosis assessment (n=18) assessment + MRI (n=6) (n=6)

Figure 8.1 Schematic overview of the available (preliminary) data for analyses
Note. Since 2012, neurocognitive assessments were acquired at diagnosis and 2 years later. These data were used
for preliminary analyses of the behavioral data. In addition, since 2015 MRI scans were acquired at diagnosis, end
of chemotherapy, and 2 years after diagnosis. In total, 24 (18+6) patients were included in behavioral analyses,
while 12 patients were included for lesion classifications.

8.2.3 Data processing

First, evolution of both (ordinal) leukoencephalopathy ratings, and (continuous) cognitive
measures throughout time was investigated using the Wilcoxon signed rank test.

Second, the possible impact of age at diagnosis and MTX administration (vs. no MTX) on change
in these outcomes (i.e. difference scores between ordinal Fazekas ratings T2-T1, and
continuous cognitive scores T2-T1) was investigated with Spearman correlations, and Mann
Whitney U tests respectively. Similarly, changes in cognitive values were correlated with lesion
rating changes using Spearman correlations. All analyses were performed using SAS software
v9.4.

8.3 Results

8.3.1 Leukoencephalopathy Fazekas rating
The Wilcoxon signed rank test demonstrated a significant increase in Fazekas ratings (p=.0313)

(see Table 8.2). Out of the 12 patients who were scanned at diagnosis and end of treatment, 6
patients (50%) showed an increase in Fazekas score with > 1 grade difference. For 6 patients
who were also scanned 2 years after diagnosis, this rating remained stable.

Such change occurred in 4/7 (50%) of patients treated according to EURAMO0S2001, 1/1 (100%)
treated according to RMS, and 1 out of 4 treated (25%) according to EUROEWING.

Out of the patients who showed increased hyperintense FLAIR signal (i.e. more
extensive lesions), the majority (n=4/6) ratings increased with 1 grade (see Figure 8.2). For the
remaining 2 patients this increase reached even 2 (n=1) and 3 (n=1) grades of difference
between start and end of treatment. The latter patients were both treated with high-dose MTX
regimen.
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EURAMOS

M, 17

EUROEWING

F, 15

Figure 8.2 Fazekas rated FLAIR MRI scans for all patients at T1, T2, T3.

Note. T1 is at diagnosis, pre-treatment; T2 is end of therapy (i.e. approximately one year after diagnosis); T3 is 2
years after diagnosis. Fazekas rating O is indicated in blue, rating 1 in purple, rating 2 in orange and rating 3 in red.
F=female, M=male.
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Table 8.2 Descriptive statistics Fazekas ratings in childhood sarcoma patients

Outcome Tl T2

N Mean SD Med Min Max { Mean SD Med Min Max P

12 42 .51 .00 .00 100 { 117 94 100 .00 3.00 .0313*
FLAIR Fazekas Tl T3

N Mean SD Med Min Max {Mean SD Med Min Max P

6 .33 .52 .00 .00 1.00 { 1.50 1.05 150 .00 3.00 .0625

Note. T1=first MRI scan at diagnosis, T2=second MRI scan at end of therapy, T3=third MRI scan 2 years after
diagnosis; N=number of inclusions, SD=standard deviation, MED=median value, Min=minimum value,
Max=maximum value, p=p-value from Wilcoxon signed rank test comparing FLAIR rating at T1 vs. T2, and T1 vs.
T3, * indicates p-value <.05.

8.3.2 Neurocognitive functioning

The Wilcoxon signed rank tests comparing first and second neurocognitive assessments did not
show any significant changes in age-equivalent neurocognitive scores (see Table 8.3). Only one
borderline non-significant decrease was observed in age-equivalent reaction times on the
divided attention task with highest memory load (MS3, p=.0781). In addition, age at diagnosis
was not significantly associated with change in cognitive values, nor with Fazekas lesion
increases (see Table 8.4). Nevertheless, effect sizes (i.e. correlation values) reached relatively
higher values (p > .50) for correlations between age at diagnosis and VIQ (p=-.525) and divided
attention with memory load (p=-.643). Similarly, lesion load increases were not significantly
correlated with cognitive value changes (see Table 8.4). However, again regarding the effect
sizes , notice a relatively higher correlation between lesion increase and changes in PIQ (p=-
.632), baseline attention (BS, p=-.707), focused (FA, p=-.676) and divided attention task
specifically (MS, p=.676).

Finally, MTX administration (see Table 8.5) did not significantly predict cognitive changes or
lesion increase. Although stronger increases in Fazekas ratings were observed in case of MTX
administration, lesions also occurred in case of no MTX administration.
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Table 8.3 Descriptive statistics neurocognitive tests childhood sarcoma patients T1 and T2

Chapter 8

Test Subscale Tl T2
N Mean SD Median Min Max | Mean SD Median Min Max P
Intelligence  VIQ 13 10420 12.68 10500 8500 121.00] 98.08 1628 99.00 69.00 122.00 .1052
;\:]Vdppvs\/"A\l’g)'SCMQ 13 99.46 1978 98.00 68.00 133.00{101.20 17.75 104.00 73.00 128.00 .9854
FSIQ 18 101.40 1453 103.5 80.00 122.00{ 99.67 16.08 103.50 78.00 123.00 .3460
PS 16 92.88 2461 9250 22.00 124.00} 9456 12.50 92.50 70.00 117.00 .8306
Visual Learn 12 1025 245 10.00 7.00 14.00 | 1142 261 1200 7.00 1500 .2852
?;i/l”;(;ry Short 12 1075 222 1200 7.00 13.00 | 1167 137 1200 800 13.00 .2813
long 12 1033 246 1150 500 1300 9.83 310 1200 3.00 12.00 .7578
Verbal Learn 12 9.75 296 1000 600 1500 9.00 217 9.00 500 12.00 .4102
?;i/l”;(;ry Short 12 950 3.66 9.50 500 19.00 | 942 3.15 1050 4.00 13.00 1.000
long 12 850 224 9.00 400 1300 842 326 950 3.00 13.00 .7490
Visuomotor Visual 14 108.6 11.29 10250 97.00 128.00/101.60 12.39 10500 77.00 123.00 .0554
(VM) Motor 14 99.29 11.06 100.00 74.00 123.00{102.40 12.04 102.00 77.00 132.00 .3843
VM 16 9994 7.81 9950 86.00 111.00|100.40 11.00 100.00 75.00 117.00 .9142
Attention  BS 15 14 128  -30 -133 296 | 45 .97 15 -8 231 4883
(ANT) FA 13 23 97 .18 -140 186 | -45 91  -56 213 134 1272
FA2 13 -20 113 -49 -169 217 | -36 .70 -31 -142 95 4973
FAm 14 01 106 .06 -124 270 | 353 849 .19 -123 27.55 .1775
FAfp 14 36 141 .04 -1.07 329 | 157 509 -59 -1.07 1842 .6838
MS 13 -37 66 -22 -187 42 | -32 76 -48 -133 164 6233
MS2 13 -20 113 -49 -169 217 | -36 .70 -31 -142 95 4973
MS3 8 .39 122 .16 -123 235 | -46 .70 -42 -169 .56  .0781
MSm 13 -19 90  -22 112 219 | -12 96 -23 -118 197 .9460
MSfo 8 .23 128 .22 -167 218 | -40 79  -60 -1.20 .79  .1094

Note. Neurocognitive scores are age-equivalent for each assessment (Intelligence (Mean=100, SD=15), Memory
(Mean=10, SD=3), Visuomotor (Mean=10, SD=3), and Attention (Z-scores)). T1=first assessment at diagnosis,
T2=second assessment 2 years after diagnosis; N=number of inclusions, SD=standard deviation, Min=minimum value,
Max=maximum value, VIQ=verbal 1Q, PIQ=performance IQ, FSIQ=full scale 1Q, PS=processing speed, Learn=learning
phase of dot positions or word pairs in visual or verbal memory task resp., Short=short-term recall, Long=long-term
recall, VM=visuomotor task, BS=baseline speed, FA=focused attention, FA2=focused attention with memory load,
FAm=focused attention number of misses, FAfp=focused attention false positives, MS=memory search (divided
attention), MS2 and MS3= memory search with increased memory load; p=p-value from Wilcoxon signed rank test
comparing test scores at T1 vs. T2, * indicates p-value <.05.
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Table 8.4 Correlations between change in cognitive values, age at diagnosis and lesion rating

Age at diagnosis

Lesion rating difference 2y after dx

Development in values N p 95% Cl P N p 95% CI P
Lesions end treatment 12 -011 (-.581;.567) .9727

Lesions 2y after dx 6 .169 (-.752;.858) .7675

VIQ change 13 -525 (-.828;.058) .0649 4 .500 (-.904;.984)  .5828
PIQ change 13 -.055 (-.587;.513) .8615 4 -.632 (-.989;.867) .4560
FSIQ change 18  .061 (-.419;.512) .8129 6 -.338 (-.896;.672)  .5422
Processing Speed change 16 .030 (-.474,;.517) 9151 5 -.707 (-.975;.532) .2126
BS change 15 -.172 (-.625;.379) .5483 6 -.676 (-.955;.360)  .1546
FA change 13 126 (-.461;.630) .6878 5 447 (-.745;.948)  .4962
MS change 13 -.382 (-.764;.229) 2027 6 676 (-.360;.955)  .1546
MS2 change 13  -643  (-.875;-.116) .0158 6 .338 (-.672;.896)  .5422
MS3 change 8 -310 (-.826;.522) 4742 5 447 (-.745;.948)  .4962

Note. For each ‘change’ value, a difference score in cognitive values was calculated between testing 2years after
diagnosis and testing at diagnosis. ‘Lesions (end of treatment and 2y after dx)’ represent the differences between
lesion rating scores at these timepoints and the baseline lesion rating scores (at diagnosis). This value was correlated
with age at diagnosis. p=Spearman correlation, Cl=confidence interval.

Table 8.5 Prediction of developmental changes by MTX vs. no MTX

. No MTX MTX
Development in values
N Mean SD N Mean SD P

Lesions end treatment 5 40 .548 7 1.00 1.155 426
Lesions 2y after dx 3 .67 577 3 1.67 1.155 .302
VIQ change 8 -3.75 13.677 5 -10.00 6.964 .509
PIQ change 8 4.38 13.627 5 -2.40 5.941 .509
FSIQ change 10 -1.20 10.871 8 -2.38 8.314 .859
Processing Speed change 8 -.13 9.643 8 3.50 31.555 .958
BS change 8 47 1.847 7 A3 .960 .908
FA change 6 -.82 .860 7 -.55 1.564 943
MS change 6 .03 1.212 7 .08 457 431
MS2 change 6 -.16 929 7 -.15 1.525 1.00
MS3 change 3 -1.20 1.021 5 -.64 1.069 371

Note. For each ‘change’ value, a difference score in cognitive values was calculated between testing 2years after
diagnosis and testing at diagnosis. This value was predicted by MTX vs. no MTX using Mann Whitney U Tests.
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8.4 Discussion

This interim analysis of the ongoing study demonstrated acute leukoencephalopathy in 6/12 of
the included sarcoma patients at the end of treatment, which remained stable in patients who
were scanned 2years after diagnosis (n=6). Age-equivalent neurocognitive values remained
stable. No significant changes throughout time were encountered, nor did these values reach
clinical thresholds. Changes in scores were not significantly related to lesion extent, age at
diagnosis or MTX administration, but effect sizes could suggest some subtle trends.

With regard to leukoencephalopathy, MTX administration vs. no administration did not result
as a significant predictor of lesion increase. Still, the highest lesion ratings were detected in two
patients who were treated with high-dose intravenous MTX (i.e. app. 144g/m? cumulative
dose), as compared to patients treated with multi-agent regimens without MTX. Although
these intravenous doses are mostly higher than in leukemia treatments, more
leukoencephalopathy studies were conducted in leukemia patients so far. This is mainly due to
their CNS-directed chemotherapy treatment. Nevertheless, acute neurological symptoms
during chemotherapy were previously frequently reported in osteosarcoma patients 3°. Also,
higher doses of IV-MTX was earlier related to higher risk for leukoencephalopathy in leukemia
263 Therefore, HD-MTX-treated patients such as osteosarcoma patients could specifically be at
risk. Still, similar to our adult survivor cohort study (see Chapter 5), we also encountered
leukoencephalopathy in current childhood patients treated with other chemotherapeutic
agents excluding MTX (n=2). These patients (n=2) had both received multi-agent chemotherapy
containing ifosfamide, which is known for neurotoxicity in animal models (i.e. 54g/m?
cumulative dose,). So, lesions not only appeared in case of MTX administration and were not
limited to either younger or older patients. Besides these findings, some adult cancer studies
also evidenced leukoencephalopathy after multi-agent chemotherapeutic treatment 373374, For
instance, increases in Fazekas rating (+1) was recently demonstrated by Menning and
colleagues (2017) in breast cancer patients 23°. However, these ratings remained limited to
Fazekas 1 and 2, and were not significantly higher compared to healthy age-matched controls.

Furthermore, it could be noticed that some patients were rated Fazekas 1 at diagnosis
in our population. Fazekas > 0 indicates hyperintensity of the white matter on the T2-FLAIR
image. This MRI scan typically demonstrates a change from hyperintensity towards
hypointensity of the white matter between 0 and 2 years old 37>37®, Still, terminal zones of
myelination can remain hyperintense up to 4 years old 3’7, Therefore, Fazekas is typically rated
O in children older than 4 years old. Given that all patients were at least 7 years old, one would
expect Fazekas rating O at diagnosis. Although Menning and colleagues did not encounter more
Fazekas 1 ratings in breast cancer patients prior to treatment, compared to controls; they did
also show a few cases showing Fazekas 2 at diagnosis, which was not observed in controls 373,
In childhood leukemia studies however, no baseline data prior to treatment were available to
compare to our baseline ratings 2%3. Whether subtle underlying neural damage is already
present at baseline will therefore require advanced imaging future studies. Also, quantitative
analyses of the lesions will become increasingly valuable in future research, as such methods
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are less dependent on inter-rater variability. Such quantitative estimations of lesion loads could
include automatic segmentation of lesion volumes.

After the earlier childhood cancer studies which focused on leukemia patients treated
with HD-MTX, this is the first prospective study in childhood patients treated with other
intravenous agents. Nevertheless, the sample size of patients showing lesions in this interim
analysis, currently remains too small (i.e. 6/12) to address the risk of specific agents or
additional risk factors. Given that not all patients showed leukoencephalopathy, subject-
specific mediating factors are still highly probably. Biological mediators that could play an

important role in leukoencephalopathy occurrence, include metabolism alterations 2°9,

259 378 .., which were not acquired in the

inflammatory processes <7, vascular supply changes
current study. To address such underlying mechanisms, biochemical measurements or multi-
modal neuroimaging could add information in future research.

Furthermore, although leukoencephalopathy visually appeared to decline throughout
time, the rating categories (as categorized by the clinical neuroradiologist) remained stable. In
contrast to such stable visual ratings, previous quantitative diffusion-weighted MRI studies
have shown recovery patterns in diffusion metrics in adult breast cancer 269374 and lymphoma
37 patients, as well as adult survivors of childhood sarcoma in our previous cohort study 37°.
Such recovery patterns could be dose- and interval-dependent. In the breast cancer patients,
recovery was encountered 3-4 vyears after treatment. Therefore, additional follow-up
assessments including advanced neuroimaging techniques would be interesting to address
temporal patterns of neurobiological mechanisms and underlying pathology. Given that not
only high-dose MTX-treated patients showed lesions, such longitudinal studies could become
important to implement in multiple childhood cancer populations (treated with multi-agent
regimens).

With regard to neurocognitive functioning, no significant findings were encountered.
Given that this study was only an exploratory analysis, with a limited amount of data available,
the reported p-values are to be interpreted with caution. On one hand, a large number of tests
was performed which increases the risk of false positive results. On the other hand, a low
number of observations is associated with lower sensitivity and could increase the risk of
missing real underlying effects. Therefore, results are assumed only to be hypothesis-
generating, and reported effect sizes might be more valuable compared to p-values.

Still, correlations between lesion change, decrease in PIQ, processing speed, divided
attention and the negative association with improved baseline speed, could be assumed
relatively high (i.e. >.50). Although this group is more heterogenous in age at test assessment,
and we could not correct for SES or depression (given low number of inclusions), underlying
associations between lesions and decreased attentional reaction times would confirm our
findings of the adult cohort study (Chapter 5). Due to such acute neural damage (e.g. observed
leukoencephalopathy), neurodevelopmental patterns could be affected with a delay later in
neurodevelopment (e.g. decreased white and grey matter density as well as decreased

processing speed in adulthood, which we encountered in the survivor cohort study). Still, the
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non-significant p-values in the current study encourage to interpret the encountered effect
sizes only very cautiously. Currently such interpretations remain very hypothetical.

Finally, although we did not detect change throughout time, we cannot exclude the
possibility of delayed development, given that healthy controls were not included in the current
study. Steeper learning curves could appear in healthy participants, which would then still
suggest subtle delayed cognitive development. Furthermore, the observed
leukoencephalopathy could induce other psychological complaints besides cognitive decline as
well. Emotional complaints (e.g. depression, anxiety, ...), fatigue, etc. could still occur due to
neural damage, and possibly play a long-term role in (cognitive) functioning of adult survivors
of childhood cancer. Therefore, future large sample longitudinal studies are recommended,
including questionnaires, as well as sibling or healthy matched control data.

8.5 Conclusion

This study demonstrated acute leukoencephalopathy in 6 of 12 included current childhood
sarcoma patients treated with different chemotherapy regimens. Nevertheless, age-equivalent
cognitive values appeared rather stable from diagnosis up to 2 years after diagnosis. These
interim results point towards acute lesions, but no obvious acute cognitive symptoms.
However, these findings will need confirmation in the future (after sufficient data collection).
Expansion of this research is recommended to address subject-specific risk factors for
leukoencephalopathy, its underlying biochemical mechanisms, as well as emotional processes,
which were not included in the current study, but could influence long-term outcomes in adult
survivors. Finally, more advanced neuroimaging techniques in large sample childhood cancer
studies could yield insights in microstructural neurodevelopmental patterns.
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What the future might hold:
the human connectome in case of neural damage

Abstract

We previously demonstrated the possible occurrence of leukoencephalopathy after
chemotherapy in non-CNS tumor patients. In case of such visually observable and extensive
neural damage, neural integrity could be not only reduced locally, but also induce secondary
brain damage. Such cascade effects could possibly lead to profound reorganization of the
underlying brain network, or the so-called ‘connectome’. However, larger samples are required
to investigate brain topology in childhood cancer survivors demonstrating clear long-term
neural damage. Therefore, 21 childhood infratentorial tumor survivors were recruited in this
final study, for whom a long-term infratentorial lesion (i.e. cavity) is consistently present. Based
on diffusion-weighted MRI scans, multiple recent analyses were implemented to investigate
microstructural reorganization and topology of supratentorial white matter (i.e. the well-
known voxel-based approach, a more tract-specific (fixel-based) analysis, and finally a graph
theoretical approach). In addition to previous findings of widespread decreases in FA (based on
voxel-based analyses), fixel-based analyses enabled us to dissociate macro- from
microstructural changes, in infratentorial vs. supratentorial brain areas, respectively. In
addition, graph theoretical analyses evidenced that local reorganization mainly occured in core
connected regions, which could suggest specific vulnerability of these areas. Based on this
multi-method approach we discuss the differential findings, their link with intelligence
subscales, and pros and cons of these methods in case of observable neural damage.
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9.1 Introduction

This thesis mainly comprised neuroimaging and neurocognitive investigations of childhood
cancer patients and survivors, who were treated for non-CNS tumors, with local treatment
(surgery and possibly radiotherapy) and systemic chemotherapy. These patients did not
experience CNS invasion or cranial radiotherapy. In other words, one would not expect direct
neurotoxicity, given the presumably protective blood-brain-barrier and no CNS-prophylaxis was
applied. Nevertheless, we demonstrated that high-dose intravenous chemotherapy could
engender visually detectable leukoencephalopathy; and even if lesions are not visually
detectable, subtle brain alterations could occur due to therapy.

Advanced neuroimaging techniques currently deliver the opportunity to estimate white
and grey matter differences at more detailed (i.e. voxel) level, which are not easily detected by
a clinician (on a clinical scan by the radiologist, or in asymptomatic patients by the oncologist).
Such imaging methods were discussed in the previous chapters, in which we implemented well-
known voxel-wise statistical group comparisons, comparing brain MRI images of non-CNS
tumor survivors to healthy controls. These studies demonstrated multiple brain areas to be
affected at microstructural level by high-dose intravenous chemotherapy. In all existing imaging
studies to date, the extent of these regions partly depends on significance thresholds that are
applied. More diffuse patterns are encountered in case of less stringent statistical thresholds.
By applying a more stringent threshold, the most significant brain areas remain, which are most
often interpreted as being ‘most affected’. Linking these specific regions with behavioral
outcomes, is in line with the localism view. In this context, the double dissociation hypothesis
states a direct relationship between neurobiology and behavior: a lesion in region A is
associated with lack of behavioral function A, while this behavioral function is preserved in case
of a lesion in brain region B, whereas the latter lesion is associated with lack of behavioral
function B, which is independent of the integrity of region A 38,

However, the brain is increasingly perceived as a complex network, consisting of
interacting regions. More specifically, the diaschisis hypothesis suggests that damage to one
brain region also results in secondary damage to another region 382, Such cascade effects are
even more probable in case of extensive neural damage, and could highly affect the underlying
brain network. This has been evidenced previously in neurological conditions such as epilepsy,

383 which can result in a wide range of psychological sequelae

traumatic brain injury, stroke, ...
or neurological syndromes.

In childhood cancer specifically, long-term neural damage and cascade effects are
clearly evident in brain tumors. Two-third of these patients are diagnosed with a infratentorial
brain tumor (i.e. located below the tentorium). These patients often suffer from neurocognitive
deficits 384, given that their brain maturation is highly affected by the long-term lesion itself, as
well as by each constituent of the treatment. Initially, the brain tumor leads to high intracranial
pressure and related acute symptoms (e.g. nausea, headaches, loss of motor coordination,
speech, ...). Their treatments can include neurosurgery, additional (craniospinal and/or local)
photon/proton beam radiotherapy (RT), and/or chemotherapy.

Due to neurosurgery, specific white matter tracts might be damaged, which can lead to
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acute and long-term emotional, motor and speech deficits 38>, This might be explained by
secondary (not only local) damage after surgery. More specifically, damage to the infratentorial
region could also result in hypoperfusion of supratentorial regions 38638’ From a functional
connectivity perspective, functional cerebello-cerebral networks also demonstrated specific
subregions of the cerebellum to be part of specific supratentorial networks 38389 This provides
a possible explanation for cognitive difficulties (e.g. working memory) depending on the specific
cerebellar tumor location 3. From a structural connectivity perspective, also tractography
studies evidenced fronto-cerebellar white matter tracts to be involved both in post-surgical

31 as well as in working memory difficulties 3°2. Besides the tumor (lesion) itself and

mutism
neurosurgery, cranial radiotherapy was abundantly associated with widespread brain damage
and an extensive range of long-term endocrine and neurocognitive symptoms 393739,
Consequently, in infratentorial tumor patients, a large long-term impact on quality of daily life
was reported 3%,

To investigate underlying neural underpinnings of psychological symptoms, multiple
neuroimaging approaches can be applied. Although previous studies have shown long-term
widespread brain injury in childhood infratentorial tumors survivors, the microstructural
reorganization of white matter tracts remains unclear given the heterogeneity in the applied
methods. To investigate white matter microstructure, voxel-based analyses of diffusion tensor
(DTI) metrics are most frequently applied. However, as demonstrated in Chapter 6, the DTI
model is increasingly criticized for lack of sensitivity to microstructural changes (especially in
crossing fiber areas). One alternative is the recently developed fixel-based analysis (presented
in Chapter 6), which could dissociate micro- from macrostructural changes. Still, in case of a
neural attack (such as the occurrence of a brain tumor), the brain network, or so-called
connectome, can be highly affected, leading to reorganization of the brain connectivity and
brain topology 3. Such topological changes cannot be investigated using voxel- or fixel-based
approaches only. In this regard, graph theoretical approaches now receive more attention. It is
hypothesized that most densely connected regions (i.e. so-called hubs) might be specifically
sensitive to neural damage in some diseases or toxic events 3/, For instance, we demonstrated
strongest decreases in fiber density in the corpus callosum of non-CNS tumor survivors
(Chapter 6).

To investigate whether specific brain regions are more vulnerable to treatment-induced
toxicity, and their functional impact, we investigated diffusion-weighted MRI scans and
neurocognitive outcomes in long-term survivors of childhood infratentorial tumors. The main
aim of this study was to integrate information of multiple analysis techniques estimating
structural connectivity in these survivors. These approaches included the well-known voxel-
based approaches, as well as more tract-specific (fixel-based) analysis and finally a graph
theoretical approach. We will discuss the subgroup comparison findings, their link with
intelligence subscales, and differential interpretations of these different methods.
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9.2 Methods

9.2.1 Participants
21 childhood infratentorial tumor survivors were recruited (median age at diagnosis 7.8 years,

range: 2.8-18.4 years; median age at assessment 25.3 years, range 16.4-34.8 years; >2 years
post-treatment), who were treated between 1991 and 2015 for a pilocytic astrocytoma (n=8),
ependymoma (n=1) or medulloblastoma (n=12) at the Pediatric Hemato-Oncology Department
of University Hospitals Leuven. Details of treatments are presented in Table 9.1. 21 age-,
gender- and education-matched controls were recruited via online forums. The study was
approved by the ethical committee of UZ Leuven. All participants (>18 years old) had signed
the informed consents to participate in the study. Parents (of participants <18 years old) were
also requested to give assent.

9.2.2 Data acquisition

9.2.2.1 MRI neuroimaging
Multishell DWI and T1-weighted MR-scans were acquired on a 3T Philips Achieva MRI scanner

with a 32-channel phased-array head coil. The DWI imaging scheme consisted of b-values 700,
1000 and 2800 s/mm?, applied along 25, 40 and 75 uniformly distributed gradient directions
respectively, in addition to 10 non-diffusion-weighted images (b=0) (TR/TE=7800ms/90ms, 50
slices, 2.5mm x 2.5mm x 2.5mm).

T1-weighted MR-scans (TR/TE=4.6ms/9.6ms, 160 slices, .98 x .98 x 1.2mm) were used for
anatomical reference. More specifically, the grey matter cortical layer from the T1-weighted
MRI scan was used as the edge for diffusion-based tractography (i.e. so-called anatomy-
constrained tractography) (see section 9.2.3.4 and 9.2.3.5). In addition, the anatomical T1-
weighted MRI scan was also used for mapping of anatomical regions, in order to construct a
structural brain network (i.e. connectome; see section 9.2.3.5).

9.2.2.2 Neurocognitive assessments
Besides MRI neuroimaging, neurocognitive assessments were acquired including estimations

of intelligence, verbal and visual memory, attentional functioning, and language (abbreviated
version of the WAIS-IV intelligence test 8%, Auditory Verbal Learning Test (AVLT) 1%, Rey Visual
Design Learning Test (RVDLT) 2, Amsterdam Neuropsychological Task battery (ANT) &/,
Peabody Picture Verbal Task (PPVT) 3%, Controlled Oral Word Association Test (COWAT) 3%).
Subjective experiences were estimated using self-reported questionnaires (the State Anxiety
Inventory (STAI) 4%, Beck Depression Inventory (BDI) 178, Behavior Rating Inventory of Executive
functioning (BRIEF) % Cognitive Failure Questionnaire (CFQ) *’° and Quality of Life (Qol)
Questionnaire 17°). All behavioral data were acquired on the same day as the MRI scan.
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Table 9.1 Patient characteristics

Patient Ageat Time Tumor Surgery Craniospinal Posterior Tumor Multi- Intraventricular HD-MTX Fazekas Metastasis Relapse
dx since type RT FossaRT bedRT agentCT MTX FLAIR
(years) treatment rating
(years)
1 33 19.9 PA + - - - - - - 1 - f
2 11.1 15.0 MB + + - + + - - 1 - -
3 7.3 9.2 PA + - - - - - - 1 - -
4 4.6 22.7 MB + + + - - - - 0 + -
5 10.8 21.5 MB + + + - - - - 1 - i,
6 2.9 19.5 MB + + + - + + + 2 + _
7 18.4 1.5 MB + + - + + - - 0 - .
8 10.2 20.0 PA + - - - . - B, 0 _ +
9 4.5 17.6 PA + - - - - - - 0 - -
10 7.8 17.0 PA + - - - - - - 1 B, i,
11 3.2 16.2 PA + - - - - - - 0 B, i,
12 13.3 17.2 MB + + + - + - - 1 - i,
13 11.6 10.0 PA + - - - - - - 0 B, i,
14 8.8 15.6 PA + - + - - - - 0 B, +
15 3.2 5.2 MB + + + - + + - 0 + +
16 7.1 219 MB + + + - - - - 0 . -
17 12.9 4.8 MB + + + - + - - 1 - .
18 7.2 16.8 MB + + + + + + + 2 + .
19 4.8 20.3 MB + + + - + + + 1 + i
20 8.0 26.0 EP + - + - - - - 1 - i,
21 14.0 5.2 MB + + + + + + + 3 + _

Note. PA= pilocytic astrocytoma, EP= ependymoma, MB= medulloblastoma, dx= diagnosis, MTX= methotrexate, HD-MTX= high-dose methotrexate, RT= radiotherapy, CT=
chemotherapy. Metastases that were detected, were located in the spine. As could be inferred, patients showing Fazekas lesion rating 2 or 3, were treated with intraventricular
MTX combined with high-dose MTX in addition to cranial radiotherapy. + indicates the inclusion of the treatment constituent or symptom occurrence, - indicates the absence.
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9.2.3 Data analyses

9.2.3.1 Behavioral analyses
One MANOVA analysis was performed to compare behavioral outcomes between the patient

survivor group and healthy controls. Since SES did not significantly differ between the two
groups, SES was not included as covariate. In order to restrict the number of analyses, we
further focused on the link between imaging parameters and the subscales of behavior showing
the most significant differences between groups only (p<.001).

9.2.3.2 Preprocessing
All preprocessing and analyses were performed using MRtrix3 4%, First, DWI images were

denoised using Marchenko-Pastur-Principal-Component-Analysis 4%, Gibbs ringing was
removed “%. Images were then corrected for motion and distortion, and bias field corrected
using ANTs bias field correction ?%°. Intensities of the images were normalized across the
complete group. These preprocessed images were subsequently used for the following
statistical group comparisons. 2 patients were excluded from the imaging analyses due to
mechanical shunt artefacts.

9.2.3.3 Voxel-based statistics
First, Apparent Diffusion Coefficient (ADC) maps were calculated. Second, DTI-derived

Fractional Anisotropy (FA) maps were computed. Voxel-wise group comparisons (patients vs.
controls; irradiated patients vs. non-irradiated patients) were performed for both types of
maps using a non-parametric approach in MRtrix3 (i.e. voxel-based permutation testing with
threshold-free cluster enhancement).

9.2.3.4 Fixel-based statistics
Besides most often calculated DTl measures (e.g. FA), we applied the more recent CSD model,

which yields fiber orientation distributions (FODs) (see Chapter 6). This enabled us to compute
FOD-derived parameters, such as Apparent Fiber Density (AFD) and Fiber Cross-section (FC)
(i.e. so-called fixels, see Chapter 6). As mentioned earlier, the so-called fixel-based approach
was recently hypothesized to dissociate microstructural from macrostructural white matter
properties, based on AFD and FC, respectively.

In this study, tissue-specific fiber orientation distributions (FODs) were estimated in each voxel
of the DWI image, using multi-tissue constrained spherical deconvolution and T1-based tissue
segmentations %, In order to achieve the latter, anatomical T1 images were first segmented
in native space based on 6 tissue priors (i.e. grey matter, white matter, CSF, bone, soft tissue

and background) using the CAT toolbox 33!

, subcortical grey matter was segmented using FSL
405 These T1-images were rigidly registered to diffusion space (FSL, boundary based cost
function). The FODs were then estimated for each tissue type separately, and the GM
segmentation was later on used for anatomically constrained tractography. Similar to the voxel-
wise comparisons, again non-parametric group comparisons of these fixel-based values were

performed (patients vs. controls; irradiated patients vs. non-irradiated patients).
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9.2.3.5 Connectome-based statistics
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Figure 9.1 Graph construction based on tractography

Note. Structural connectivity graphs were constructed for all participants separately. First, the AAL atlas was non-
linearly registered to subject-specific T1-weighted MRI scan. Second, T1-weighted MRI scans were segmented into
tissue priors, in order to dissociate white and grey matter. Third, the AAL parcellations in subject space were
linearly registered to diffusion-weighted MRI scans in order to dissociated brain regions in diffusion images.
Fourth, wholebrain tractography was calculated for preprocessed diffusion-weighted MRI scans. Fifth, based on
the regions of the AAL atlas and wholebrain tractography, graphs were constructed (using in-house matlab scripts)
based on track weights (calculated using SIFT2). These track weights were then used to calculate graph theory
parameters (using the matlab-based Brain Connectivity Toolbox). Graph theory parameters included global
efficiency, local efficiency and average nodal strength.
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Based on graph theory, a brain network (i.e. graph or connectome) can be constructed
consisting of brain regions (so-called nodes) and connectivity values (so-called edges). The
structural organization of the brain is perceived as efficient if a low number of brain regions
(nodes) are densely connected to their subnetwork regions (i.e. within-module nodes), which
is reflected in high so-called global and local efficiency “°®.

For each subject, subject-specific connectomes (i.e. connectivity graphs) were constructed (see

407 was

Figure 9.1). More specifically, to construct these connectomes, the AAL-atlas
nonlinearly registered to individual brain-extracted T1-images, using FSL (mutual information
cost function). Once in native space, these were rigidly registered to DWI space (boundary
based cost function).

Based on the preprocessed DWI images, 10 million whole-brain tracks were generated
using anatomically-constrained probabilistic tractography, based on the FODs %%8. The resulting
tractography was further processed using Spherical-deconvolution Informed Filtering of
Tractograms (SIFT2)%%°, which weighs the tracts proportionally to the entire whole-brain
tractography.

To construct the connectivity graph, connectivity (i.e. ‘edge’) values were calculated for
the tracks connecting the supratentorial AAL regions only. These connectivity (i.e. ‘edge’) values
represented the sum of the tract weights (i.e. relative contribution of the tract streamline to
the FOD cross-section) %1%, Based on these values, graphs were constructed (using in-house
matlab scripts), which were analyzed for graph theory parameters (using the matlab-based
Brain Connectivity Toolbox). Graph theory parameters included global efficiency, local
efficiency and average nodal strength. Global efficiency is defined as the inverse of the average
shortest path length (i.e. number of edges connecting the nodes). Local efficiency is an
equivalent measure for specific nodes and its neighbors. Finally, nodal strength is the total
connectivity strength of a node (i.e. sum of all edge weights of a node).

These values were compared between patients vs. controls, for a range of network densities,
as implemented previously .

9.2.3.6 Imaging, radiotherapy and behavior
Subject-specific imaging metrics were extracted from the abovementioned analyses (sections

9.2.3.3, 9.2.3.4, 9.2.3.5). More specifically, these included average FA and average
microstructural AFD values of the significant group comparison resulting regions, as well as
global efficiency and local efficiency. The latter two values were ‘cost-integrated values’ as they
were averaged across a range of thresholded networks (i.e. network density). The minimal
proportional threshold of this range was selected explaining at least 95% of the overall network
connectivity for all subjects.

All of these derived final values (i.e. FA, AFD, global and local efficiency) were compared
between irradiated (n=13) and non-irradiated patients (n=6), in order to detect the potential
impact of radiotherapy. Second, these values were inter-correlated (to check interdependency)
and correlated with behavioral subscales within the patient subgroup in order to check
functional relevance of these measures. As mentioned in section 9.2.3.1, only most significantly
different behavioral subscales between patients and controls were used for the latter analysis.
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9.3 Results

9.3.1 Behavioral analyses
As could be inferred from Table 9.2, patients on average scored worse on a wide range of

behavioral subscales. Most significant subscales included the intelligence scales acquired using
the WAIS-IV, verbal learning and PPVT. In order to restrict the number of tests for associations
between neuroimaging and behavior, we correlated the WAIS subscales with imaging metrics
in section 9.2.3.6.

Table 9.2 Significant behavioral outcomes for patients vs. controls

Outcome Patients Controls Group comparisons
Mean SD Mean SD F p 7
WAIS-IV-NL subscale

FSIQ 80.10 12.73 107.85 14.42 42.79 <.001** .523
VClI 84.33 15.93 108.55 16.76 22.51 <.001** .366
PRI 87.52 12.70 108.05 14.35 23.57 .<.001%** 377
WMI 80.90 19.63 103.80 13.98 18.35 <.001** .320
PSI 78.00 13.87 102.80 13.79 32.95 <.001** 458

AVLT subscale
Learning phase -1.98 1.01 -.875 1.35 8.77 .005* .184
Delayed recall -1.53 1.02 -.460 1.58 6.76 .013* .050

RVDLT subscale
Learning phase -1.43 1.47 .376 1.55 14.67 <.001** 273
Immediate recall -1.35 1.70 .257 1.61 9.68 .003* .199
PPVT 88.14 16.59 108.30 11.53 20.21 <.001** 341

ANT divided attention®
Reaction time .64 1.77 -.49 1.17 5.73 .022* 128
Number of errors 74 2.01 -.48 91 6.13 .018* 136
BRIEF subscale emotion 54.29 12.44 45.70 5.69 7.94 .008* .169
regulation

PedsQL Physical 614.29 165.18 703.75 80.81 4.77 .035* .109

Note. FSIQ=Full Scale IQ, VCI=Verbal comprehension Index, PRI=Perceptual Reasoning Index, AVLT=Auditory
Verbal Learning Test, RVDLT=Rey Visual Design Learning Test, PPVT=Peabody Picture Vocabulary Test,
ANT=Amsterdam Neuropsychological Tasks, BRIEF=Behavior Rating Inventory of Executive functioning,
SD=standard deviation; * indicates p<.05, ** indicates p<.001, ° divided attention task of the ANT (MSL) with
highest memory load, i.e. “look for 3 characters”.

9.3.2 Voxel-based

As shown in Figure 9.2, widespread significant group differences were encountered with regard
to FAand ADC in patients vs. controls. More specifically, lower FA and elevated ADC were found
in white matter areas in patients in the corpus callosum, cortical spinal tract, cingulum and
cerebellar tracts.
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Figure 9.2 Voxel-wise group comparison results (patients vs. controls) FA and ADC
Note. Lower FA (fractional anisotropy) in patients is depicted in orange, higher ADC (apparent diffusion
coefficient) in patients is depicted in blue (FWE-corrected, p<.05). No significance was found in the opposite
directions.

9.3.3 Fixel-based

By contrast, based on the fixel-based group comparison (see Figure 9.3), microstructural
alterations of AFD were found in supratentorial as well as infratentorial brain regions; whereas
differences in FC were only encountered in the brainstem and cerebellum (i.e. infratentorial
brain areas).

Figure 9.3 Fixel-based group comparison results (patients vs. controls) AFD and FC
Note. Lower AFD (microscopic, apparent fiber density) in patients is depicted in orange, while lower FC
(macroscopic, fiber cross-section) in patients is depicted in blue (FWE-corrected, p<.05). No significance was found
in the opposite direction.
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Table 9.3 Statistical values of voxel- and fixel-based group comparisons

Outcome Patients Controls Group comparisons
Mean SD Mean SD Cluster size
(# voxels)
Fixel-based analysis
AFD 4433 0122 5514 .0087 505
FC 9036  .0393 1.1113 .0141 817
Voxel-based analysis
FA .3460 .0080 4236 .0038 378
ADC .0011 <.001 .0008 <.001 1762

Note. AFD=Apparent Fiber Density, FC=Fiber Cross-Section, FA=Fractional Anisotropy, ADC=Apparent Diffusion
Coefficient. For statistical analyses of FC, logarithmic transformation of the data was performed, as suggested by
Raffelt and colleagues. 10914 white matter voxels were included in the group comparison analyses.

9.3.4 Connectome-based
As the network density range of 1-28% explained at least 95% of the overall network

connectivity for all subjects (see Figure 9.4 ), this range was used to calculate subject-specific
average (‘cost-integrated’) values of global efficiency, local efficiency and average nodal
strength, across these thresholded stronger networks (i.e. lower network densities). Based on
the subject-specific connectomes, global efficiency appeared significantly lower in patients for
the entire network density range (see Figure 9.5, panels A). By contrast, local efficiency as well
as average nodal strength were also significantly reduced, but only for lower network densities,
i.e. only for core network connections.
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Figure 9.4 Percentage of total energy for each network density

Note. For all subjects, the percentage of energy (i.e. sum of edge weights) is depicted for each network density.
The arrow indicates the position where 95% of the total energy is reached for the subject with the lowest energy-
cost-function. This value appears to be 28% of network density. Hence, for cost-integrated values, graph theory
metrics were averaged across the thresholded networks with 1-28% network density (i.e. area colored in grey).
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Consequently, cost-integrated (i.e. averaged across the stronger 1-28% network density
thresholds) global and local efficiency were significantly lower in patients in core connectomes
(see Figure 9.5, panels B).
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Figure 9.5 Global and local efficiency for each network density

Note. On the left, for each network cost (i.e. the selection of 1-80% strongest connections of the network), average
nodal strength values, average global efficiency and local efficiency for each group are represented, in upper,
middle and lower panel, resp. Black signs indicate p-values of one-way ANOVAs: + indicates p<.05, V indicates
p<.0, * indicates p<.001. On the right, boxplots show the group averages (and deviations) of these values, ‘cost-
integrated’ (i.e. averaged) across the range of low network densities (<.28 network density, i.e. thresholded
networks including core connections). For cost-integrated measures of average nodal strength, global efficiency,
local efficiency, p-values of one-way ANOVA were p=.0289, p=.0178, p=.0114, respectively (* indicates p<.05).
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Average connectomes for patients and controls are depicted in Figure 9.6. As could be visually
interpreted from this figure, nodes clearly appeared less densely connected in patients
compared to controls. Although global efficiency appeared lower in patients compared to
controls for the entire network cost range, local efficiency was only lower if connectomes were
thresholded for subject-specific core (i.e. ‘strongest’) connections. This could suggest core
connections to be (less efficiently) reorganized locally, while non-core (i.e. less dense)
connections would not be locally modified in topology.

To investigate the hypothesis of vulnerability at nodal level, nodal strength (i.e. sum of
track weights of the node) of all AAL atlas regions in patients vs. controls are depicted in Figure
9.7 . More specifically, all brain regions (nodes) were ordered according to their average nodal
strength in healthy controls (i.e. assumed as “healthy regional connectivity strength”). This
figure appears to confirm the hypothesis that most of the significant group differences in nodal
strength mainly occurred in the regions that were most densely connected in healthy controls
(towards the right side of the graph). These more densely connected regions could be viewed
as railway stations (or ‘hubs’ in graph theory).
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Figure 9.7 Nodal strength ANOVA group comparisons (patients vs. controls), ordered by nodal

strength of healthy controls
Note. All 90 brain regions are ordered according to their average strength in healthy controls. Most of the
significant group comparison results are located on the right of the graph, suggesting the most densely connected
areas to be mostly affected in patients. Furthermore, more variance can be observed in the more strongly
connected regions. * indicates p<.01, FDR-corrected for 90 nodes.
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9.3.5 Imaging and radiotherapy

None of the group comparisons yielded significant differences between irradiated (n=13)
vs. non-irradiated (n=6) patients. This was the case for voxel-wise comparisons, nor fixel-based
comparisons, nor efficiency measures across density ranges.

Similarly, if we investigated nodal strengths for all atlas regions depicted for irradiated
patients vs. non-irradiated patients (see Figure 9.8), one should note that variability in both
groups largely overlapped for all of the brain regions, and no significance was encountered.
Both groups showed high within-group variability in nodal strength, which appeared most often
in patients who had received radiotherapy.
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Figure 9.8 Nodal strength ANOVA group comparisons (irradiated patients vs. non-irradiated
patients), ordered by nodal strength of healthy controls

However, the abovementioned group comparisons could be less sensitive to significance
due to the low number of inclusions, and stringent correction for multiple tests (e.g. voxel-
wise). By contrast, if the extracted values of average FA, average AFD (of regions showing
significant group comparison results), and cost-integrated global and local efficiency were
predicted by RT vs no RT in a basic one-way ANOVA model, a significant association wase found
between RT and the diffusion-derived metrics of FA and apparent fiber density (F=6.167,
p=.024; F=11.181, p=.004; F=.096, p=.760; F=1.069, p=.316). More specifically, irradiated
patients showed lower FA and fiber density in significant regions compared to non-irradiated
patients. A linear trend in median values according to cranial RT dose could be visually detected,
although not tested due to low subgroup inclusion rates (see Table 9.4).
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Table 9.4 Median values of extracted diffusion metrics for controls, and irradiated patient

subgroups
Scale Median values participant subgroups (SD)
Controls oGy <23.4Gy 35-36Gy 40Gy
FA significant regions 4209 (.01) .3712 (.03) .3385(<.01) .3228(.03) .3391 (.05)
AFD significant regions  .5490 (.04) 4739 (.05) 4550 (<.01)  .4155(.04) 4174 (.11)
Global efficiency .0367 (<.01) .0352(<.01) .0367 (<.01) .0358 (<.01) .0306 (<.01)
Local Efficiency .0276 (<.01) .0277 (<.01) .0275 (<.01) .0269 (<.01) .0218 (<.01)

Note. This table demonstrates median values that were extracted from subject-specific diffusion data. Average FA
and AFD were calculated for their significant group comparison resulting regions. Global and local efficiency were
calculated for each subject-specific connectome (averaged across the 28% strongest thresholded connectomes of
the subject = cost-corrected). Subgroups included n=21, n=8, n=2, n=7, n=2 participants in each of the subgroups,
respectively. Gy=Gray unit of RT (total cranial dose).

9.3.6 Imaging and behavior

Finally, correlations between imaging extracted values (i.e. FA and AFD of significant group
comparison results, global and local efficiency) and WAIS subscales were presented for all
participants in Table 9.5. Highest correlations could be observed between diffusion metrics (FA
and AFD) and intelligence scores. This was consistent for each of the intelligence subscales (see
Figure 9.10). Global efficiency appeared only mildly correlated, while local efficiency was not
significantly correlated. Finally, diffusion-derived metrics of FA and AFD were highly inter-
correlated, as connectome-based metrics (i.e. global and local efficiency) were as well. As
demonstratedin Figure 9.9, AFD seemed to most optimally dissociate non-irradiated, irradiated
patients and healthy controls.

Table 9.5 Correlations between diffusion metrics and subscales of the WAIS intelligence test
in all participants

Scale FA significant AFD significant Global efficiency Local Efficiency
regions regions

FA 1

AFD .893** 1

Global efficiency  .302 .368%* 1

Local Efficiency 322% .382%* .879%* 1

FSIQ 642** 622** .362* 270

VCI Ab4** A73** .336* 246

PRI .606** 519** 253 184

WM .595** .560** .362* .307

PS 576** .638** .334* 277

Note. This table demonstrates correlations between the four selected metrics based on the diffusion-weighted
MRI data. These metrics include average FA and AFD in the significant regions of the voxel-based and fixel-based
group comparisons, respectively; and global and local efficiency (which were integrated across the 1-28% network
density range). * indicates p<.05, ** indicates p<.01.
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Note. This figure presents the estimated linear associations between intelligence scores and diffusion-derived connectivity estimates.
Panel A demonstrates the distributed intelligence scores and derived imaging values. Panel B depicts the correlations between each intelligence
subscale and imaging derived metric. FSIQ=Full Scale IQ, PRI=Perceptual Reasoning, PS=Processing Speed, VCI=Verbal Comprehension Index,
WM=Working Memory. FA=Fractional anisotropy, FD=Fiber Density, GE=Global Efficiency, LE=Local Efficiency.
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Figure 9.10 Scatterplots of intelligence subscale scores and imaging metrics
Note. This figure demonstrates all distributions of intelligence subscale scores and diffusion-derived connectivity
estimated values. VCl=Verbal Comprehension, PRI=Perceptual Reasoning Index, WM=Working Memory,
PS=Processing Speed.
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9.4 Discussion

Using a multi-modal analysis approach, we evidenced white matter microstructural changes
and possibly supratentorial reorganization in survivors treated for infratentorial tumors during
childhood. Voxel-based group comparisons yielded widespread group differences with higher
ADC and lower FA in survivors compared to controls. By contrast, fixel-based analyses
evidenced widespread lower fiber density across the brain, whereas lower fiber cross-section
was only present in infratentorial areas (brainstem and cerebellum). Finally, using graph
analysis, global efficiency appeared lower in patients for any network cost, while local efficiency
of regions appeared only reduced for core connections (i.e. thresholded connectomes for
highest network densities). More specifically, at sub-regional level, nodal strength appeared
significantly lower in patients for the most strongly connected brain areas (i.e. hubs). Finally
given the high correlations between voxel- and fixel-based ‘integrity’ estimations (i.e. FA and
AFD), these values could be assumed as cognitive outcome predictors, albeit with possibly the
hub areas being the most important.

From voxel-based to connectome-based

Studies previously evidenced a wide range of long-term behavioral impact of a brain tumor and
its treatment #2413, From a localism perspective, multiple neuroimaging studies investigated
lesion-symptom mapping, in order to associate the brain lesion with behavioral outcomes. In
this regard, voxel-based lesion-symptom mapping was one possible approach, meaning that
behavioral outcomes were predicted by each voxel of the remaining lesion or cavity %!,
Nevertheless, the diaschisis hypothesis now became common sense, which states that
secondary brain damage in another brain region could occur due to underlying brain
connectivity and dynamic interactions between brain areas 3. In this context, earlier diffusion-
weighted MRI studies demonstrated white matter alterations also in supratentorial brain
regions in long-term survivors of infratentorial tumors 441> even in non-irradiated patients
416.

The question which brain areas are mostly affected, highly depends on the underlying
toxic mechanisms, for which the applied modalities could provide complementary information.
More specifically, applying a voxel-based or fixel-based approach, yielded widespread
differences in FA and AFD, respectively. However, in contrast to the voxel-based approach, the
fixel-based approach appeared capable of dissociating microstructural (fiber density) from
macrostructural (fiber cross-section) changes. In contrast to widespread differences in
microstructural changes (AFD), macrostructural brain changes only appeared in the cerebellum
and brainstem (i.e. where the remaining lesion is located). This might demonstrate the validity
of using the fixel-based analysis for dissociating microstructural and macrostructural changes
of the white matter 28,

Nevertheless, both voxel-based and fixel-based approaches use a tensor or FOD model
which estimate microstructure on a voxel-based-level. These approaches do not investigate
brain topology or network organization. To address topology, recent graph theoretical
approaches are increasingly implemented 4. As recently suggested by Gleichgerrcht and
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colleagues (2017), such approach could become specifically informative in case of observable
neural damage 38'. To our knowledge, this the first study investigating supratentorial structural
subject-specific connectomes in infratentorial tumor survivors.

This study demonstrated lower efficiency in patients compared to controls, at global as
well as local level. This suggests that not only overall whole-brain connectivity is lower in
patients, but also that the extents of such effects are different across brain areas, leading to
local restructuring. More specifically, we observed that global efficiency of structural networks
was diminished in survivors of childhood infratentorial tumors, independently from the overall
network strength. By contrast, local changes depended on the extraction of networks at
different density levels. Local efficiency and average nodal strength were significantly lower in
patients when only considering core connections (<28% of network density), suggesting a local
reorganization of the strongest connections.

We also demonstrated that the most densely connected regions (possibly so-called
hubs), were most significantly lower in patients at nodal level. These findings are in line with
previous studies, which suggest that global disorders and/or induced toxicity predominantly
affect highly connected hubs, given that hubs are assumed to process most of the information
397 Hence, these brain areas could possibly be important to spare with regard to radiotherapy
and/or neurosurgery. Similarly, voxel-based and fixel-based comparisons also often yield
highest significant group differences in regions that show highest ‘integrity’ or ‘connectivity’
estimates in healthy controls (e.g. regions with highest FA or highest AFD, resp.). However,
densely connected regions (hubs) often contain multiple crossing fiber populations, which is
problematic for voxel-based estimations (e.g. FA). Therefore, to estimate white matter
connectivity in crossing fiber populations, nodal strength (as a sum of weights of tracts through
the area) could partly solve this issue.

Cranial radiotherapy (and chemotherapy)

To date, cranial radiotherapy is strongly assumed to be neurotoxic in brain tumor patients #*’.
In infratentorial tumors specifically, the medulloblastoma subgroup is known to experience
such RT-induced neurocognitive problems 48, However, for none of the voxel-based, fixel-
based or graph theory measures, group differences appeared between irradiated (n=13) vs.
non-irradiated (n=6) patients. Similar to these findings, Rueckriegel and colleagues (2010) also
evidenced patterns of lower FA in non-irradiated (astrocytoma) survivors compared to
irradiated (medulloblastoma) survivors of infratentorial tumors #1°.

However, the numbers of inclusions in our subgroups are low, and the patient subgroup
who received cranial irradiation showed high variability in nodal strength. Furthermore, the
higher variability in nodal strength in irradiated patients could be due to subject-specific factors
including age at irradiation and craniospinal RT doses, which might influence vulnerability of
specific regions. Still, using a simple one-way ANOVA statistical model predicting the average
imaging metrics by RT vs. no RT (instead of a voxel-wise comparison), did yield lower FA and
fiber density in irradiated patients compared to non-irradiated patients, and a negative linear
trend in these values associated with RT dose was observed. Similar to this finding, earlier
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studies also evidenced lower FA in medulloblastoma patients specifically, who receive RT #5419~
423 In addition to these earlier findings, our study suggests infratentorial tumor survivors to be
at risk for white matter damage, not merely due to RT, but probably with an increased risk. We
also note that although RT vs. no RT did not show differences in global and local efficiency, the
patients who received highest craniospinal RT dose (40Gy) demonstrated the lowest efficiency
scores. A specific minimal amount of radiotherapy might thus still result in reorganization of
the connectome. Future larger sample studies will be required to confirm this hypothesis.

Finally, we focused on diffusion-weighted MRI and applicable models. Nevertheless, we
need to mention that leukoencephalopathy was again detected on T2-FLAIR scans in some
patients (ratings were included in the demographics table). Most extensive lesions were found
in patients who had received cranial radiotherapy, as well high-dose MTX and intraventricular
MTX (Fazekas>1, n=3). This is in line with our previous non-CNS tumor studies. However, the
number of cases showing clear lesions again remained too limited for advanced neuroimaging
group comparisons.

Functional relevance of imaging metrics

Multiple treatment-related risk factors in infratentorial tumor patients are associated
with decreases in cognition, including post-surgical sequelae (e.g. posterior fossa syndrome) %2,
chemotherapy- and radiotherapy-induced (leuko-)encephalopathy, as well as connectivity
changes due to the remaining lesion. Each of these treatment constituents may result in
widespread brain injury and impair maturation, leading to long-term behavioral difficulties
across a wide range of neurocognitive domains.

At group level, we demonstrated patients to score lower on a wide range of
neurocognitive tests. Earlier, Reddick and colleagues (2003) suggested that white matter
damage initially leads to decreased attentional functioning, which then results in secondary
neurocognitive difficulties in brain tumor patients, including decreased full scale intelligence
364 Recent neuroimaging techniques to investigate white matter microstructure and structural
connectivity are therefore highly recommended in this population 4%3.

Given that FA, AFD and nodal strength were lower throughout the brain, but not
restricted to a specific brain area, this suggests global decreased integrity. These values of
integrity were most strongly correlated with all intelligence subscales, while global and local
efficiency measures were only mildly or not significantly correlated, respectively. Low
variabilities in the latter measures could have contributed to their low correlations.
Furthermore, the graph-derived connectivity measures, were at network level (i.e. global and
local efficiency). However, at nodal level, we demonstrated the possible vulnerability of hubs,
which could be specifically important in functional outcomes. Hence, the link between nodal
values of integrity (particularly in hubs) (e.g. based on FA or AFD) and behavioral outcomes
could become more informative in future studies. Still, correlations between nodal values of
hubs (e.g. nodal strength, nodal degree) and behavior requires additional nodal investigations
in order to determine the most ‘important’ or meaningful nodes (e.g. additional graph-derived
estimations of betweenness and centrality to define hubs, based on topology).
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Limitations and future directions

This study was performed to investigate the possible reorganization after extensive
neural damage, and vulnerability of specific regions due to treatment. However, we note that
the sample size of our groups remained relatively small, and treatments during childhood were
heterogenous. The treatments of participating patients included neurosurgery in all cases,
additional cranial radiotherapy in most cases (n=14), and additional chemotherapy in multiple
cases (n=9)). Given that the patient population experiences a wide range of treatment-related
side effects, multiple subject-specific risk factors could be hypothesized, including
chemotherapy-induced leukoencephalopathy, age at diagnosis, RT dose, treatment subgroup,
post-surgical complaints, hormonal deficiencies, etc. Therefore, larger multi-center sample
populations are required to apply more complicated statistical models (e.g. mediating factors
or interactions), in order to detect patients who are most at risk for reorganization of the
network. Furthermore, longitudinal designs are recommended to dissociate the partial impact
of each treatment constituent (i.e. surgery, chemotherapy and radiotherapy).

Finally, this study focused on structural connectivity in infratentorial tumor survivors.
Although we correlated these structural metrics with behavioral outcomes, this study did not
include functional MRI imaging. Integrating the link between structural and functional
connectivity would be an intriguing next step in this research domain. Additionally, hubs might
specifically need more attention for integrity estimations.

9.5 Conclusion

In summary, widespread microstructural changes were evidenced in supratentorial brain areas
in survivors of infratentorial tumors. Besides such widespread changes, our study also suggests
possible topological reorganization. This study highlights the complementarity of neuroimaging
analyses in case of extensive neural damage. Earlier studies in infratentorial tumors consistently
applied voxel-based approaches demonstrating lowered FA, but both recent techniques of
fixel-based analysis and graph theory applications added new information to these findings.
Fixel-based analyses enabled us to dissociate macrostructural brain alterations (fiber cross-
section) that occur in infratentorial brain areas, and microstructural (apparent fiber density)
alterations that occur throughout the brain. In addition, graph theoretical analyses evidenced
global reorganization in survivors, whereas local reorganization mainly occurred in core
connected regions, which might suggest specific vulnerability. Such supratentorial brain
alterations and regional vulnerability is highly relevant for the impaired neurocognitive
performance which is frequently observed following treatment for childhood infratentorial
tumors.
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General discussion and future perspectives

The main aim of this doctoral research project was to explore potential neurocognitive and
structural and functional brain changes after multi-agent chemotherapy (including high-dose
agents) in childhood cancer. By combining neurocognitive assessments, genetic polymorphism
analyses, clinical (treatment and symptom) features and advanced neuroimaging techniques in
pediatric oncology patients, survivors, and matched healthy control participants, we aimed to
discover new insights into neurodevelopmental patterns and related biomarkers during
childhood cancer. This was an innovative project as childhood non-CNS tumor patients were
investigated, compared to earlier studies in brain tumors and leukemia patients treated with
CNS-directed prophylaxis (cranial irradiation and CNS-directed chemotherapy). By
implementing extensive neurocognitive test batteries and advanced MRI neuroimaging, this
project provided new insights into potential pathological pathways. In this discussion, we first
review the main findings of our studies and link these with earlier findings. Second, we discuss
current limitations and provide recommendations for future research directions.

10.1 Acute and long-term neurotoxicity in childhood cancer patients
At the start of this PhD project an extensive literature study was performed to summarize the
existing evidence for chemotherapy-induced neurotoxicity in childhood non-CNS tumors.
Based on these findings, it was hypothesized that high-dose chemotherapy could induce neural
changes, and potential neurocognitive deficits. Most studies evaluating the impact of
chemotherapy only were previously performed in ALL patients. Hence, in this doctoral project
previously acquired longitudinal assessments in ALL patients were analyzed. This study showed
that patients obtained IQ-scores within the normal range (Chapter 4), but younger patients and
lower education of parents were associated with lower 1Q scores, which might highlight a
stronger impact of the disease and/or treatment. These findings were in line with previous
studies 3218 Although these patients were treated with chemotherapy only (including high-
dose methotrexate, no RT), leukemia is known to potentially invade the CNS system (i.e. lead
to brain metastases). Therefore, leukemia patients receive CNS-prophylaxis in addition to
intravenous chemotherapy (i.e. intrathecal methotrexate to date).

Given the findings of our literature review, it was remarkable that no neuroimaging, nor
neurocognitive investigations were available in childhood non-CNS tumor patients who were
treated with non-CNS-directed, high-dose intravenous chemotherapy only. Therefore, we
performed three neuroimaging analyses in a cohort study of adult survivors of childhood solid
sarcoma. In summary, we demonstrated both functional and structural brain changes occurring
in survivors of pediatric cancer, even after high-dose intravenous chemotherapy without CNS
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prophylaxis. These analyses demonstrated observable leukoencephalopathy (based on T2-
FLAIR images), widespread microstructural white matter changes with strongest findings in the
corpus callosum (based on DWIimaging), and frontal and parahippocampal cortical changes (in
Chapter 5, 6 and 7, respectively). Such alterations could partly explain long-term
neurocognitive as well as emotional daily life complaints of patients who were treated with
intravenous chemotherapy during childhood.

Is (non-CNS-directed) intravenous chemotherapy neurotoxic in childhood sarcoma patients?
Single case reports previously evidenced acute leukoencephalopathy due to high-dose
intravenous chemotherapy in childhood cancer patients 233. Similarly, we encountered acute
leukoencephalopathy in 50% of the currently included childhood non-CNS tumor patients
(Chapter 8). However, persistence of these lesions remains unclear. We demonstrated that
such leukoencephalopathy was still visually detectable in 27% of our survivor cohort multiple
(2-20) years after treatment (Chapter 5). Although risk factors could only be limitedly explored
given the low number of inclusions, administration of high-dose MTX appeared to result in the
highest levels of lesions (i.e. Fazekas 2 and 3). Still, in case of administration of
chemotherapeutic regimens containing alkylating agents but no MTX, younger patients were
also suggested to be at risk for leukoencephalopathy (albeit showing more subtle lesions). The
association between these lesions and diffusion metrics, could suggest multiple underlying
pathological processes, including white matter organizational changes, but also
cerebrovascular damage, which could both explain decreased processing speed 2°%. The
question if and why exactly younger patients could indeed be more vulnerable (possibly
‘growing into deficit’) for such long-term leukoencephalopathy, requires larger sample studies,
and neurobiological developmental studies.

Which white matter microstructural alterations occur after high-dose chemotherapy?
Although the percentage of encountered leukoencephalopathy (i.e. 27%) was remarkable, the
question remains whether more subtle brain alterations occur due to high-dose chemotherapy,
even if lesions are not visually detectable. Advanced neuroimaging techniques currently deliver
the opportunity to estimate white and grey matter differences at microscopic (i.e. voxel) level,
which are not easily visually observable.

Using advanced DWI methods, we showed that such microstructural changes could
occur throughout the brain, but that the measure of fiber density was specifically altered in
centrally located WM bundles (Chapter 6). Based on the DTI model, previous studies also
reported heterogenous findings with diffuse patterns of microstructural changes in survivors
of childhood ALL 26849 medulloblastoma 2%, and adult solid non-CNS tumors 1°>23> By
contrast, our study demonstrated the added value of applying more advanced diffusion models
(i.e. CSD), compared to the previously applied models (i.e. DTI) >424, Specific vulnerability of
central white matter bundles (e.g. such as the corpus callosum) to loss in tract density, could
be attributed to their high level of myelination and susceptibility to inflammatory processes 2°°,
Given that chemotherapy was associated with both processes in histological research 42>426,
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we concluded the corpus callosum to be specifically sensitive to such neurotoxic mechanisms
156

Which grey matter (structural and functional) alterations occur after high-dose chemotherapy?
In addition to the advanced analyses of white matter microstructure, investigations of the grey
matter in these adult survivors of childhood non-CNS tumors, (using T1-weighted MRI and
Rsfmri) provided interesting and new findings regarding cortical thinning and altered functional
coherence throughout childhood neurodevelopment (Chapter 7). This study demonstrated
reduced cortical thickness in frontal areas and the parahippocampal region, while frontal and
cerebellar regions also showed lower cortical density.

Given that these findings were different either including the covariate of depression or
not, we suggested the possibility of the double hit hypothesis 3*. This hypothesis states an
increased impact of treatment-induced neurotoxicity in case of more stress- or depressive
symptoms. The parahippocampal area could specifically be vulnerable to this double hit, given
its high level of glucocorticoid receptors. Previously, Kesler and colleagues (2013) also
demonstrated increased inflammatory levels (peripheral cytokines) and reduced hippocampal
volume in breast cancer patients °¢. Furthermore, our study demonstrated lower functional
nodal strength of this region, which could play a role in behavioral outcomes. If indeed
treatment-related toxicity could be amplified by stress, emotional coping mechanisms of the
child will become important to assess in similar future studies.

White and grey matter findings: neural cascade effects from (age-dependent) primary hits to
extended damage?
Across the described neuroimaging studies, multiple imaging parameters (estimating specific
structural or functional information of the tissue) appeared significantly different between
patients and healthy controls in multiple brain areas.

First, the load and distributions of lesions in patients showing leukoencephalopathy
appeared very heterogenous (Chapter 5, Chapter 8). Subject-specific biological mediators that
could play an important role in leukoencephalopathy occurrence (and extent), can include

259 259 vascular supply 378, ... It could be

metabolism alterations >, inflammatory processes
hypothesized that due to such underlying mechanisms, other neurodevelopmental patterns
are affected with possible delay. Delayed long-term neurological outcomes could include
decreased white and grey matter density in survivors, with specific initial targets (or ‘hits’).
Group comparisons of white matter microstructure (estimated with FA, based on the DT
model) demonstrated diffuse patterns of affected regions in patients. However, if more
stringent statistical thresholds are applied, remaining significant regions mainly cover regions
with high ‘density’ estimates (Chapter 6). Mainly the corpus callosum remained significant both
in DTI-derived FA and CSD-derived fiber density. Many of the earlier mentioned adult DTI
studies also provided evidence for decreased integrity of the corpus callosum 23>260.268 Thjg js
not only a large fiber bundle, which elevates the risk of showing significant results statistically.

The high level of myelination and fiber density of this fiber bundle might also result in specific
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biological vulnerability of oligodendrocytes 8. Similar to these findings in sarcoma survivors,
we investigated fiber density in supratentorial brain areas in posterior fossa tumor survivors
(Chapter 9). Although these patients show even lower values in fiber density throughout the
brain (compared to non-CNS tumor patients), fiber density of the corpus callosum again
remains most significantly altered if stronger statistical thresholds would be applied.

Concordant with the hypothesis of specific ‘hits” or vulnerability of most dense structures,
so-called ‘hubs’ (from a graph theoretical approach) are hypothesized to be affected the most.
Recently, graph theoretical studies suggested specific vulnerability of such regions, since they
process most of the information and could be viewed as important ‘railwaystations’ 397,

With regard to grey matter investigations, we encountered frontal cortical thickness to
be different between patients and controls, after correction for depression (parahippocampal
areas did not remain significantly different) (Chapter 7). The orbitofrontal brain area specifically
appeared to correlate with age at diagnosis. This was the only age-at-diagnosis-related imaging
finding across all studies. It could be hypothesized that brain regions which are most vigorously
developing within specific age ranges, could specifically be vulnerable (and region of ‘hit’) to
toxicity /6. Given that the majority of these non-CNS tumor patients were adolescent during
treatment, the neurotoxic ‘hit’ could be frontal brain areas in particular.

Other oncology patient populations have different median ages at diagnosis, for whom
other brain areas could become more vulnerable to toxicity. Across the studies that were
discussed in this project, median ages at diagnosis of included patients were 4 (range 2-12)
years in childhood leukemia patients, 13.32 (4-18) years in solid non-CNS tumor survivors, and
7.8 years (2.8-18.4) years in infratentorial CNS tumor patients. As could be inferred, ages at
diagnosis strongly relate to the specific type of cancer diagnosis and its treatment. In other
words, specific cancer diagnoses occur more frequently within certain age ranges, compared
to other cancer types. Even though age of brain injury is known to affect the impact of the
injury on specific neurobehavioral outcomes, time-dependent neurotoxic effects of specific
treatments are challenging to address. The neurotoxic ‘hits’ could be age-related, and even
more, these could hypothetically be age-depending ‘railwaystations’ or ‘hubs’.

Although earlier studies provided evidence for younger ALL patients to be more at risk
for cognitive deficits (after cranial RT 3> or CNS-directed chemotherapy in ALL patients 2%°
(Chapter 4), age-dependent brain tissue- and region-specific developmental patterns are to be
unraveled in more detail. Only then we will be able to estimate age-dependent vulnerability of
more specific neurocognitive functioning, given the complicated neurobiological processes of
brain development.

When does neurotoxicity occur, and is recovery possible ?

Based on the survivor cohort study, we did not encounter a relationship between visually
detectable leukoencephalopathy and time since diagnosis (Chapter 5). Even more, the highest
lesion load (Fazekas 3) was encountered 8 years after treatment. By contrast, fiber density of
the central white matter tracts did positively correlate with time since diagnosis, which could
suggest recovery or ‘catching up’ patterns in diffusion metrics (Chapter 6). In contrast to
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observable lesions in FLAIR images, underlying microstructural changes might thus still recover
to normal (age-dependent) values. With regard to grey matter cortical thickness, no association
with timing was found, which could suggest less plasticity. Given that developmental patterns
of white and grey matter are highly different, microstructural stability and plasticity of these
tissues could be rather distinct 427,

Although these cross-sectional data evidenced long-term neurotoxicity related to high-
dose intravenous chemotherapy, we could not investigate fluctuations in microstructural
changes throughout time, nor could we dissociate treatment from disease effects. No pre-
treatment data were available in our cross-sectional survivor cohort study. To address time-
dependency of lesions, longitudinal designs are required.

Two previous longitudinal diffusion MRI studies in adult solid tumor patients
demonstrated decreases in diffusion metrics (e.g. FA) during the first months after treatment
235355 However, recently Billiet and colleagues (2018) expanded these findings showing
recovery 3-4 years after treatment 20, By contrast, longitudinal neuroimaging studies were not
yet performed in current childhood non-CNS tumor patients.

By implementing a longitudinal design (Chapter 8), we demonstrated acute
leukoencephalopathy at the end of treatment in multiple cases. However, the few cases for
whom an MRI scan was acquired one year later, showed less extensive lesions, although
Fazekas ratings remained stable. This could suggest that recovery indeed occurs, but such
recovery is only subtly visible on FLAIR MRI scans. To investigate microstructural developmental
patterns in more detail, more advanced analyses of MRI scans (e.g. including quantitative
volumetric measures) could add such information in future studies. Such quantitative measures
would be less rater-dependent than lesion classifications. Furthermore, based on DWI, VBM or
SBM analyses, underlying microstructural changes or recovery of the white or grey matter
could additionally be detected (e.g. fiber density, grey matter density, cortical thickness, ...),
even in case of no observable leukoencephalopathy. Toxicity-induced changes in
neurodevelopment of such microstructural properties, are still to be investigated in future
studies.

What is the neuropsychological impact?
The different imaging modalities applied in non-CNS tumor survivors mainly showed
associations between the derived imaging metrics (i.e. lesion load on FLAIR images (Chapter 5),
fiber density of the corpus callosum in DWI (Chapter 6), parahippocampal nodal strength in
Rsfmri (Chapter 7)) and attention- or processing speed-related subscales. Most evidence for
cognitive dysfunction in adult cancer patients also exists for lower processing speed 17624,
More specifically, patients with leukoencephalopathy showed longer reaction times on
computerized attention tasks. This finding is concordant with the attentional model of Reddick

and colleagues 36

, stating that white matter damage initially leads to decreased processing
speed, and other neurocognitive outcomes could be affected in a secondary stage. Similarly,
microstructural fiber density of the corpus callosum was primarily related to the processing

speed subscale of the intelligence assessment (not to other cognitive measures). Given the
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association between leukoencephalopathy and diffusion metrics, their associations with
attentional functioning are largely interdependent. On the other hand, this finding might
suggest that even if no leukoencephalopathy is visually detected, a linear relationship could
exist between more subtle microstructure changes (diffusion metrics, e.g. fiber density) and
attentional scores. In this regard, previous diffusion-weighted MRI studies in cancer patients,
also evidenced such linear associations with decreased attention and executive functioning in

268 35 well as in breast cancer survivors %3.

leukemia patients

These two abovementioned studies only covered structural information of the white
matter. However, functional neuroimaging adds information of brain activity, and functional
coherence (‘collaboration’) of multiple brain regions. Based on the RsfMRI data, we
encountered an association between the parahippocampal functional strength and processing
speed. Given that not only structural, but also functional coherence appeared associated with
processing speed, either initial sensitivity of attentional functioning or common underlying
pathways could be inferred. In this context, one previous survivor study of leukemia patients
demonstrated lower functional connectivity of attention-related networks in patients, which

could explain such behavioral effects in processing speed *7°.

Lesions and targets of neurotoxicity: how to optimize neuroimaging in case of neural damage?
Clear lesions or observable brain damage induced by cancer treatment or CNS tumor processes,
can highly influence advanced (microstructural) neuroimaging analyses. We demonstrated
visually detectable leukoencephalopathy after high-dose chemotherapy, which is correlated
with diffusion metrics (in Chapter 5). Hence, also advanced group comparison analyses are
associated with such lesions (as performed in Chapter 6).

Furthermore, although hemodynamic changes were evidenced in multiple cancer
studies using fMRI 161170428 ‘imited research currently exists with regard to chemotherapy-
induced microbleeds or vascular angiopathy. Still, susceptibility-weighted MRI (SWI) scans
previously demonstrated chemotherapy-induced small vessel disease in breast cancer patients
378 "as well as radiation-induced microbleeds in nasopharyngeal tumors #*°. In case of such
microvascular damage, each of the microstructural neuroimaging findings which were
encountered (i.e. leukoencephalopathy on FLAIR scans, microstructural changes measured by
DWI, and T1-weighted intensities), as well as the neurovascular coupling (fMRI) could be
affected 30,

Concludingly, quantitative measures of such observable lesions (e.g.
leukoencephalopathy and/or microbleeds) based on clinical MRI scans (such as FLAIR and SWI),
and their link with advanced analyses will become highly valuable in future advanced
neuroimaging studies. To address primary targets or ‘hits’ of toxicity, the imaging information
from these modalities is ideally combined.

To integrate structural and functional information of the brain, approaches such as
graph theory could provide a possible solution, given that networks can be constructed with
structural as well as functional connectivity estimates. In adult survivors of non-CNS tumors
(Chapter 7), we encountered decreases in functional coherence, but not profound
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reorganization of the functional network (i.e. no differences in global or local efficiency with
healthy controls). This was in line with previous adult non-CNS cancer studies *>>431, By contrast
in case of clear neural damage (e.g. infratentorial tumors), graph theoretical analyses provided
evidence for topological reorganization, in addition to global decrease in integrity (Chapter 9).
This was mainly the case in most densely connected regions which might suggest specific
vulnerability of these regions. Therefore, future studies are recommended to investigate the
importance of so-called ‘hubs’, if these are also related to visually detectable lesions (i.e.
microbleeds and/or leukoencephalopathy), and if they finally also appear most functionally
relevant in daily life. Given that the absolute number of cases showing leukoencephalopathy in
our studies remained limited, graph theoretical approaches in these patients were not explored
yet. Still, to investigate profound reorganization of the network, and vulnerability of ‘hubs’
might particularly become important in larger populations showing such lesions.

10.2 Future directions

10.2.1 Towards expanded research

This PhD project yielded some new insights in potential chemotherapy-induced neurotoxicity
during childhood. Still, we note several limitations that were encountered, and how future
research could partly solve these issues.

10.2.1.1 Large longitudinal population studies
We aimed to investigate therapy-induced neural alterations in cancer patients compared to

healthy controls. However, given that childhood cancer is rare, different pathologies, ages at
diagnoses and treatment protocols were included. More specifically, in the non-CNS tumor
studies, patients were treated for osteosarcoma, ewing sarcoma, non-rhabdomyosarcoma and
rhabdomyosarcoma. Each of these patients had received multi-agent regimens containing
either methotrexate, or alkylating agent(s), or a combination of both. Hence, we questioned
whether such intravenous chemotherapy (known to be neurotoxic in animal studies and case
reports) could induce comparable neurotoxic mechanisms as in adult cancer patients. Similarly,
in the CNS tumor survivor study, patients were treated for astrocytoma, ependymoma and
medulloblastoma, of whom the latter group mainly received whole-brain irradiation.

To differentiate between subject-specific risk factors, more complicated statistical
models (including multiple predictors) will be required. All childhood cancer populations would
therefore ideally be included in a longitudinal design with sufficient sample size. Besides
treatment dose as predictor, also age at diagnosis (and thus time of neurotoxic hit), could then
be included in prediction models of long-term outcomes of childhood cancer patients. As
discussed previously, neurotoxic hits in a developing brain are possibly age-dependent (i.e.
depending on the brain maturity) and result in different neurodevelopmental patterns and
their long-term daily life experience.

Not only to address subject-specific risk factors, but certainly in neuroimaging analyses,
large sample sizes are essential to reach sufficient statistical power. For voxel-wise analyses, a
high number of statistical tests is performed, for which a stringent statistical threshold is
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preferably implemented. Studies with small sample sizes have a large risk to result in too many
false positive findings #32. For this reason, we often applied non-parametric permutation testing
433 instead of parametric statistics 43* . Still, the possibility to implement such analyses, often
depends on the neuroimaging toolboxes that are used.

10.2.1.2 Integration of valuable in vivo neuroimaging biomarkers
The discussed neuroimaging analyses (including DWI, Rsfmri, T1-weighted MRI) covered MRI

data acquired in adult survivors of childhood cancer (in Chapter 5, 6, 7 and 9). We attempted
to apply most recent analysis techniques, to estimate underlying microstructure and
functioning most optimally. Still, a wide range of analysis (e.g. voxel-based, component based,
tract-based, higher-order models, connectome-based, ...) and remaining imaging modalities
exist that could provide additional insights in neurotoxic mechanismes.

Age-informed selection of imaging parameters

With regard to analyses, we consistently correlated subject-specific imaging values (extracted
from group comparison results in one imaging modality (e.g. DWI, T1, ...)) with participants’
behavior, clinical values, timing variables. However, as previously discussed (Chapter 9), the
brain consists of complex networks and interactions, which probably require more complicated
prediction models than correlation analyses only #3>43%_ Also, these correlations highly depend
on the imaging parameter which is extracted. For instance, grey matter structural parameters
can be estimated based on T1-weighted MRI, such as cortical thickness, grey matter surface
area, grey matter volume, grey matter density, ... However, age-related developmental
patterns are very different between these parameters 343437 While cortical thickness
decreases, cortical density and surface areas increase throughout development #3%, Previously,
it was hypothesized that decrease in cortical thickness correlated with synaptic pruning.
However, change in synaptic density is currently assumed to change nonmonotonic, and brain-
region-specific  throughout childhood. Therefore, neurotoxic-induced micro- and
macrostructural investigations not only depend on the brain maturity of the child, but certainly
also on the selected parameter and on which brain region values are estimated. Future studies
should therefore investigate such imaging parameters, and compare these with existing (and
increasing) normative neurodevelopmental data as background knowledge. In this context,
large international collaborations and developmental neuroimaging projects, such as the
Developing Human Connectome Project 4*°, the ENIGMA project 449, ... could provide such
normative information of normal neurodevelopment and genetic predispositions acquired in
large pediatric samples.

Time-varying functional coherence

With regard to functional imaging, we focused on static correlations between resting-state
fMRI signals (Chapter 7). However, functional coherence and signaling between brain areas is
increasingly hypothesized to be dynamic, or time-varying 4. Therefore, dynamic analyses of
functional imaging (or timeseries of signals) instead of static measures (i.e. correlation) could
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add important information about time-dependent (and more causal) interactions between
brain areas. More specifically, given that our studies mainly evidenced long-term changes in
attention or processing speed, dynamic analyses (e.g. ‘switching’) of attention-related
networks could specifically be of interest in childhood cancer populations. Such dynamic
analyses become even more valuable in case of high temporal resolution, which is specifically
the case in electroencephalography (EEG). Earlier studies investigating EEG during attentional
tasks also demonstrated prolonged information processing in childhood cancer survivors 324
and lower elicited signals breast cancer patients **2. Hence, EEG and active fMRI paradigms
with attentional tasks could become valuable in future studies. Finally, functional neuroimaging
analyses are now even evolving towards predictions of underlying neurobiological processes
(e.g. metabolites, chemical or electrical signaling) #4*. Still, such prediction models need further
improvements combining multi-modal (neuroimaging) data, before valuable implementation

would be possible.

Integration of imaging modalities, and feasibility in children

In Chapter 5, we demonstrated the link between leukoencephalopathy and diffusion metrics,
and in Chapter 7, we investigated the association between grey matter cortical thickness and
functional coherence. Given that image values remain very rough estimates of underlying
microstructure, integration of multiple image modalities become increasingly important.

The most basic method to integrate image information, is by spatial coregistration of
the different images, and investigate their values in coregistered areas. However, local voxel-
based values do not provide the global dynamic network information we might need. In
Chapter 9, we discussed graph theory which could be applied on any image modality estimating
connectivity. This could be a possible approach to predict functional connectivity estimations,
based on structural connectivity 4%, Furthermore, the hypothesis of age-dependent ‘hub’
vulnerability and link with observable lesions, is to be addressed using multi-modal imaging. A
wide range of other imaging modalities could yield additional insights into pathological
mechanisms in pediatric cancer patients %43, including spectroscopy (MRS), glutamate
imaging (CEST), perfusion images (e.g. ASL), susceptibility-weighted imaging (SWI), EEG,
Positron Emission Tomography (PET) .., as these provide estimations of neurobiological
processes such as metabolic alterations, neurotransmission changes, or blood supply changes,
resp.

In adult cancer patients, metabolic changes *>#** and increased blood flow 3358 were
evidenced in breast cancer patients. Although the latter finding suggests hemodynamic and
vascular changes, limited research currently exists with regard to microvascular damage. SWI
scans could therefore be informative to add in a clinical follow-up design in order to detect
potential microbleeds, certainly in case of RT. With regard to EEG, decreased potentials during
sustained attentional tasks were detected in breast cancer patients after chemotherapy *42.
Given our findings of microstructural white matter changes and its association with decreased
processing speed, the link with EEG signaling could particularly be valuable 44>, Furthermore, as
cancer patients often complain about fatigue, sleep EEG could provide additional interesting
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findings #4¢. With regard to PET imaging, frontal activation changes were evidenced in breast
cancer patients so far #*/. However, besides such activation estimates, PET might specifically
become valuable to investigate the link with neurobiological mechanisms and toxic deposits,
that can be estimated using multiple tracers in vivo 4.

In conclusion, in childhood cancer patients (Chapter 8), 3D FLAIR images could be
implemented for lesion delineations, and SWI could be implemented to detect microbleeds.
Besides these clinical scans, advanced scans (e.g. DWI and RsfMRI) could be added. However,
given that a non-anesthesia MRI scanning protocol for a child is ideally limited to maximum 30-
40minutes, additional modalities need to be selected. As children easily move, modalities of
which the quality is less moving-dependent are preferred. For this reason, EEG and MRS are
possibly more challenging. Furthermore, with regard to PET imaging, radiation doses are
applied, for which the additional value of (as compared to MRI) currently still needs more
evidence. Certainly with regard to chemotherapy-induced neurotoxicity, valuable tracers need
more (pre-)clinical investigations before its application in childhood cancer patients.

10.2.1.3 Psychology-related biomarkers and germline assessments
Our studies focused on neuroimaging parameters to estimate underlying pathology. However,

many biochemical side effects at cellular level can be induced by chemotherapeutic
treatments, by the emotional situation, coping mechanisms, and by the disease itself, which
we currently did not measure or associate with our neuroimaging findings.

Peripheral biomarkers
First, electrophysiological changes (e.g. peripheral sensory neurotoxicity) might occur due to
chemotherapy administration. Although central and peripheral neurotoxicity due to

449 ‘interactions between these two levels are

chemotherapy are generally discussed separately
highly probable. Sensory-motor axonal neuropathy (as measured with electromyography
(EMG)), can also affect neurocognitive scores on tasks which require manual or fine motor

execution #°° 451,

. Furthermore, this could also interact with cerebello-cortical networks
However, such electrophysiological investigations have not yet been integrated in cancer
patients. Similarly, although cardiotoxicity is known to be a possible chemotherapy-induced
side-effect, and heart rate variability (HRV) is affected in stress situations, HRV was only
limitedly investigated in adult cancer patients #24°3, but not in combination with
neurocognitive research.

Second, multiple peripheral signaling biomarkers interact with the CNS system, either
indirectly via the HPA-axis or directly via the lymphatic system. Biochemical measurements of

454

interest could include inflammatory markers #*4, neurotrophic factors #>>, neurotoxic CSF values

259 as well as neuro-endocrine estimations 334346456,

In leukemia, CSF values are specifically valuable, given that CSF samples are consistently
acquired in the clinical setting to detect CNS invasion. However, in non-CNS solid tumor
patients, ethical issues come into play given that lumbar punctures are painful, and not

required for cancer staging. Hence, such measures would mainly be applicable in leukemia
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patients. Finally, given the close association between stress experience and endocrine values,
not only these values would be interesting to link to neuroimaging, but also stress- and coping-
related questionnaires are important, which are feasible to obtain in all patients.

Emotional and fatigue involvement

As we demonstrated in Chapter 5, survivors of childhood cancer showed elevated
depression ratings, anxiety ratings and lower quality of life in general, compared to healthy
controls. Furthermore, we showed different cortical thickness changes, which depended on
correction for depression or not in Chapter 7. Given that emotional and traumatic experiences
during childhood cancer can highly affect their quality of life 7, and possibly also brain
maturation processes, emotion-, stress-, coping-, trauma-related questionnaires will be
important to acquire in future studies. Constructive coping mechanisms during childhood
cancer in particular are associated with their expression of positive affect 4°8. The association
between emotional processes, heart rate variability, neuro-endocrine measurements, and
neuroimaging findings could particularly interesting, given their association with the vagal
nerve %2, This could profoundly evidence or falsify ‘the double hit’ hypothesis at endocrine,
psychological and neural level. Not only would it be interesting to investigate emotion-related
maturation processes, but also its impact on cognitive values. Often neurocognitive studies do

459 and

not correct for emotional values, while it has clearly been documented that stress
fatigue %9 highly affect attentional functioning in cancer patients. Even stress experienced by
parents throughout treatment, can affect long-term cognitive functioning of childhood cancer
patients %61, Itis therefore recommended to consistently screen for these values in combination

with cognition investigations.

Genetic involvement

A large degree of interpatient variability in cognitive outcomes exists. Demographic and
treatment variables can explain such variability to some extent 12264266,462-466 However, a
compelling need exists to identify the possibly involved genetic predisposition factors. In the
sarcoma survivor study, we focused on the MTHFRC677T and Apoe genotypes (Chapter 5).
Although polymorphisms of these SNPs were not significantly associated with the occurrence
of leukoencephalopathy in survivors of childhood sarcoma, no lesions were detected in the
MTHFR CC group, nor in the Apoe2 carriers, which could still suggest trends. Given its role in
MTX metabolism, the MTHFR genotype could particularly be an interesting future biomarker
for leukemia and bone tumor patients, since both groups receive high doses of MTX.

Emerging evidence indicates that multiple other germline genetic variants could
modulate the risk of treatment-related neurocognitive deficits 467468, via neural plasticity and
repair 111240246469 = neyroinflammation and oxidative stress 17470471 neyrotransmission
117,240469,472 ' and folate metabolism 109241473 These studies demonstrate the complexity of a
probably polygenic susceptibility to treatment-induced neurotoxicity. However, brain
development and its complexity are also assumed to be genome-dependent, which is
particularly important in childhood brain development 4’4476, Hence, genes associated with
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brain development could be particularly interesting to address in case of childhood treatment-
induced neurotoxicity.

Selection of population-specific biomarkers, and feasibility in children

In order to limit data assessments in children independently from clinical settings, short
feasible acquisitions are ideally applied in large childhood cancer populations. In this regard,
abbreviated behavioral screening assessments (including neurocognitive screenings and
subjective experience questionnaires) are ideally combined with standard MRI imaging in all
childhood cancer patients. Besides leukemia and sarcoma, also Wilm’s tumors, neuroblastoma,
... patients could be included, since evidence is still lacking for these populations. Selection of
additional biomarkers would in a next stage largely depend on the available clinical data, which
is related to specific diagnoses and their treatment. For instance, CSF values could be
informative to investigate for toxic markers in leukemia patients (as punctures occur in clinics),
MTHFR genotypes would be informative in patients treated with high-dose MTX, and endocrine
markers would initially be easily implemented in research for patients with hormone
deficiencies (e.g. after radiotherapy). Finally, as all cancer patients receive cardiac follow-ups
in the clinical setting, electrophysiological measures could be derived from existing data, and
possibly associated with stress-related questionnaires.

10.2.2 Towards clinical interventions

10.2.2.1 (Neuro-)Psychological risk assessment and interventions
Our studies clearly evidenced neurotoxicity in childhood sarcoma patients (i.e.

leukoencephalopathy, white and grey matter microstructural changes, lower task scores on
processing speed). However, the question remains if (and how) some patients could recover
from neurotoxicity after treatment. Time since treatment was related to the observed WM
microstructural changes in the survivor study (Chapter 6), and the extent of
leukoencephalopathy also declined after treatment in the childhood patients (Chapter 8).
Furthermore, the impact of lesions on cognitive values in survivors only appeared to be subtle,
and limited to reaction times on attentional tasks.

For these patients who do show attentional difficulties, attentional intervention
programs could become interesting in the future /. However, their success rates remain
inconsistent so far. As our follow-up study in leukemia patients suggested, patients at risk could
include younger patients, as well as lower SES of the family 228, The latter finding confirms
higher education of the parents, or any other positive socio-economic predictor, to be
important. Higher socio-economic environments generally provide more neurocognitive
stimulation during childhood brain development. Such stimulation could build neurocognitive
reserves, lowering the impact of disease or treatment on cognitive outcomes 4’8, Therefore, in
lower income households, school attending and stimulation of the child might be particularly
important. One should note that non-CNS tumor patients in general do not reach clinical
thresholds for deviant neurocognitive scores, nor do they complain themselves about cognitive
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functioning in daily life. In our longitudinal study (Chapter 8), normalized cognitive scores also
did not decrease from baseline to follow-up.

By contrast, the adult survivors did show elevated depression ratings, anxiety ratings
and lower quality of life in general. Given that some survivors still report such psychological
complaints years after treatment, therapy-related effects on neuropsychological functioning is
probably subject-specific. This highly suggests to apply early psychological screenings (including
pain-, cognition-, emotion-, fatigue-, stress-, trauma-related, ... questionnaires), in order to
improve psychosocial assistance and treatments. Screening instruments for psychosocial risk
factors that now increasingly receive attention, include the Distress Thermometer (DT) and
Psychosocial Assessment Tool (PAT), among others #°. Based on such screening instruments,
complaints could be detected early onwards (e.g. stress, anxiety, depressive thoughts, pain,
attention, motor functioning, word finding ..), and psychosocial support could be
individualized.

Given that long-term complaints of childhood non-CNS cancer patients mainly include
emotional issues, coping mechanisms play a very important role in their quality of life 48,
Psychosocial interventions ideally improve these coping strategies, and are mostly
recommended in vulnerable groups. Kazak and colleagues (2004) demonstrated the success of
cognitive-behavior therapeutic interventions on intrusive thoughts in families of adolescent
cancer patients and decreased arousal in these patients 8.

Besides psychosocial interventions, EEG neurofeedback could also hold promise to
improve some of the abovementioned complaints. During neurofeedback, patterns of neuronal
activity are represented on a computer screen, and altered by auditory or visual rewards when
desired brain waves are present. This has only limitedly been investigated in adult cancer

483 and

patients, but showed improvements in cognitive impairment %82, cancer-related pain
neuropathy *84. As relaxation is important to reduce stress, and psychosomatic complaints,
alternative methods also increasingly receive attention. For instance, music therapy has been
evidenced to result in relaxation (measured with EEG) #%. Similarly, mindfulness has been
evidenced to reduce stress-related cortisol and pro-inflammatory cytokines in adult breast
cancer patients *®®, and emotional distress in adolescent survivors of cancer *®’. However, these
technigues were only limitedly studied so far. Given the neural plasticity in childhood, child-
friendly neurocognitive techniques (e.g. hypnosis, mindfulness, yoga, ...), physical activity,

language therapy, and research hold great promise to improve patient-specific complaints.

10.2.2.2 Towards innovative treatment investigations
During the last decades, neurocognitive difficulties were evident in brain tumor and

leukemia cases, after treatment with whole brain irradiation. As survival rates increased by
improvement of treatments, side effects are increasingly avoided by adapting treatments.
Therefore, RT is now avoided in brain tumor patients <3 years old, and replaced by intrathecal
chemotherapy in leukemia patients. With regard to cranial radiotherapy in childhood brain
tumors, one future perspective is avoidance of irradiating specific brain areas, e.g.
hippocampus “88. However, the entire brain is currently assumed to be “eloquent”, for which
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any brain damage leads to certain loss of function. One hypothesis could be to avoid the
previously discussed so-called ‘hubs’, or highly connected brain regions, from a connectionist
perspective 381, This has not been implemented in radiotherapy yet, nor in neurosurgery, but

489 In children

could hold great promise for future research and treatment applications
specifically, developing brain areas in the age range of the patient could also be particularly
vulnerable.

Systemic chemotherapy is one alternative to limit neurotoxicity in case of brain tumors
or leukemia. However, leukoencephalopathy can still arise, as we demonstrated in non-CNS
tumor patients. To date, clinical MRI scanning is part of standard care in brain tumor and
leukemia patients. Still, this is not the case yet for non-CNS tumor patients. Given our findings
of neurotoxicity in these patients, future standard care procedures could include longitudinal
neurocognitive and emotional screenings combined with MRI scanning. This could be
implemented to improve future personalized medical treatments %°°. For instance, a wider
range of chemotherapeutic agents with lower doses could be administered, or fractionation of
high-dose agents, in order to achieve similar survival rates, but decreased encephalopathy.
Furthermore, new personalized treatments (e.g. immune therapy, molecularly targeted drugs)
increasingly receive attention. These treatments also require (genetic) biomarkers in order to
adapt treatments, and improve survival rates as well as long-term sequelae in childhood cancer
patients.

Finally, additional neuroprotective medication has been explored in adult cancer
patients with cognitive or fatigue complaints 91, These studies were mainly performed in brain
tumor, breast cancer and ovarian cancer patients. Investigated agents included antioxidants

4% mood stabilizer

(e.g. d-Methionine)’?, stimulants modafinil 42493 and methylphenidate
lithium, acetylcholinesterase inhibitor donepezil 4°>4%, and NMDA antagonist memantine %%/,
Animal research on potential psychopharmacological interventions still keeps increasing 4°*.
Although these studies suggest some positive results in cognitive functioning, the impact and
possible side effects of such treatments remain largely unknown and open for debate in

childhood cancer patients.
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10.3 General conclusion

This doctoral research project aimed to explore the neural underpinnings of potential
neurotoxicity in childhood cancer patients, receiving high-dose chemotherapy. Advanced MR
neuroimaging techniques provided evidence for therapy-induced macro- and microstructural
changes and potential risk factors such as age at diagnosis, time since treatment and depression
rates. We demonstrated visually observable neural damage, as well as microstructural and
functional changes that are not visually detectable on clinical MRI scans. Such microstructural
and functional changes were repeatedly related to attentional or processing speed measures.
Therefore, we would recommend future screenings of neurocognitive, as well as emotional,
functioning early on in treatment in all current patients. These assessments could be further
associated with advanced neuroimaging techniques in longitudinal designs. By implementing
such investigations in standard care, innovative childhood cancer therapies (e.g. personalized
molecular targeted treatments, chemotherapy dose reductions, protective medication, ...)
could be further improved to restrict neurotoxicity. Consequently, neurodevelopment and
long-term quality of daily life of childhood cancer patients could be further improved in the
(near) future.
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and | feel honored to have you as a jury member. | will never forget your memorable sentence
“Life is too short to collaborate with people you do not like.”, which made me appreciate my
lab colleagues even more and enjoy my workplace. Thank you very much for attending this PhD
defense and sharing your specialized knowledge about MRI and biochemical mechanisms.

Professor Demeyere, ik ben blij u vandaag opnieuw te mogen ontmoeten, na onze
eerste ontmoeting op de Leuven Neuropsychology Workshop 2015 (in de vroege fase van mijn
doctoraat). Graag wil ik u hartelijk danken voor uw tijd en interesse, en voor uw nauwkeurige
en uitgebreide feedback op de PhD thesis. Ik hoop dat we het idee over cognitieve screening
bij kinderen samen verder kunnen uitvoeren in de praktijk.

Tot slot bedank ik bij deze ook graag chairman Professor Michel Delforge en juryvoorzitter
Professor Johan Swinnen voor hun tijd om zowel de schriftelijke evaluatie als de mondelinge
doctoraatsverdediging in goede banen te leiden.

Dan ga ik graag even terug in de tijd om enkele supervisoren tijdens mijn studies te bedanken.
Jonas and Professor Johan Wagemans, thank you very much for sharing your impressive
passion for science a few years ago! Jonas, thank you for sharing your doubts about an
academic career and its difficulties. The fact that we both prefer to stay, probably reflects
passion, addiction, or stubbornness, you name it. Prof. Dr. Jan Vandenstock en Prof. Dr.
Mathieu Vandenbulcke, bedankt voor jullie hulp en vertrouwen tijdens mijn onderzoeksstage.
Ondanks de teleurstelling van onze toenmalige FWO-aanvraag, ben ik blij dat onze paden
blijven kruisen zij het op publicaties, zij het op HBM of in Gasthuisberg. Tot slot, Professor
Christophe Lafosse, dank u wel voor de geslaagde coordinatie van de gemoedelijke
postgraduaat opleiding Klinische Neuropsychologie, die tijdig de nodige ontspanning bracht.
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Vervolgens wil ik graag een woord van dank uiten voor de hulp en steun die de collega’s op de
werkvloer me hebben geboden.

Bedankt aan alle collega’s van de dienst kinderoncologie. Trui, dank je wel voor je
uitstekende coodrdinatie van een grote menigte psychologen, me daarbij te blijven betrekken,
en bovendien nog tijd te maken voor hier en daar een gezellig praatje. llse, Karen, Monique,
Joanna, ook dank jullie wel voor onze aangename samenwerking op de dienst, de lekkere
pralines/tussendoortjes op jullie bureau, en jullie regelmatige updates van patiéntjes. Karen, ik
wacht met heel veel spanning je beloofde hypose-sessie af! Linde, Mie-Jef, en stagiaires Janne,
Sarah, Sofie, Caroline, dank jullie wel om steeds paraat te staan voor testafnames. Linde, jouw
uitstekende kalmte in alle drukte verdient een pluim! Als er nog muren gesloopt moeten
worden, sta ik bij jou in behoorlijk veel krijt! Sam, dank je wel voor de vlotte organisatie van de
bijeenkomsten van de neuropsychologen, en onze wederkerende vertraagde (maar steeds
gezellige) limburgse chats ;). Tineke en Caroline, dankzij jullie was ik niet de enige vreemde
eend in de bijt, en kon ik bij jullie steeds terecht om ervaringen van het doctoraat te delen.

Diane en Danielle, jullie stonden steeds klaar voor het reconstrueren van
chemodosissen in het verleden, hetgeen vaak een grote uitdaging bleek. Dank jullie wel voor
jullie engelengeduld hiervoor. An, na enkele ethische commissie aanvragen en amendementen,
was de moed wellicht al snel in mijn schoenen komen staan, als ik jouw hulp niet had... Bedankt
om hierbij steeds voor me klaar te staan.

Miet en Lucie, ik leerde jullie kennen op SIOP, waar ik zag wat voor top-
(hoofd)verpleging de dienst kinderoncologie wel niet heeft. Dank jullie wel voor ons plezier
aldaar! Miet, we denken nu in het roze, hou me op de hoogte als er nagels gelakt moeten
worden! Esther, jou leerde ik kennen op ISPNO, waar we als ‘jeugd’ ons konden amuseren op
het galadiner, en waar je neusspray mij uitstekend van pas kwam ;). Bedankt! Stefanie en
Jemima, dank jullie wel voor jullie bijstand bij het puzzelen van scansloten in de planning van
de kinderen, hetgeen regelmatig toch een uitdaging was. Nathalie, dank je wel voor al je
telefoontjes en zoektochten naar mij of naar patiénten op de dagzaal, bij de aankomst van de
kinderen.

An, dank je wel voor administratieve bijstand en om ieder jaar de nodige KWS en UZ
toegangen te helpen verlengen. Greet, dank je wel voor alle spoedige hulp, en je mooie
decoratie op de bureau. Het was dan ook steeds een aangename ervaring om bij je binnen te
springen (voor eender welke reservatie of boeking) ;).

Veerle, Marleen en Heidi, dank jullie wel voor jullie hulp bij de patiéntenrecrutering, en

voor de aangename gesprekken in de wandelgangen!
Sandra, ik heb jou voornamelijk in het laatste jaar van mijn PhD mogen leren kennen tijdens
onze fossa posterior studie. Ik kijk er enorm naar uit om samen met jou en de collega’s
neurotoxiciteit ook verder uit te pluizen bij de kinderen met hersentumoren. Ook dank ik hier
graag assistente Lien voor haar uitgebreide hulp bij het verzamelen van de medische data van
de posterior fossa studie.

Karen en Maarten, ook jullie heb ik meer recent leren kennen. En zoals Professor Peet
zei “Life is too short to collaborate with people you do not like.”, ben ik heel enthousiast om
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samen met jullie studies (of toch alvast financieringsaanvragen) aan te gaan in het kader van
de bestralingseffecten. Om het met Sandra haar memorabele woorden te stellen: “We staan
voor een boeiend tijdperk ;-) Ik kijk er naar uit!”. Wel, ik ook!

Verder bedank ik graag de kinderartsen Lien De Somer, Liesbeth De Waele, Peter
Witters en Mieke Boon, voor mijn eerste bureauplaats in jullie kantoor. Als jonge psychologe
hoorde ik al snel een massa aan medisch vakjargon in jullie (telefoon-)gesprekken, hetgeen veel
spontaan opzoekingswerk heeft teweeggebracht.

Loes, ik ben ook blij dat ik jou mocht leren kennen tijdens de uitdagende fase van je thesis. Je
blijkt een uitstekende kinderarts. Dank je wel om steeds je vrolijke zelf te zijn. Onze sushi dates
zijn wat mij betreft dan ook voor vele herhalingen vatbaar.

To colleagues of the MIRC, sincerely thank you to help me find and share our mental ‘out-of-
office’-status during the (many) coffee breaks. Catarina, thank you very much for introducing
me to the ESAT team. Only from that moment onwards, Dorothee and me had the courage to
start socializing with all of the other people in the Louvre ©!

From the ESAT team: Jeroen, David, Philippe, Daan, Tom, Anke, Ine, Jasmien, Markus, Stijn,
Jonatan, Janaki, Dzemilla, Wouter, Charlotte, Simon, thank you all for our relaxing, but always
ridiculously informative, 4 o’clock fruit-times, as well as the great bbg-PhDdefense-swimming-
oldmarket-times! Babs en Walter, dank jullie wel om steeds jullie schitterende zelve te zijn!
Jullie luisterend oor en het bijbrengen van levenswijsheid doen me steeds veel deugd!
Dominique, dank je wel om steeds voor ons allen klaar te staan voor eender welk IT-probleem!

From the cardiovascular team: Bidisha, Hanan, Natalya, Natasha, Adriyana, Brecht,
Vanjush, Anna, Ahmed, Mahvish, Mehdi, Joao, Pedro, Jirgen, thank you very much for our fun
talks in the kitchen, as well as the nice informal dinners including food from all over the world.

Finally, thanks to the nuclear medicine (or interdepartmental) people: June, Joke, Igor,
Georg, Stefanie, Donatienne, Michel, for the warm interactions and (in)formal monthly
interdepartmental meetings, which are now extended to the interdepartmental “borrels”.
Martijn and Jenny, thank you also for our great shared Vancouver experience at HBM. Martijn,
as my new neighbor, you are not doing too bad, neither as a new psychologist ;).

Professor Patrick Dupont, dank je wel voor de jaarlijkse coordinatie van onze journal
clubs. Dank je wel ook aan jou en aan Koen C. voor de kalmerende Limburgse babbels (op
radiologie, het HBM congres of in het MIRC). Jolien, fitness is duidelijk niet aan ons weggelegd.
Neurowetenschappelijke nerdtaal ligt ons duidelijk beter. Dank je wel om een evenwaardige
nerd te zijn, en onze vrije tijd even leuk te vinden met babbels over neurotransmitters. Matthijs
en Jeroen, dank jullie wel voor de (langverwachte maar) smakelijke pizza. Volgende keer is het
onze tour. Danielle, Tarik, Thanh, Sylvie, Laura, Marie, thank you all for our journal club times
together. By creating a positive atmosphere, our time seemed to fly a bit faster.

Bedankt ook aan alle collega’s van de dienst (neuro-)radiologie.
Katrijn en Thibo, jullie waren de PhD eilandbewoners bij de start van mijn doctoraat.

Dankzij jouw droge humor Thibo en jouw stralende glimlach Katrijn, was het steeds een plezier
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om naar het MIRC te komen. Hoewel het moeilijk was jullie te zien vertrekken, hoop ik dat jullie
nieuwe uitdaging en inmiddels uitgebreid gezinsleven jullie veel geluk mogen brengen! Katja,
jou leerde ik voornamelijk in mijn laatste jaar kennen, aan het eiland, maar vooral op onze vele
etentjes in Londen. Je hielp Londen meer vertrouwd doen voelen, ook dankzij jullie gastvrijheid
in jullie warm gezin. Dank je wel voor die fijne periode. Voor herhaling vatbaar! Vincent, dank
je wel om steeds je aanstekelijke lach boven te halen aan het eiland, in het koffiekot, of de
wandelgang, die de eilandbewoners steeds een plezier geeft.

Marjolein, jij was een continu figuur doorheen mijn doctraat. Met je positieve instelling
en hard werken, ben je voor mij een schitterend voorbeeld geweest, en nog steeds. Naast het
harde werken, zagen we ook een lach en een traan van elkaar, in binnen- en buitenland, op en
na het werk. Ik ben dan ook heel blij dat wij elkaar ook buiten de werkuurtjes kunnen vinden!
Ook je vroegere student Robin bedank ik graag voor zijn harde werk en sympathie. Robin, je
werd voor korte tijd deel van het team. Ik ben heel blij jou in die periode te hebben ontmoet!

Ahmed, the day you came in, everyone was surprised... Not only by the fact that Egypt
has more to offer than pyramids ;) also by the fact that we actually gained a strong new force.
Your smile and radiological knowledge really multiplied the value of the neuroradiology team
at that point with a great value. Thanks for all geeky talks and dinners. Gwen, ik herken mezelf
in je (initiéle) gedrevenheid. Je bent een ambitieuze, en steelds positief gestemde bij. Wacht
tot een over een paar jaar ;) nee nee, ik ben er 100% van overtuigd dat je met glans zal slagen
voor je PhD, en zeker na onze succesvolle top-ervaringen op PKP! Soumaya, jij kwam een dik
half jaartje geleden als nieuweling binnen. In het begin was het de weg wat zoeken binnen deze
‘bende’, en nam je (zeer diplomatisch!) een voorzichtige houding aan. Intussen maak je ook
een ‘babbelend’ deel uit van het geheel, en zijn we blij met zo’n sympathieke nieuwe aanwinst!

Jeroen, gast. De eerste dag jij ons team vervoegde, dacht ik ‘Allez, 't is weer nen
ingenieur’. Normaal gezien heb ik snel een psycho-analyse op punt, maar jouw analyse werd
doorheen de tijd wat gewijzigd ;). Jeroen, ik wil je bedanken, niet enkel voor je spoedig
programmeren, maar ook voor het steeds kleuren van onze dag. Je bent oprecht en recht voor
de raap. Dat siert je, en apprecieer ik enorm.

Sil, als 2 collega’s van Noord-Limburg hebben we onze roots een hele tijd goed
vertegenwoordigd aan het eiland! Bedankt voor je hulp bij onze PhD opstart, moeilijkheden
aan de scanner, en het helpen plannen van onze scans, ook toen we nauwer samenwerkten
voor Sabine haar studie. Als je nog hulp kan gebruiken bij hek -of schilderwerken, weet je me
steeds dichtbij te vinden ©. Ilse, bedankt voor de steeds acute hulp bij het aanvaarden van de
MRI bonnen ;) maar vooral voor je dagelijkse goedgezindheid, je lach en je babbel tijdens de
lunch en aan ons eiland! We hebben tijdens je verlof gemerkt hoe ontzettend waardevol dit
voor ons is! Ook aan Soumia een warm dank je wel voor de geslaagde tijdelijke vervanging van
llse. Aan de verpleging radiologie, dank jullie wel voor het delen van de lekkere koffie!

Louise, thank you for our nice time and chats at the ISMRM conference. Although we
don’t often have the chance anymore to see you in the Louvre, we are happy when seeing you
every time at the teambuildings and meetings! Stefan, jij introduceerde mij en Dorothée in

verschillende neuroimaging technieken, en leerde ons steeds kritisch te blijven nadenken over
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gekozen settings van acquisitie en analyses. Dank je wel voor alle bijstand en je kennis, alsook
voor de aangename ervaringen op ISMRM 2018 en onze geslaagde jaarlijkse teambuildings.

Ron, enorm, nee, ENORM bedankt voor je continue en onmiddellijke bijstand bij de MRI
scanners, maar ook voor de hoogstaande humor! Great minds... ;) als we het zelf zeggen... Ook
voor de periode dat jij, Stefan, Kris en Guido me adopteerden bij plaatsgebrek in het MIRC. Het
was me een genoegen jullie dagelijkse humor en aanstekelijke lach te mogen ervaren. Nathalie,
ik weiger je bij nucleaire te schrijven, gezien ik je op radiologie leerde kennen, en je daar ook
blijf tegenkomen. Hoewel onze taal zodanig verschilt, ben ik blij dat we elkaar toch steeds
kunnen vinden in humor, in de wandelgangen en op de interdepartmental meetings voor een
poging tot een babbel ;).

Tom, Frederik, Stefan, Guido, Kris, jullie zijn van harte bedankt voor de hoogstaande
gesprekken tijdens de vele gedeelde middagpauzes. Dankzij jullie werd ik steeds gemotiveerd
voor de tweede helft van de dag, voor doorzettings- en lachvermogen tot in de late uurtjes.
Frederik, onze race voor het PhD certificaat en potentieel gedeelde receptie bleef tot vandaag
de dag nog heel spannend, maar u was een waardige tegenstander ;).

Tot slot, Dorothée, maatje. Wij begonnen samen aan ons doctoraat onder co-
promotorschap van Sabine. Je beschouwde me steeds als de Limburgse strever, en ik moet
toegeven... Sinds jouw vertrek (na 2 jaar intens met elkaar te delen), toonde mijn
resultatencurve een behoorlijk steile toename ©. Echter, wat heb ik onze slappe lach, falende
relatieverhalen, roddels, kortom vriendschap, op de bureau enorm gemist. Ik ben heel blij dat
ik je heb mogen leren kennen, en nog blijer dat we die vriendschap in stijl en in stand blijven
houden.

| also wish to thank all colleagues who collaborated in the work of this PhD project, including
UZ Ghent colleagues Geertrui, Nathalie, Hanne, Professor Catarina Dhooge, and UCL Saint-Luc
colleagues Mélodie, (each) Sophie, Professor An Van Damme, for all their efforts during patient
recruitment and data assessments of current patients in their hospitals. Perrine and Professor
Thierry Duprez, thank you for the great coordination of MRI scans and your regular updates.
Daarnaast bedank ik graag Iris, Bea, professoren Céline Gillebert en Rudi D’hooghe vanuit de
Faculteit Psychologie voor onze aangename interacties en vlotte interfacultaire samenwerking
te bevorderen. Ook statistici Ben en Annouschka, dank jullie wel voor jullie hulp bij de minder
voor de hand liggende statistieken. Colleagues in King’s College, Serena, Dafnis, Daan and
Donald, thank you very much for your great assistance in the application of graph theory and
diffusion analyses of our challenging datasets. Arian, Nuno, Rui, Samy, Tom, Johnny, Jana,
Vasiliki, Ana, Prachi, thank you guys for shortening my experienced time of staying. | am really
convinced that all of you will become famous one day.

Verder een warm dank je wel aan studenten psychologie Inez, Jana, Floris, Mira, Ellen,
Lissa, Kathleen, Julie voor jullie indrukwekkende inspanningen en flexibiliteit voor testafnames
en data invoer. Studenten geneeskunde Aline, Mathilde, Kaat, Maarten en Michiel, dank jullie
wel voor de boeiende literatuurstudies en uitgebreide checks van medische rapporten! Dankzij
jullie hebben we veel kennis kunnen verwerven en hypothesen kunnen genereren!
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Ik wil ook heel graag de jonge en oudere helden die deelnamen aan de beschreven studies
bedanken, voor hun indrukwekkende inzet: een aantal MRI scans, en zo maar even een
neuropsychologisch onderzoek van drie uur, en dit in een behoorlijk zware periode. Deelname
leek voor velen misschien vanzelfsprekend, maar de resultaten van de beschreven studies
waren er nooit geweest zonder die indrukwekkende inspanningen. Bovendien hebben alle
persoonlijke verhalen, de geziene veerkracht en doorzettingsvermogen mij ontzettend doen
leren relativeren, en genieten van de dagelijkse, kleine dingen. Dank jullie wel hiervoor.

Daarnaast wil ik graag mijn vrienden en mijn familie bedanken voor de (nodige) humor, hun
geduld en hun steun.

Glenn, na onze jaren van streven in de opleiding psychologie, besloten we de sprong
naar de academische wereld te maken. Na het wederkerend delen van ons geklaag en gezaag,
vormen we steeds toch maar weer dezelfde conclusie: ‘Och, op zich hebben we het toch zo
slecht nog niet’. Dank je wel aan jou en aan prachtige Tessa voor de fijne vriendschap.

Dan een warm dank je wel aan mijn trouwe Noord-Limburgse vrienden en vriendinnen,
voor onze ontspannende tijden samen op mooie huwelijksfeesten, citytrips, vakanties, in het
Vlaamsch, op de festivalweides, op oudejaarsnacht, ... Zoals Bert het zou zeggen: “Alle wegen
leiden naar Hamont-Achel”. Roots blijven roots ©.

Elita, Dorien, Carmen, Manon, dank jullie zo wel voor jullie memorabel bezoekje in
Londen ©. Dankzij jullie voelde de grootstad even aan zoals onze hometown Neerpelt, zij het
niet in het Vlaamsch Huis, zij het in The Elephant Head. Hopelijk blijven de citytrips en
weekendjes Ardennen met de meisjes, voor vele herhalinging vatbaar.

Tot slot, mama en papa. |k moet toegeven, inhoudelijk hadden jullie bij dit boekje weinig
suggesties of commentaar, maar wat in hemelsnaam kan ik zeggen, geven of doen, om uit te
drukken wat jullie voor me betekenen? Mama, bedankt voor de was, de strijk, de poets, maar
vooral je eeuwig luisterend oor, en je extreem hoge emotionele begaafdheid! Dankzij jou keek
ik op jonge leeftijd in de richting van de Klinische Psychologie, en hielp je me steeds realistisch
te blijven. Papa, bedankt voor je onuitputtelijke wetenschappelijke interesse, en je pogingen
tot inhaalmanoeuvres in de neurowetenschappen. Jouw motivatie om levenslang leergierig te
blijven, motiveerde mij om de academische wereld te exploreren.

Mama, papa, bij deze. Bedankt voor alles! De liefde is wederzijds.

Het is wat het is, omdat het zo geworden is.

Charlotte

EDANKT




