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INTRODUCTION

CHILDHOOD CANCER AND VINCRISTINE

Childhood cancer in high-income countries

Cancer during childhood is a rare disease. The global age-standardized incidence rate
is only 16.2 per 100.000 person years *. The majority (82.2%) of the global burden
of childhood cancer is situated in low, low-middle and middle income countries.
However, childhood cancer is the leading cause of disease-related mortality during
childhood in high-income countries®*. Annually, over 400.000 children are diagnosed
with cancer worldwide®. In Figure 1 the most common types of childhood cancer are
depicted according to their contribution in disability-adjusted life years (DALY), which
is a measure of disease burden that allows for cross-disease and cross-geography
comparisons®. In the Netherlands, 576 children were diagnosed with any type of can-
cer in 2019°. These types of diagnoses are displayed in Figure 2 and show a similar
distribution of cancer types as depicted in Figure 1.

Bl Uncategorised cancers
12,000,900 - 100 == Other rare cancers
5 ™3 Renal cancers
9 000 000 75 8 "
i § Bl |iver cancers
;“f 6 000 000 | 5 % Brain and nervous system cancers
8 > mm Hodgkin lymphoma
3000 000 L5 3 mm Non-Hodgkin lymphoma
Leukemias not otherwise specified
0 0 = Acute myeloid leukemia
0-19 mm  Acute lymphoblastic leukemia
Age group (years)

Figure 1. Absolute and proportional global DALY burden of childhood cancer types in 2017 of children aged
0-19 years
Source: Collaborators of the Global Burden of Disease Childhood Cancer'. DALY=Disability- Adjusted Life Years

The distribution of cancer types is different in children than in adults. In adults world-
wide, the commonest cancer types are, in descending order of occurrence, airway (tra-
cheal, bronchus and lung) cancer, colorectal-, breast-, non-melanoma skin-, prostate-,
stomach-, liver- and cervical cancer, leukemia, and non-Hodgkin lymphoma®. These
are mainly solid tumors and carcinomas, which are rare in childhood'. The majority of
children with cancer who live in high-income countries have good outcomes, with ap-
proximately 80% of children surviving at least 5 years after their diagnosis’®. These
relatively high survival rates in childhood cancer make it possible to shift the focus of
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CHAPTER 1

research towards the optimization of cancer treatment and minimizing adverse side
effects, instead of solely improving survival of cancer, although the latter, evidently,
still is important.

Necplasm of ristocyles
ML Ceher and urspecied
malGRant nEdpRsTE
_ Fanten o (Savers) tplasse -
XL Oy mslignant 3 : B
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Firacrial s Pirgspie
necplsms

Figure 2: Distribution of pediatric cancer diagnosis in the Netherlands
Source: SKION Jaarverslag 2020 °. CNS: central nervous system, HLH: hemophagocytic lymphohistiocytosis

Chemotherapeutic treatment with vincristine: historical overview
and working mechanism

Vincristine (VCR) is one of the oldest chemotherapeutic agents, used both in children
and in adults for treating cancer. It is a naturally occurring alkaloid, that is present in
very small quantities in the leaves of the periwinkle plant Catharanthus roseus (L.) G.
Don of the family Apocynaceae. This plant is endemic in Madagascar. Currently, VCR is
still extracted from the leaves of this plant®*°. The medicinal properties of VCR date
back to the 17" century. Since then, extracts of the plant have been studied to stop
hemorrhage and scurvy, as an analgesic in toothache, to heal wounds and diabetic
ulcers, and to lower blood sugar levels'* 4. However, its potential use as anticancer
agent started after the observation by Noble et al. in 1957 that certain fractions of
Catharanthus roseus resulted in a peripheral granulocytopenia and bone marrow sup-
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INTRODUCTION

pression®>. Following this, Svoboda discovered in 1958 that certain extracts of this
plant had antileukemic activity against the P-1534 lymphoblastic leukemia in DBA/2
mice®®. The findings of this study led to more research into the anticancer properties
of Catharanthus roseus momentum. In the following years, it was discovered that VCR
was one of the few clinical valuable extracts of this plant’’. Other, similar extracts
were able to prolong life, but only VCR was able to cure P-1534 leukemia in mice with
an acceptable range of side effects'. This led to the publication on the first successful
clinical use of VCR, which was called leurocristine at the time, in 1962'°?. Since then,
the use of VCR has been subject of numerous clinical studies and its applicability was
shown many times since then.

The molecular structure of VCR is asymmetrical and dimeric. It composes of a dihy-
droindole nucleus, vindoline, linked by a carbon-carbon bond to an indole nucleus,
catharanthine (Figure 3). VCR sulphate is 1:1 sulphate salt of the alkaloid extracted
from Catharanthus roseus. The empirical formula of VCR sulphate is C,sHs¢N,040H,SO,
and the molecular weight is 923.1 kDa*®?%. Currently, VCR is used more frequently and
more effectively for treatment of pediatric cancer than for adult cancer. This is due
to the fact that in general, pediatric cancers are more sensitive to VCR. Furthermore,

children have a better tolerability to higher doses of VCR than adults*’9*°,

In the 1960s and early 1970s the clinical application of VCR in pediatric oncology has
been studied in many types of pediatric cancer, such as acute lymphoblastic leukemia,
acute non-lymphoblastic leukemia, non-Hodgkin's lymphoma, Hodgkin’'s lymphoma,
nephroblastoma, rhabdomyosarcoma, Ewing sarcoma, neuroblastoma, brain tumors
(such as low-grade glioma and medulloblastoma), and retinoblastoma. It was first
used as single-agent therapy in the early 1960s in patients who were refractory to
conventional therapy at the time, which consisted of steroids, methotrexate, mer-
captopurine, and alkylating agents. In general, children treated with VCR often had a
partial or complete remission, especially in children with hematological malignancies.
Unfortunately, these remissions as a result of single agent VCR treatment were often
incomplete and brief>**'. The response rates improved with the use of combination
chemotherapy. Currently, VCR is often incorporated within a multi-agent and multi-
modality treatment protocol for many oncologic disease types in pediatrics, both in
hematological and solid tumors including brain tumors®.

The working mechanism of VCR is based on the binding on microtubules within the
cell. It interferes with the formation of the mitotic spindle, leading to an inability
of the cell to perform mitosis****“°. Microtubules are the structural elements of the
cytoskeleton within the cell and play a role in cell shape and motility, intracellular
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CHAPTER 1

Figure 3. The two-dimensional structural formula of vincristine

transport, and secretion processes**“*. VCR works by binding to the tubulin part of mi-
crotubules (see Figure 4)*. Microtubules are composed of a primary skeleton structure
of tubulin heterodimers (a- and B-tubulin subunits)*. During mitosis, microtubules
grow and develop into the mitotic spindle, attaching with chromosomes. Depending
on switching between either slow growth or rapid shrinkage, the microtubules either
push or pull chromosomes towards the cell poles*®*’. Figure 4 shows the binding of
VCR to the B-subunit of the tubulin-dimer at the VCR binding site in the exterior of
microtubules. VCR generally has two distinct binding sites on microtubules: a high
affinity binding site at the microtubule plus end and a low affinity binding site on the
tubulin along the microtubule surface*®. Binding of VCR to the microtubules destabi-
lizes microtubule formation, leading to depolymerization of the microtubules, which
is the result of a longitudinal crosslink within the p-tubulin®.

14
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A a-and B-tubulin heterodimers C  microtubule dynamics

%3
s &

C‘ a
depolymerize
A
B the Vincabinding site —
polymerize

the Vinca alkaloids
Figure 4. The structure of microtubule and effects of Vinca alkaloids on microtubule stability
A. Heterodimers of o.- and B-tubulin assemble to form microtubules. B. The Vinca alkaloids bind to the 3-subunit
of tubulin dimer at the Vinca binding site in the exterior of microtubules. C. The Vinca alkaloids bind to the Vinca

domain at the microtubule plus ( + ) ends which leads to depolymerization of microtubules. Figure created via bio-
render.com and adapted from Zhang et al.**

The mechanism of transportation of VCR into the cell is still not entirely elucidated,
but in murine leukemia cells it was demonstrated that the transport mechanism
depends on Michaelis-Menten kinetics, temperature, and competitive inhibition®°.
Furthermore, transport of VCR out of the cell depends on the adenosine triphosphate
(ATP) binding cassette (ABC) transporter family, ABCB1, ABCC1, ABCC2 and ABCC3°™.
Finally, it has been demonstrated that increased levels of cholesterol and phospho-
lipids in the cell membrane account for lower VCR accumulation in murine leukemia
cells®.

VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY

Unfortunately, besides the anti-mitotic anticancer effect, VCR treatment can also lead
to VCR-induced peripheral neuropathy (VIPN), which is the most common type of tox-
icity of VCR?. It can lead to symmetric sensory and motor neuropathy®*~*. Symptoms
of VIPN are muscle weakness, areflexia, neuropathic pain, sensory loss, and sometimes
vocal cord paresis/paralysis®. Furthermore, it can cause an autonomic polyneuropa-
thy, leading to symptoms such as orthostatic hypotension and constipation®®*’, It is
a dose-dependent toxicity, with symptoms that can already start after a few admin-
istrations®®. It was shown that VIPN affects health-related quality of life (HR-QoL) in
adults®® and in survivors of childhood cancer®. Tay et al. ®° have found that in a study
group 101 children >4 years after treatment for acute lymphoblastic leukemia (ALL),
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CHAPTER 1

children with VIPN had a significant lower score with respect to physical and social
functioning, compared to children post-treatment for ALL but without VIPN. Therefore,
children with VIPN are limited in their development, due to the prolonged effect of
VIPN on HR-QolL.

The pathophysiology of VIPN is complex. Within the immune system, VCR leads to the
activation of immune cells, which in turn results into the release of pro-inflammatory
cytokines and activation of the innate and adaptive immune system and neuro-
inflammation®**®. Within the peripheral tissues, VCR leads to integrin expression,
resulting in neuro-inflammation in two ways: first, within the endothelial tissue there
is a migration and activation of the C-X-3-C motif chemokine receptor, macrophages,
and the release of TNFa and interleukins. Second, expression of C-X-C Motif Chemo-
kine Ligand 12 in the dorsal root ganglia leads to the attraction and activation of C-X-C
motif chemokine receptor 4 T-lymphocytes and monocytes also resulting in neuro-
inflammation®®”7*, Furthermore, directly within the peripheral neurons VCR has an
effect at multiple levels. Within the microtubules the main action mechanism of VCR
is altered retrograde and anterograde transport, which leads to neuronal cell mem-
brane remodeling and Wallerian degeneration, together with changes to cell shape
and cell stability. This results in an altered function of voltage-gated ion channels of
sodium (Na), potassium (K), calcium (Ca) and the transient receptor potential channel
(TRP) and neuronal cell membrane remodeling. This in turn contributes to an altered
excitability of the peripheral neurons, thereby causing peripheral neuropathy®7-.
Within the myelin VCR leads to loss of peripheral sensory fibers. Finally, VCR also has
an effect on the mitochondria within the cell, where it leads to an altered function of
the respiratory chain and thereby of mitochondrial function. VCR stimulates the re-
lease of reactive oxygen species, altered glial cell function and activation of apoptotic
pathways, which, all together, result in an altered function of the same voltage-gated
ion channels (Na, K and Ca), TRP and neuronal cell membrane remodeling. This results

in an altered excitability of the peripheral neurons®7475,

Treatment options of VIPN are scarce and only symptomatic. Autonomic neuropathy
leading to constipation can successfully be treated by using laxatives, which is often
prescribed prophylactically when VCR is administered. Furthermore, neuropathic pain
can be treated specifically with specific analgesics such as gabapentin or amitripty-
line or with more general analgesics such as opioids. However, the effect of these
treatment options are suboptimal and future research is needed to determine the
best treatment strategy’®. There are no adequate treatments for muscle weakness,
numbness or paresthesia. Often, if these symptoms are persisting or even progressive,
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the only treatment option is dose reduction or cessation of VCR treatment, but this
likely results in suboptimal anti-cancer treatment®®7>,

Assessment of VIPN

There is a lack of specific and properly validated instruments for the assessment of
VIPN. This has led to the use of a wide range of different instruments, making the com-
parability between studies regarding VIPN difficult. Non-invasive assessment of VIPN
can be difficult as (young) children are often incapable of verbally expressing their
complaints. Therefore, detection of symptoms relies largely on proxy-assessment.
An assessment tool that is frequently used both in clinical practice and for research
purposes is the Common Terminology Criteria for Adverse Events (CTCAE)”. This is an
instrument for the assessment of all adverse events possibly associated with cancer
treatment. Furthermore, a few instruments have been developed for the assessment
of peripheral neuropathy specifically in children, such as the pediatric-modified Total
Neuropathy Scale (ped-mTNS)*’ and the Total Neuropathy Scale Pediatric Version
(TNS-PV)™8. Both instruments consist of a questionnaire part as well as a physical
examination part. Assessing VIPN through either the ped-mTNS or the TNS-PV leads to
more children with VIPN being identified than through the CTCAE’®®, Because of their
superiority over the use of CTCAE assessment, the use of TNS-PV or ped-mTNS was
recommended for the assessment of VIPN in children aged 2 6 years®. However, both
instruments still have some limitations. Both of them have not been properly assessed
on their psychometric qualities: the reliability was not (optimally) studied and there
is no standard recall period, amongst other limitations®’. Finally, both instruments
are not suitable for the assessment of VIPN in children aged < 6 years. Sometimes,
electrodiagnostic testing is used**®2, which showed conduction delays and decreased
amplitudes in several neurons®®4 However, since the use of these tools is painful and
invasive, they are not suitable for routine assessment either clinically or for research
purposes.

Factors contributing to vincristine-induced peripheral neuropathy

Administration- and pharmacokinetic-related factors

The standard dose of VCR currently used in clinical practice is 1.5 mg/m’ with a
maximum dose of 2.0 or 2.5 mg. Studies using higher doses have shown that this, in
general, leads to intolerable VIPN in children®. However, studies that investigated
the association between dose and VIPN using standard doses, are inconclusive and
contradictory °77682848¢ A5 sych, the exact relation between VCR dose as used in daily
clinical practice and VIPN in children remains to be established.
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VCR is usually administered as a short (1-5 minutes), intravenous push administra-
tion. However, small-sized studies in children have shown that by using longer lasting
infusions of up to 120 hours, higher cumulative doses of 4.0 mg/m?* are generally
well tolerated #7#%, This could be due to lower peak plasma levels that are associated
with longer lasting infusions, as lower peak plasma levels have been shown to be
associated with less VIPN®,

Ever since the first clinical use of VCR in the 1960s, the pharmacokinetics (PK) of VCR
have extensively been studied. Initially, this was done using radio-immunoassay.
However, this method is not very specific to assess VCR PK?*%*, In 1991, a sensitive
high-performance liquid chromatography (HPLC) assay was developed, which led to
the reliable assessment of VCR PK in children®>. This was followed by an assay us-
ing liquid chromatography-tandem mass spectrometry (LC-MS/MS), which further
improved VCR PK analyses in 2009?94, Several studies that investigated the PK of
VCR in children®®°°*>7 have shown that there is a large interpatient variability in
VCR clearance®®?°9>%7, Moreover, some studies found a relationship between age
and several PK parameters of VCR*®9°%, whereas others did not®®*’. Finally, several
studies reported on the association between VCR PK and VIPN®¢789°9799 Qne study
found an association between the level of M1, the main metabolite of VCR, and VIPN*®
and one study showed an association between the VCR area under the concentration
time curve (AUC) and VIPN’®, whereas the other studies did not find any association
between PK and VIPN.

Genetic factors

The individual exposure to VCR with a standardized dose as well as the development
of VIPN are influenced by genetic factors in several pathways. Theoretically, there
are several mechanisms by which genetic factors can be associated with VIPN. First
of all, genetic aberrations may influence the metabolism and PK of VCR. This could
lead to an altered exposure of VCR in the central and peripheral compartment, and
thus to either a higher or lower risk of VIPN. Secondly, genetic factors could alter the
sensitivity of neurons to VCR, thereby increasing or decreasing the risk of developing
VIPN. A well-known example of this is the motor and sensory neuropathic disease
Charcot-Marie-Tooth (CMT). This is the most common hereditary neuromuscular dis-
order. At least 25 genes are associated with the development of CMT*®. Children with
this disease can develop very severe VIPN, already after the first administration of
VCR™**?° This is due to the fact that the peripheral nervous system of these patients
is already damaged due to CMT and therefore very vulnerable to the damaging effect
of VCR.
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Another factor that alters the susceptibility of developing VIPN, is ethnicity. Cauca-
sian children have a higher risk of developing VIPN than African-American children®*.
However, the risk of VIPN among children of other ethnicities is not well studied.
Although to date, the rationale behind ethnicity-associated VIPN is not very well
understood, it is most likely related to genetic differences in children with different
ethnicities.

The ethnic difference in the development of VIPN is probably in part explained by
genetic differences in subtypes of the cytochrome P450 (CYP) 3A family of enzymes.
This family of enzymes is important for the metabolism of VCR into M1 in the liver.
This can be done by CYP3A4 and CYP3AS5, although the latter has an up to 14 times
higher intrinsic clearance in vitro than the first**>. There is an unequal racial distribu-
tion in humans between CYP3A4 and CYP3AS5. In African-Americans, the occurrence of
CYP3AS5 is presentin 80% of people, whereas in Caucasians CYP3A4 is predominantin
80% of people. Therefore, people with CYP3A5 metabolize VCR quicker than people
with CYP3A4, leading to lower exposure to VCR, and most often to less VIPN. However,
although the relation between CYP3A subtype and the development of VIPN has been

frequently studied, results remain inconclusive® 899123125,

Besides CYP3A, various studies on pharmacogenomics of VCR have identified single
nucleotide polymorphisms (SNPs) and genetic pathways that seem to be associated
with VIPN. These factors are summarized in Table 1. However, to confirm their potential
role in the development of VIPN, future studies are needed to validate these findings.

Concurrent azole treatment

As previously mentioned, VCR is hepatically metabolized using the CYP450 family of
enzymes. Therefore, drugs that have the potential to increase VCR plasma levels are
those with either an inhibiting effect of CYP450 or those that inhibit the P-glycopro-
tein-mediated VCR efflux'?®. The group of medication in which this mechanism is most
frequently studied is the azole antifungals. These drugs are used for the prevention
and treatment of (systemic) fungal infections. These fungal infections are common
in intensely treated pediatric oncology patients, such as children with leukemia. The
increased levels of VCR caused by the concurrent use of azole antifungals and VCR can
lead to more (severe) VIPN. Research has shown that, although results were sometimes
contradictory, concurrent use of VCR and azole antifungals leads to an increase in the

incidence and severity of VIPN'?7*%2,
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Table 1. Summary of study results regarding associations between SNP’s and VIPN

SNP/genetic Studies demonstrating  Studies demonstratinga Studies not demonstrating

pathway studied a lower risk on VIPN higher risk on VIPN an association with VIPN

CYP3A4 Aplenc'*, Egbelakin® Guilhaumou®, Moore®,
and Kishi*?* Ceppi'*®

VDR intron 8 Kishi*?*

pathway

Glucocorticoid Kishi*?*

pathway

Phase Il pathway Kishi***

Antimetabolite Kishi'*

pathway

MDR1 Plasschaert®®

ABCB1 Ceppi'*® Guilhaumou®

ACTG Ceppi**®

ACTG1 Ceppi**®

CAPG* Ceppi®® Ceppi**®

MAP4 Ceppi**®

TUBB1 Ceppi**®

*Different SNPs are associated with either an increased or a decreased risk of VIPN, SNP: single nucleotide polymor-
phism, VIPN: vincristine-induced peripheral neuropathy, CYP: cytochrome P-450, VDR: Vitamin D Receptor, miR:
microRNA

OUTLINE OF THIS THESIS

Despite the fact that VCR is already being used for decades, VIPN is still a major con-
cern in pediatric oncology, with dose reductions or even cessation of VCR treatment
sometimes being the only solution to reduce VIPN. Since VCR is a key component of
many pediatric oncology treatment protocols all over the world, optimization of VCR
treatment is of high importance. The goal of studies on optimization of VCR treat-
ment is to maximize efficacy while minimizing (unnecessary) toxicity. Therefore, it
is important to study VCR and VIPN using all currently available analytic tools. The
availability of a sensitive LC-MS/MS assay to study PK parameters of VCR as well as
the more widespread use of genome wide high-throughput genetic tests to study
pharmacogenomics of VCR are valuable tools that can be used in our endeavors to
optimize VCR treatment. These techniques should be used to study the effect of
contributing factors to VIPN, as summarized in this introduction: ethnicity, dose, PK
and administration duration. Moreover, an important issue to take into account when
studying VIPN is the limited comparability of results of different studies making it
difficult to draw robust conclusions on the influence of certain factors on VIPN. To
this end, it is important to create more unity in the tools that are used to assess VIPN
in children. Finally, although it is known that VIPN is a serious toxicity, it is currently
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unknown what the effect of VCR is on daily functioning and health related quality of
life (HR-Qol) of children. This is important to assess, since it helps to identify specific
aspects of VIPN that have a high impact on HR-QolL. In this thesis, the above-described
aspects of VIPN are studied, all with the aim to optimize VCR treatment for children
with cancer.

In Chapter 2 the relevant literature on contributing factors on VIPN is summarized by
means of a systematic review. In Chapter 3 the development and validation of the
Dutch version of the ped-mTNS, a tool that can be used to assess VIPN in children, is
described. Chapter 4 reports on the effect of VIPN on health-related quality of life
during treatment of cancer in children. Furthermore, Chapter 5 presents the results
of a randomized clinical trial that studied the effect of administration duration of VCR
(push injections versus one-hour infusions) on the development of VIPN in children.
Furthermore, This is followed by a study of the PK of VCR in children and its relation to
VIPN and administration duration of VCR in Chapter 6. Then comes Chapter 7, which
describes the results of a study regarding the pharmacogenomics of VCR in children.
Finally, in Chapter 8 we describe a study protocol investigating therapeutic drug
monitoring of VCR in a specific population. All these studies are put in perspective,
also with a look into the future of VCR and VIPN research in the general discussion in
Chapter 9.
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CHAPTER 2

ABSTRACT

Vincristine-induced peripheral neuropathy (VIPN) is a dose-limiting side effect of
vincristine (VCR) treatment in children, leading to diminished quality of life. Much re-
mains unknown about the underlying mechanisms of VIPN. This review systematically
summarizes the available literature concerning contributing factors of VIPN develop-
ment in children. Studied factors include patient characteristics, VCR dose, admin-
istration method, pharmacokinetics, and genetic factors. Furthermore, this review
reports on currently available tools to assess VIPN in children. In total, twenty-eight
publications were included. Results indicate that Caucasian race, higher VCR dose,
older age and low clearance negatively influence VIPN, although results regarding
the latter two factors were rather conflicting. Moreover, genetic pathways influencing
VIPN were identified. Furthermore, the studied tools to assess VIPN seriously impairs
comparability across study results. Studying the factors and their interactions that
seem to influence VIPN in children, should aid in personalized VCR treatment, thereby
increasing VCR effectiveness while minimizing toxicity.
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VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY IN CHILDREN WITH CANCER: A SYSTEMATIC REVIEW

INTRODUCTION

Since the introduction of vincristine (VCR) in 1962 has it been used as a chemothera-
peutic agent in the treatment of various types of both adult and pediatric cancers.
VCR is a vinca alkaloid derived from the plant Catharanthus roseus *. It causes restric-
tion of tumor growth through its interference with the microtubules in the mitotic
spindle**. The main side effect of VCR is neurotoxicity, a dose-limiting side effect
causing peripheral and mostly symmetric sensory-motor neuropathy “°. Other side
effects of VCR include syndrome of inappropriate antidiuretic hormone secretion 7*°,
myelosuppression **** and alopecia ****. Clinical symptoms of VCR-induced peripheral
neuropathy (VIPN) include muscle weakness, areflexia, neuropathic pain and sensory
loss, amongst others. Furthermore, it can cause autonomic polyneuropathy resulting

in symptoms such as orthostatic hypotension and constipation.

In VIPN-affected patients the longer neurons such as the more distal neurons in the
(Lower) limbs are mainly affected ****”.The symptoms of VIPN often develop already af-
ter a few administrations of VCR and in most cases symptoms disappear a few months
after discontinuation of VCR therapy *%. However, some children experience long-term
sequelae, clinically established by symptoms such as permanent loss of deep tendon

reflexes (DTR) and decreased motor functions >*°.

In order to thoroughly study the influence of several factors on VIPN, it is important to
use valid and reliable assessment tools.

In clinical practice the diagnosis of VIPN is hard to establish due to its heterogenic
clinical presentation. Moreover, for young children it is difficult to describe their com-
plaints, which is information necessary to accurately diagnose VIPN. The National Can-
cer Institute Common Terminology Criteria for Adverse Events (CTCAE) are frequently
used for assessing the degree of VIPN. This tool assesses the severity of several types
of adverse events *°. However, it has been demonstrated that the CTCAE has floor- and
ceiling effects when it comes to assessing VIPN **. As a consequence, other methods
to assess VIPN have been studied **"*. Currently, no golden standard is available to
assess VIPN and most of the tools used have limited value in young children, making it
difficult to accurately quantify VIPN in this group of patients *>. Another method used
to diagnose VIPN as well as to elucidate the possible pathophysiology of peripheral
nerve damage is electrodiagnostic testing 2>?%, This method, however, is more invasive
and painful which makes it not suitable for routine assessment of VIPN in children.
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The mechanisms underlying VIPN have been studied frequently. However, most stud-
ies included adults only. As a consequence, there is a gap of knowledge about the
various factors that influence VIPN in children. Moreover, results of previous studies
regarding the relation between VIPN and age seem to be contradictory “**73°, Also
the exact role of VCR pharmacokinetics (PK) on VIPN in children remains to be estab-
lished***2.

The development and severity of VIPN in children is determined by multiple factors
which often are inter-related (see Figure 1). One of these factors is the VCR dose ad-
ministered. Standard dosing in children nowadays is 1.5-2.0 mg/m?* with a maximum
of 2.0-2.5 mg, and in infants the dose is 0.05-0.065 mg/kg. Furthermore, in general,
VCR is administered with a minimum interval of one week *. Larger doses or smaller
time intervals may result in unacceptable toxicity *®. However, this toxicity can also be
the result of interactions with other drugs. The most frequently studied interaction is
that of VCR and azole antifungals. Multiple publications showed increased VIPN after
concomitant azole therapy **¢. Furthermore, the method of administration seems to
affect VIPN development and severity *’. In clinical practice, VCR is administered intra-
venously through bolus injections or prolonged infusions. Gidding et al. have shown
that VCR bolus injections induce high peak-plasma concentrations of VCR, which
in turn seems to be related to the development of VIPN in children 3. In addition,
continuous infusion of VCR seems to increase the systemic exposure of VCR without
significantly increasing the development of VIPN *°. However, strong evidence from
high-quality studies is lacking.

Another factor influencing the risk of developing VIPN concerns the patients’ PK
profile **. Since the early nineties, high performance liquid chromatography (HPLC)
with sensitive detection limits has become the standard method for most of the PK
studies due to which accurate data on PK measures of VCR have become available **.
Although these data have demonstrated large inter-individual variability in children
40, studies indicate that in general VCR plasma clearance is higher in children than in
adults “*%*, Since high clearance of VCR is associated with diminished drug exposure
39, this may lower the risk of developing VIPN. However, genetic factors also influence
this risk, either through influencing the PK of VCR or through genetically increased
susceptibility of developing VIPN 224°, Several abnormalities in DNA such as single
nucleotide polymorphisms (SNPs) with different pathways have been studied in
VIPN-affected children 223*4*, Genetic factors influence the development of VIPN by
altering the clearance on one hand and by influencing the patients’ susceptibility for
developing VIPN on the other hand %%,
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All in all, many factors influence the development of VIPN in children. However, re-
sults of previous studies investigating the exact impact of each of these factors on
VIPN as well as the relation between these factors and VIPN are inconclusive, making
it difficult to unravel the rather complex mechanism(s) underlying VIPN in children.
This review aims to systematically summarize the available evidence concerning the
various factors that contribute to the development of VIPN in children. Factors that
are being studied include VCR dose, administration method, PK and genetic factors.
Furthermore, this review reports on the psychometric qualities of the current avail-
able tools to assess and diagnose VIPN in children.

Figure 1. Factors associated with the development and assessment of VIPN.
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METHODS

A review protocol was developed based on the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA)-statement (www.prisma-statement.
org). Subsequently, a literature search was performed using MEDLINE/PubMed (from
1945 up to December 13th 2016) and EMBASE/Ovid (from 1980 up to December 13th
2016). The following key words were used: "pediatrics”, “vincristine” and “neurotox-
icity”. The exact search queries for the literature searches in the several databases are

stated in Supplementary table 1.

Publications were deemed eligible for inclusion in case they met the following inclu-
sion criteria: (a) study population: study should include a pediatric oncology popula-
tion consisting of at least five children, (b) treatment protocol: children should have
received multiple VCR administrations, (c) study measurements: study measurements
should have been performed on patients who still receive regular VCR administra-
tions for their underlying oncologic disease, (d) data on VCR dose should have been
reported, (e) study outcomes: data on peripheral neuropathy should have been
reported, (f) publications should have been written in English. Letters to the Editor,
case-reports, historic reviews and (conference) abstracts were excluded.

After removing any duplicates, two reviewers (MV and MB) independently selected
publications meeting the inclusion criteria based on title, abstract or both. Discrep-
ancies between reviewers were resolved by consensus. Subsequently, all selected
publications were obtained in full-text in order to extract data using a standardized
data extraction form as well as a quality assessment form. In the data extraction form
data were collected on study characteristics of participants, methods and results on
VIPN prevalence, method of assessment, dose and administration method, genetic
factors, and other factors. The quality assessment form was an adaptation of the Qual-
ity Assessment Tool for Quantitative Studies *“ and was used to systematically assess
publication quality and risk of bias. This form included 10 questions on the method-
ological quality of the study. Based on the answers to these questions a total Quality
Assessment Score was calculated, which was used to categorize the publication as
low-, moderate- or high-quality studies. Reference lists of relevant publications were
screened for possible additional inclusions. Results were reported according to the
factors described in Figure 1.
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Figure 2. Flow diagram of search and selection process
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RESULTS

The search yielded a total of 3011 publications (Figure 2). After removing 375 dupli-
cates, 2636 publications were screened for eligibility based on title and/or abstract.
This resulted in the exclusion of 2578 publications, as these did not meet inclusion
criteria. The remaining 58 publications were then screened for eligibility based on
full-text versions. Finally, a total of 27 publications met the inclusion criteria and
were included in the current review. The hand-search resulted in one additional pub-
lication. Characteristics regarding study design and methods are depicted in Table 1,
whereas in Table 2 the actual results of the included studies are described.

Prevalence rates of VIPN among children treated with multiple VCR administrations
were reported in 25 of the 28 included studies and appeared to vary greatly. In the
studies that used CTCAE criteria to evaluate VIPN and in which VIPN was defined as
grade 2-4, prevalence varied between 12% and 38% 7272832424547 Kishj et al. “®
defined grade 3 and 4 of CTCAE as VIPN and found a prevalence of 13%. In other
studies in which VIPN was defined as either having loss of DTR or having CTCAE grade
| or higher, prevalence varied from 20% to 100% *93"**394249_|n studies using other
tools to assess VIPN prevalence rates appeared to vary as well: 30-55% (World Health
Organization (WHO) neurotoxicity criteria ***!), 55-87% (pediatric-modified Total
Neuropathy Scores (ped-mTNS) **?#), 12-95% (clinical neurological assessment of
VIPN symptoms >*2?), 18-82% (CTCAE constipation criterion “*), and 72-79% (electro-
physiological methods >*°*3*). Furthermore, Lavoie Smith et al. ** combined different
tools to diagnose VIPN and did not report a prevalence, but found an incidence of
78% when using the Total Neuropathy Score — Pediatric Vincristine (TNS-PV), 69-74%
when using CTCAE criteria, and 44% when using the so-called FACES pain scale.
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CHAPTER 2

Tools to assess or diagnose VIPN

In previous studies several tools have been used to measure or diagnose VIPN. These
are summarized in Table 3. Sixteen of the 28 studies included in the current review
used CTCAE criteria (items: peripheral sensory neuropathy, peripheral motor neuropa-
thy, pain, several autonomic dysfunctions, and constipation *72%2829313239.43.454648) £qp
assessing VIPN in children. However, in five studies it was not mentioned which items
were used *"#*474933 The CTCAE shows great resemblance with the WHO neurotoxicity
score used in two other studies *>°*. Kellie et al. *° used an adaptation of the CTCAE
in order to develop a neuropathy grading system. Furthermore, Gilchrist et al. 2***?*
described the development of the ped-mTNS, which is an adaptation of the Total
Neuropathy Score (TNS) *’. Psychometric properties of the ped-mTNS were evaluated
in children aged 5-18 years with multiple, non-CNS tumor types. Internal consistency
of the tool appeared to be sufficient and inter-rater and test-retest reliability were
acceptable. Compared to the CTCAE criteria, ped-mTNS identified 40% more subjects
with sensory neuropathy and 15% more subjects with motor neuropathy. Except for
strength testing, no significant correlation between ped-mTNS scores and combined

motor and sensory CTCAE scores were found.

Lavoie-Smith et al. ** also developed a VIPN assessment tool which was based on
the TNS: the TNS-PV. This tool showed good internal consistency . The TNS-PV was
compared with three other methods to assess VIPN: the CTCAE, the Balis grading scale
and the FACES pain scale. TNS-PV scores were significantly correlated with CTCAE
scores (p=0.01) and with Balis scores (p=0.01). Furthermore, the TNS-PV and CTCAE
appeared to be sensitive to change over time. VIPN could validly be assessed through
the TNS-PV in 95% of all children aged 6 and older. The CTCAE and Balis tools showed
significant floor effects and the construct validity of the Balis tool seemed inferior
compared to the TNS-PV. The FACES Pain Scale was valid, sensitive, responsive and
feasible for assessing VIPN-related pain severity in children of all ages. Moreover,
TNS-PV assessments were more sensitive in detecting VIPN than CTCAE scores *.

Electrodiagnostic testing was used in five of the included studies. Besides assessing
the degree of VIPN, electrodiagnostic testing can give insight into the pathophysiol-
ogy of VIPN. Vainionpas et al. ** used somatosensory evoked potentials (SSEPs) at the
right median and right posterior tibial nerve in a group of 38 children with ALL. Con-
duction delays were found in the tibial (p=0.001 for standard risk patients; p=0.0014
for intermediate and high risk patients) and median nerve (p=0.001 for standard risk
patients; p=0.049 for intermediate and high risk patients) after VCR therapy. In addi-
tion, Reinders- Messelink et al. *° used surface electrodes to determine the conduc-
tion velocity of the median, ulnar, peroneal and sural nerves as well as the sensory
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nerve action potentials (SNAPs) and compound muscle action potentials (CMAP) in 17
children with ALL. Results indicated that amplitudes of action potential of peroneal
and sensory ulnar and median nerves decreased during VCR treatment. The CMAPs
of the upper extremity nerves and the sural SNAP appeared not to be significantly
associated with cumulative VCR dose. Furthermore, no effect of VCR treatment was
found on conduction velocities.

Toopchizadeh et al. ** performed sensory and motor nerve conduction studies on the
median and ulnar nerves of children receiving VCR treatment. Furthermore, sensory
nerve conduction was performed on the sural nerves and motor conduction studies
on the tibial and peroneal nerves as well. Significant negative correlations were
found between cumulative VCR dose and the amplitude of tibial (p=0.007), peroneal
(p=0.013), median (p=0,003) and ulnar (p=0.006) CMAPs, while significant positive
correlations were found between cumulative VCR dose and sensory latencies of ulnar
(p=0.027) and median (p=0.05) nerves.

Table 3: Tools used for VIPN assessment

Tools used for VIPN Description of tools

assessment

Balis grading scale Tool to grade neuropathy in children based on a 4-point scale.

BOT-2 Tool to age specifically assess motor proficiency in patients with mild to

moderate functional deficits.

NCI CTCAE Toxicity criteria for adverse events, such as peripheral sensory- and motor
neuropathy, constipation and neuralgia. Grading scale of 0-5, 0 meaning
no toxicity and 5 meaning death.

FACES pain scale Tool measuring pain in children (aged 3-8 years) by face drawings
depicting increasing degrees of distress due to pain.

Ped-mTNS Adaptation of TNS consisting of a questionnaire combined with
standardized physical examination. It tests sensory symptoms, pain, motor
function, autonomic function, light touch sensation, vibration sensation,
pin sensation, distal strength, and DTR in children (aged 5-18).

PNPS Five-point scale for grading pain in children.

TNS-PV Adaptation of TNS consisting of a questionnaire combined with
standardized physical examination; more abbreviated than ped-mTNS.
It tests pain, temperature sensibility, vibration sensation, strength, DTR,
autonomic function, and hoarseness/vocal cord function in children (aged
6-18).

WHO criteria Grading scale providing great similarity to NCI CTCAE assessment

Nerve conduction studies Electrophysiological assessment of conduction velocity and amplitude. It
comprises SSEP, SNAP and CMAP amongst others.

VIPN: Vincristine-Induced Peripheral Neuropathy, BOT-2: Bruininks-Osteretsky Test of motor Proficiency version,
CCG: Children’s Cancer Group, NCI CTCAE: National Cancer Institute Common Toxicity, SSEP: somatosensory evoked
potentials, SNAP: sensory nerve action potential, CMAP: compound muscle action potential, ped-mTNS: pediatric
modified Total Neuropathy Score, TNS: Total Neuropathy Score, DTR: deep tendon reflexes, PNPS: Pediatric Neuro-
pathic Pain Scale, TNS-PV: Total Neuropathy Score — Pediatric Version, WHO: World Health Organization

57



CHAPTER 2

Finally, Yildiz et al. ** performed sensory and motor nerve conduction studies on
median, ulnar, tibial, peroneal and sural nerves in children with several types of malig-
nancies. This showed significant differences between normal group data and patients
on motor abnormalities, with decreased distal CMAP and prolonged distal negative
peak duration (p<0.01). All other sensory and motor modalities were not significantly
different between patients and controls.

Patient-related factors

Age

Contradictory results regarding the relation between VIPN and age at study have been
reported. Two studies report a significantly higher prevalence of VIPN in younger

527

children >*’, whereas five other studies report a significantly higher prevalence in

older children 2229454636 However, the two studies reporting a higher prevalence in
younger children had a low *’ or moderate * quality score, while two of the five 224°
studies reporting a significantly higher prevalence in older children were rated as
high-quality studies. Moreover, seven studies did not find an association between age

and VIPN in children *74%47:3051.53:34

In two studies, both rated as high-quality, in which the relation between clearance of
VCR and age was investigated, no effect of age on clearance was identified ****, In 12
publications the effect of age on VIPN was not studied.

Gender

Three studies found a significant relation between gender and VIPN 2%5°%3, with two
of them indicating that girls were more affected by VIPN 223, whereas the other study
found boys to be at higher risk *°. In addition, seven studies did not find a significant

17,29,47-49,54,56

relation between gender and VIPN in children , of which three were rated

as high-quality. In 18 publications the effect of gender on VIPN was not studied.

Race

Information on race and/or ethnicity of the included children was reported in 14 stud-
igg 17:2327293142434648.55 \ith a five of them actually investigating the relation between
race and VIPN. In four studies a significant relation was demonstrated *7*%4%4°, all
showing that children of Caucasian origin are at higher risk of developing VIPN than
children of African-American or other origin. One study did not find a significant rela-
tion between race and VIPN, but race was unequally distributed with 88% Caucasian

patients *°.
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Genetic variants

Studies focusing on the relation between genetic variants and VIPN have identified
several correlations. A summary of these associations is outlined in Table 4. The SNPs
most frequently studied were the CYP3A family of enzymes. Results of these studies
have provided inconclusive results. Of the seven studies that investigated the role of
CYP3A enzymes and VIPN in children, three found a significant correlation between these
factors 3855, whereas four studies did not 3%>#65*_ Aplenc et al., **, Egbelakin et al. ** and
Kishi et al. “® all found that children with active subtypes of CYP3A5 had a significantly
decreased risk of developing VIPN in comparison with children who did not express an
active form of CYP3AS5 (these children were either expressing an inactive form of CYP3A5
or an active form of CYP3A4). Furthermore, Kishi et al. “® demonstrated that SNPs in the vi-
tamin D receptor (VDR) intron 8 polymorphism and glucocorticoid-related genes (CYP3A,
p-glycoprotein (MDR1), glucocorticoid receptor (NR3C1) and VDR) were associated with
VIPN (p=0.04 and p=0.024, respectively). However, Guilhaumou et al. “, Moore et al. *?
and Ceppi et al. > found no relation between the incidence of VIPN and the CYP3A family
of enzymes. However, in the case of Moore et al. ** this is most likely due to the small
number of patients with different CYP variants. Besides the CYP3A family of enzymes,
Guilhaumou et al. “ studied ABCB1 and found no significant relation with the incidence
of VIPN (p=0.62). Besides CYP3A4/5 subtypes, other genetic pathways were studied as
well. Plasschaert et al. “* studied several SNPs in the MDR1 gene. This gene codes for a
P-glycoprotein and may play a role in the metabolism of VCR. There were no associations
between VIPN, measured as severity of constipation, and SNPs in the MDR1 gene. More-
over, no significant correlations between MDR1 SNPs and PK measurements were found.

Ceppi et al. *° studied genetic subtypes of the CYP3A5 enzymes as well as genetic
subtypes in the ABCB1 genes and in genes coding for tubulin- and actin-associated
proteins (TUBB1, MAP4, ACTG, ACTG1 and CAPG). They found an inverse associa-
tion with one SNP in the ABCB1 gene that was associated with lower risk of VIPN
(p=0.02),and one SNP of the CAPG gene that was associated with lower risk of VIPN
(p=0.009), both in univariate and multivariate analysis. Contradictory, another SNP in
the CAPG gene as well as another SNP in the ACTG1 gene appeared to be associated
with higher grades of VIPN (p=0.02 and p=0.008, respectively).

Diouf et al. *® performed a genome-wide association study in children with ALL to
identify SNPs correlated with VIPN. The only SNP they identified as having a rela-
tion with VIPN was in the CEP72 gene (p<0.0001). This gene codes for a centrosomal
protein that is involved in microtubule formation. Severity of VIPN was higher in the
population with a SNP in the promoter region coding for this protein than in other
genotypes (56 % in SNP of CEP72 group vs. 21% in other group). Contradictory to
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the results of Diouf et al., Gutierrez et al. *’ found no significant association between
VIPN and the previously mentioned SNP in the CEP72 gene in a Spanish cohort of 142
children with ALL. However, the study of Diouf et al. had a high quality score, whereas
the study of Gutierrez et al. had a moderate score.

Lopez-Lopez et al. ** studied eight candidate genes for its relation with VIPN. These
genes were vincristine transporters. They found 12 SNPs with a significant associa-
tion with VIPN, all in the vincristine transporter genes (5 in ABCC2 (p values between
p=0.0004 and p=0.049), six ABCC1 (p values between p=0.008 and p=0.047) and one
in ABCB1 (p=0.021)). After correction for multiple analysis, only two SNPs in ABCC2
remained significantly associated with VIPN (p=0.036 in both SNPs after correction).
Of the studies investigating genetic factors, four corrected for multiple comparisons

43485155 whereas six did not.

Table 4: Summary of study results regarding associations between SNP’s and VIPN

SNP/genetic pathway Studies finding a lower Studies finding a Studies not finding an

studied risk on VIPN higherriskon VIPN  association with VIPN
CYP3A4 Aplenc®, Egbelakin®* Guilhaumou “¢, Moore *,
and Kishi Ceppi “ and Lopez-Lopez **
CYP3A5 Aplenc®®, Egbelakin®* Guilhaumou “¢, Moore %,
and Kishi 4 Ceppi “ and Lopez-Lopez **
VDR intron 8 pathway Kishi %
Glucocorticoid pathway Kishi “®
Phase Il pathway Kishi “®
Antimetabolite pathway Kishi “®
MDR1 Plasschaert **
ABCB1 Ceppi Lopez-Lopez °*,
Guilhaumou ¢
ACTG Ceppi *®
ACTG1 Ceppi
CAPG Ceppi *® Ceppi
MAP4 Ceppi *®
TUBB1 Ceppi *®
CEP72 Diouf *® Gutierrez 7
ABCC1 Lopez-Lopez °**
ABCC2 Lopez-Lopez **
ABCC3 Lopez-Lopez **
ABCC10 Lopez-Lopez **
RALBP1 Lopez-Lopez **

SNP: single nucleotide polymorphisms, VIPN: vincristine-induced peripheral neuropathy, CYP: cytochrome P-450,
VDR: Vitamin D Receptor
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Pharmacokinetics

Of the derived pharmacokinetic parameters from Moore et al. *?, based on VCR concen-
trations on five different time points the following was found: distribution volume (Vd,
mean): 526 |/m?, clearance (Cl, median): 482 mL/min/m?, Area Under the Curve (AUC,
median): 49.7 pg*h/L and halflife (t,,,mean): 12.3 h. No significant relation between
these PK measures and severity of VIPN was established. Comparable results were
found in the study of Plasschaert et al. “* in which no significant relation between se-
verity of VIPN (defined as severity of constipation) and VCR clearance, AUC, or t,,, was
found. Both studies were rated as high-quality studies. Finally, Crom et al. ** also could
not establish the relation between VIPN grade and AUC, although most PK evaluations
were performed after four or fewer courses of VCR, therefore the effect of cumulative
dose of VCR on VIPN was limited. Clearance in this study was comparable to Moore et
al. **: 482.4 mL/min/m?.

In the study of Guilhaumou et al. “%, in which liquid chromatography-mass spectrom-
etry was used to analyze intracellular VCR levels in mononuclear cells in nine blood
samples over three courses in three schedules, no significant relation between VIPN
incidence and PK parameters (CLt,,, and AUC) was found.

Egbelakin et al. ** studied the relation between PK measures and genetic variants
(CYP3A5 subtypes vs. non CYP3A5 subtypes). Sampling time points and method of
PK analysis were not reported. They found a significant relation between the level
of the main metabolite of VCR M1 and VIPN grade. In the study of Lavoie Smith et al.
* blood samples were taken just prior to VCR administration andafter 5, 15 and 30
min. Moreover, in four of 65 children samples were drawn after 12 and 72 h. Methods
used for PK analyses were not reported. In this study a significant correlation between
higher VIPN grades and AUC was demonstrated.

VCR dose and administration-related factors

The single VCR doses used in the several studies varied. Mostly, a single dose
of 1.5 mg/m? with a maximum of 2.0 or 2.5 mg once a week was administered
517.23,25:2951,42,4345-48,50.51.535556 bt also doses of 2.0 mg/m? with a maximum of 2.0 or
2.5 mg per week were used >*?>?%%%_|n two studies in which infants under 10 kg were
studied, doses of 0.05 mg/kg/dose were used *’*>. The cumulative doses applied in
the included studies appeared to differ greatly, depending on the disease studied,
the treatment protocol, and the risk stratification of the patient. In children with ALL
cumulative doses ranged from 12.0 to 74.0 mg/m? >1723:25284247-5L55 |n stydies which
included other types of pediatric malignancies the cumulative doses ranged from 4.0

2 21,22,24,26,46,53,54,56

to 16.6 mg/m
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In the study of Kellie et al. *°, in which 16 children with a CNS tumor received two
courses of 1.5-2.0 mg/m? of VCR through a bolus injection followed by a continuous
infusion of 0.5 mg/m?/day for four consecutive days with a cumulative dose of 7.5
mg/m?, an increase in systemic exposure was obtained without an increase in VIPN
severity. Pinkerton et al. (1988) ** studied a regimen of five days continuous VCR
infusion in which a cumulative dose of 4.0 mg/m? was administered in nine children.
Results showed that a more than twofold dose escalation could be obtained without
increasing the number of patients with VIPN.

In general, the studies investigating the effect of dose on the development or severity
of VIPN provided inconclusive results. Six studies found an increased prevalence or

52325284653 \yhereas three

severity of VIPN in relation with higher (cumulative) doses
other studies could not establish this relation *"*>?*°. However, the opposite was never

observed.
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DISCUSSION

Vincristine is among the most widely used chemotherapeutic agents for treatment of
children with cancer. Unfortunately, VIPN is a frequently encountered side effect, not
seldom leading to sub-optimal dosing from a therapeutic point of view “°. Moreover,
quality of life of VIPN-affected children is deprived , even after completion of VCR
treatment ¢ To the best of our knowledge this is the first systematic review that stud-
ied all facets of VIPN, i.e. patient-associated factors, dose- and administration-related
factors, pharmacokinetics, genetic factors, and tools to assess VIPN in children. The
results of our review identified several possible predisposing factors of VIPN in chil-
dren. First, there seems to be a relation with age, with older children being more likely
to be affected than the younger ones. In addition, race most likely influences VIPN,
with Caucasian children being more affected than children of other races. Further-
more, results show that the reported incidence and prevalence of VIPN in children
vary greatly, probably caused by the variety of tools used to assess VIPN. In addition,
it has been demonstrated that the dose administered (cumulative as well as single
dose), PK variables and several genetic pathways seem to influence VIPN.

However, it should be noted that many studies in which the associations between
these influencing factors and VIPN were investigated, showed contradictory results.
One of the factors that showed large discrepancies among several studies was age.
From a theoretical point of view it can be reasoned that mostly infants/younger chil-
dren should be at the highest risk of developing VIPN, since in younger children the
development of their neural system and myelination of nerves is still incomplete *°.
Therefore, the largely unmyelinated peripheral nerves could be more susceptible to
damage, such as VIPN, than older myelinated nerves. This hypothesis is supported by
the fact that children with a demyelinating form of Charcot-Marie-Tooth disease are
known to be more susceptible for VIPN 2¢5°%3, On the other hand, PK variables are also
influenced by age °, although the precise impact of age on VCR metabolism is not
yet fully elucidated. In two of our included studies no relation was found between

3243 whereas in other studies it was demonstrated that

age and several PK measures
children metabolize VCR quicker than adults “*#*. All in all, the question remains
whether younger children are equal or faster VCR metabolizers than adolescents. In
case (certain groups of) children indeed appear to metabolize VCR quicker, dose adap-
tation in these children might prevent VCR to reach toxic plasma levels, which in turn
could lead to less VIPN. In any case, the exact impact of both age and VCR metabolism
on VIPN in children should be further studied, as well as the relation between these

two factors.
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Besides age, race is also an important factor known to influence VCR metabolism.

Race affects the distribution of CYP enzymes ***°

, which appeared to be associated
with VIPN development in four studies. However, the role of race in VIPN is not yet
fully understood, as in all studies investigating the effect of race on VIPN in children,
children of Caucasian origin outnumbered children of other ethnicities. To determine
the influence of race on VIPN development, studies must be undertaken in cohorts

with a more diverse racial distribution among the several groups.

Moreover, race can affect PK parameters which in turn influences the risk of develop-
ing VIPN. However, these parameters also influence the therapeutic effectiveness of
VCR %, Studies aimed at investigating the exact relation of race on VIPN as well as
therapeutic effectiveness are highly advocated, as this new knowledge can help in
developing optimal, personalized VCR dosing regimens.

Another factor of which the precise influence on VIPN needs to be clarified in order
to make personalized VCR dosing possible, is the genetic pathways involved in VIPN.
Results of this review show that variability in VIPN or VCR PK parameters is based
on multiple genetic pathways. In general, there seem to be two genetic pathways
through which VIPN development is influenced: by altering the susceptibility for VIPN
development and/or by affecting VCR metabolism. Diouf et al. have shown the CEP72
gene to be associated with VIPN development in children with ALL %, whereas Stock
et al. found the same association in adults with ALL ®. The CYP pathway has shown
to be associated with VCR metabolism, thereby influencing plasma levels of VCR **%3,
However, the effect of several genetic factors on VIPN should be studied further. For
example, it is likely that children who develop severe VIPN after a single dose of VCR
are different than children developing VIPN after a higher cumulative dose of VCR, but
genetic pathways supporting this have yet to be identified. Furthermore, since we do
not yet have a full understanding of the genetic factors underlying VIPN development,
new genetic pathways should be identified by use of recently developed methods of
genetic testing. Some of these techniques, like next generation sequencing %, have
not yet been used in previous studies investigating the relation between VIPN and the
genetic profiles of children. Therefore, future studies, in which these new techniques
are applied, are needed.

However, one should be aware that usage of high-throughput genotyping techniques
will produce massive amounts of data for testing genetic associations. Statistical
analysis of these data needs to estimate many effects and test many hypotheses, and
thus adjustments for multiple comparisons are needed 2. In our review four out of 10
genetic studies reported to correct for multiple testing.
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Studies investigating ways to decreasing VIPN in children are important as VIPN has
been shown to be related to reduced quality of life, mainly caused by a decreased
motor function or pain ***’. Moreover, a decrease in VIPN could lead to a decrease in
medical costs. For example, it is known that 30% of children with ALL are referred to
a physical therapist, which is mainly due to adverse effects of VCR °°. Furthermore,
it has been shown that chemotherapy-induced peripheral neuropathy is associated
with a substantial increase in direct and indirect medical costs in adults ’°. However,
the evidence regarding the relationship between VIPN in children and medical costs
is scarce and this relationship should be studied in more detail.

The methodological quality of each of the studies included in this review was rated by
computing a quality assessment score. In total, nine studies were rated as high-quality
studies. In some cases, the number of studies that provided information on the rela-
tion between VIPN and a specific influencing factor was low. Omitting the low-quality
studies would lead to the inability to report about the possible effect of this factor on
VIPN. Therefore, our results were described in the light of the quality ratings of the
studies as much as possible.

The results of this review has brought on some recommendations regarding future
research of VIPN in children. First, in the current review it appeared to be rather dif-
ficult to compare study results due to the variety of tools for assessing VIPN. Many
of these tools have limitations such as floor- and ceiling effects, moderate intra- and
inter-rating reliability and lack of validity among children younger than five years.
However, recently some new tools have been developed that do not have (some of
these) limitations. For example, the ped-mTNS and the TNS-PV are tools that provide
superior validity and inter- and intrarater reliability compared to other tools that have
been widely used in the past, such as the CTCAE. The ped-mTNS and the TNS-PV are
little time-consuming, inexpensive, non-invasive tools, of which the measurements
can be performed by other non-physician healthcare professionals, such as physical
therapists. Therefore, usage of these instruments in future studies investigating VIPN
among children is recommended, thereby enabling the comparison of results across
studies. However, the ped-mTNS and the TNS-PV can be used for children aged five
years or older only. Therefore, alternative tools for VIPN assessment for children up to
the age of five years should be developed.

Secondly, all studies included in the current review were either cohort or cross-

sectional studies, while for studies investigating the relation between VIPN and
certain patient-related factors such as age, gender and race, a randomized controlled
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trial would the most appropriate study design to use. Moreover, none of the included
studies were double-blinded studies, which increases the risk of observer bias.

Thirdly, it appeared that many of the studies focused on only one of the many factors
thatinfluence VIPN (e.g. genetic profiles, PK measures or race). This may have resulted
in a one-sided perspective regarding the influence of that factor, without taking into
account the (intervening) role of the other factors.

In addition, it should be noted that this review summarizes results from studies which
included different diseases. It seems likely that differences in VIPN development
between diseases exist. For instance, children with CNS tumors might also have mo-
tor- and sensory disorders, thereby making it difficult to distinguish between VIPN
and other neurologic symptoms. Moreover, it should also be taken into account that
these differences can be treatment-related. Radiation therapy, for instance, might
increase the vulnerability to the nervous system for VIPN 7*. Furthermore can these
differences be VCR-related, since treatment regimens differ regarding (cumulative)
VCR dose, the interval between doses and treatment phase of VCR administration.
Unfortunately, most of the studies included in our review investigated children with
ALL. As a consequence, there was not sufficient power to study the role of disease type
on VIPN. Therefore, studies should be undertaken that investigate multiple influenc-
ing factors of VIPN in specific disease types to expand our knowledge on these factors
and their interplay.

Finally, the role of possible drug interactions, such as the azoles, was not reported in
most of the included studies. Since it is known that azoles can have an interaction with
VCR, probably due to the fact that these drugs are CYP inhibitors >¢, this could have
influenced the development of VIPN in several studies. Future studies should report
on the medications which were given concomitant with VCR and which are known to
interact with VCR and should take this into account when interpreting the results.

In conclusion, VIPN is a multifactorial type of VCR toxicity influenced by several
variables such as age, race, genetic profile, dose and administration method. Older
children and children of Caucasian race seem to be more susceptible to VIPN. Ge-
netic profile, VCR dose and administration method all appear to influence the way
VCR is metabolized, which in turn influences the susceptibility of a child to develop
VIPN. This review provides a further understanding of what is known to date and
which future studies are warranted in order to obtain a better understanding of the
mechanism underlying VIPN. Ultimately, this will hopefully lead to the development
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of personalized treatment for children with maximum therapeutic effectiveness while

minimizing toxicity.

SUPPLEMENTARY MATERIALS

Supplemental Table S1: Literature search Pubmed

67



CHAPTER 2

REFERENCES

1.

68

Stearn WT: A synopsis of the genus
Catharanthus  (apocynaceae), The
Catharanthus Alkaloids, Taylor, W.I.;
Fransworth, N.R.;, 1975, pp 9-45

Coccia PF, Altman J, Bhatia S, et al:
Adolescent and young adult oncology
clinical practice guidelines in oncology.
IJNCCN Journal of the National Com-
prehensive Cancer Network 10:1112-
1150, 2012

Stryckmans PA, Lurie PM, Manaster J,
et al: Mode of action of chemotherapy
in vivo on human acute leukemia--Il.
Vincristine. Eur. ). Cancer 9:613-620,
1973

Jain P, Gulati S, Seth R, et al: Vincristine-

induced neuropathy in childhood
all (acute lymphoblastic leukemia)
survivors: Prevalence and electro-

physiological characteristics. Journal
of Child Neurology 29:932-937, 2014
Vainionpaa L: Clinical neurological
findings of children with acute lym-
phoblastic leukaemia at diagnosis and
during treatment. European Journal of
Pediatrics 152:115-119, 1993

Purser MJ, Johnston DL, McMillan HJ:
Chemotherapy-induced peripheral
neuropathy among paediatric oncology
patients. Canadian Journal of Neuro-
logical Sciences 41:442-447,2014
Escuro RS, Adelstein DJ, Carter SG:
Syndrome of inappropriate secretion of
antidiuretic hormone after infusional
vincristine. Cleve. Clin. J. Med 59:643-
644,1992

Tsujita Y, lwao N, Makino S, et al: [Syn-
drome of inappropriate secretion of
antidiuretic hormone and neurotoxicity
induced by vincristine and alkylating
agents during chemotherapy for malig-
nant lymphoma of thyroid gland]. Gan
To Kagaku Ryoho 25:757-760, 1998

10.

11.

12.

13.

14.

15.

16.

17.

18.

Palomar JM, Storer ]S, Evans BB: Inap-
propriate antidiuretic hormone secre-
tion in a 3-week-old infant related to
vincristine toxicity. J. La State Med. Soc
131:187-189, 1979

Philip T, Souillet G, Gharib C, et al:
[Inappropriate secretion of antidui-
uretic hormone during acute leukaemia
treated with vincristine. Two cases
(author’s transl)]. Nouv. Presse Med
8:2181-2185, 1979

Haggard ME, Fernbach D], Holcomb TM,
et al: Vincristine in acute leukemia of
childhood. Cancer 22:438-444, 1968
Carbone PP, BONO V, FREI E, IlI, et al:
Clinical studies with vincristine. Blood
21:640-647,1963

Gutierrez-Gutierrez G, Sereno M,
Miralles A, Chemotherapy-
induced peripheral neuropathy: clinical
features, diagnosis, prevention and
treatment strategies. Clin. Transl. Oncol
12:81-91, 2010

Gomber S, Dewan P, Chhonker D: Vin-
cristine induced neurotoxicity in cancer
patients. Indian Journal of Pediatrics
77:97-100, 2010

Windebank AJ, Grisold W: Chemother-
apy-induced neuropathy. J. Peripher.
Nerv. Syst 13:27-46, 2008

Beijers Al, Jongen JL, Vreugdenhil G:
Chemotherapy-induced neurotoxicity:
the value of neuroprotective strategies.
Neth. J. Med 70:18-25, 2012
Anghelescu DL, Faughnan LG, Jeha S, et
al: Neuropathic pain during treatment
for childhood acute lymphoblastic
leukemia. Pediatric Blood and Cancer
57:1147-1153,2011

Sandler SG, Tobin W, Henderson ES:
Vincristine-induced  neuropathy. A
clinical study of fifty leukemic patients.
Neurology 19:367-374, 1969

et al:



VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY IN CHILDREN WITH CANCER: A SYSTEMATIC REVIEW

19.

20.

21.

22.

23.

24.

25.

26.

Hartman A, Van Den Bos C, Stijnen T,
et al: Decrease in peripheral muscle
strength and ankle dorsiflexion as
long-term side effects of treatment for
childhood cancer. Pediatric Blood and
Cancer 50:833-837, 2008

National Institutes of Health NCI:
(2010) Common Terminology Criteria
for Adverse Events (CTCAE) version 4.03
https://evs.nci.nih.gov/ftp1/CTCAE/CT-
CAE_4.03/CTCAE_4.03_2010-06-14
QuickReference_8.5x11.pdf

Gilchrist LS, Marais L, Tanner L: Com-
parison of two chemotherapy-induced
peripheral neuropathy measurement
approaches in children. Supportive
Care in Cancer 22:359-366, 2014
Gilchrist LS, Tanner L: The pediatric-
modified total neuropathy score: A
reliable and valid measure of chemo-
therapy-induced peripheral neuropa-
thy in children with non-CNS cancers.
Supportive Care in Cancer 21:847-856,
2013

Lavoie Smith EM, Li L, Hutchinson RJ,
et al: Measuring vincristine-induced
peripheral neuropathy in children with
acute lymphoblastic leukemia. Cancer
Nurs 36:E49-E60, 2013

Gilchrist LS, Tanner L, Hooke MC:
Measuring chemotherapy-induced
peripheral neuropathy in children: De-
velopment of the Ped-mTNS and pilot
study results. Rehabilitation Oncology
27:7-15,2009

Vainionpaa L, Kovala T, Tolonen U, et al:
Vincristine therapy for children with
acute lymphoblastic leukemia impairs
conduction in the entire peripheral
nerve. PEDIATR. NEUROL 13:314-318,
1995

Courtemanche H, Magot A, Ollivier Y,
et al: Vincristine-induced neuropathy:
Atypical electrophysiological patterns
in children. Muscle Nerve 52:981-985,
2015

27.

28.

29.

30.

31.

32.

33.

34.

Lombardi A, Sutton ME, Tiao GM, et
al: Vincristine-associated neurological
morbidity in the treatment of hepato-
blastoma. J. Pediatr. Hematol. Oncol
37:€258-e263,2015

Diouf B, Crews KR, Lew G, et al: Asso-
ciation of an inherited genetic variant
with  vincristine-related peripheral
neuropathy in children with acute lym-
phoblastic leukemia. JAMA - Journal
of the American Medical Association
313:815-823, 2015

Lavoie Smith EM, Li L, Chiang C, et al:
Patterns and severity of vincristine-
induced peripheral neuropathy in
children with acute lymphoblastic
leukemia. Journal of the Peripheral
Nervous System 20:37-46, 2015
Kojima Y, Hashimoto K, Ando M,
et al: Feasibility of vincristine, D-
actinomycin, and cyclophosphamide
(VAC) chemotherapy for adult rhab-
domyosarcoma (RMS) with regard to
dose intensity(Dl). Annals of Oncology
22:ix97, 2011

Egbelakin A, Ferguson MJ, MacGill EA,
et al: Increased risk of vincristine neu-
rotoxicity associated with low CYP3A5
expression genotype in children with
acute lymphoblastic leukemia. Pediat-
ric Blood and Cancer 56:361-367, 2011
Moore AS, Norris R, Price G, et al:
Vincristine  pharmacodynamics and
pharmacogenetics in children with
cancer: A limited-sampling, population
modelling approach. Journal of Pae-
diatrics and Child Health 47:875-882,
2011

Gidding CE, Kellie SJ, Kamps WA, et al:
Vincristine revisited. Crit Rev. Oncol.
Hematol 29:267-287, 1999

Moriyama B, Henning SA, Leung J, et al:
Adverse interactions between antifun-
gal azoles and vincristine: review and
analysis of cases. Mycoses 55:290-297,
2012

69



CHAPTER 2

35.

36.

37.

38.

39.

40.

41.

42.

43.

70

van Schie RM, Bruggemann R]J,
Hoogerbrugge PM, et al: Effect of azole
antifungal therapy on vincristine toxic-
ity in childhood acute lymphoblastic
leukaemia. J. Antimicrob. Chemother
66:1853-1856, 2011

Baxter CG, Marshall A, Roberts M, et al:
Peripheral neuropathy in patients on
long-term triazole antifungal therapy.
J. Antimicrob. Chemother 66:2136-
2139,2011

Verstappen CCP, Koeppen S, Heimans JJ,
et al: Dose-related vincristine-induced
peripheral neuropathy with unexpect-
ed off-therapy worsening. Neurology
64:1076-1077, 2005

Gidding CE, Fock JM, Begeer JH, et al:
Pharmacological approaches to amelio-
rate vincristine neuropathy (Doctoral
dissertation), Rijksuniversiteit Gronin-
gen, 2001, pp 1-166

Kellie SJ, Koopmans P, Earl J, et al:
Increasing the dosage of vincristine:
A clinical and pharmacokinetic study
of continuous-infusion vincristine in
children with central nervous system
tumors. Cancer 100:2637-2643, 2004

Gidding CE, Meeuwsen-De Boer GJ,
Koopmans P, et al: Vincristine pharma-
cokinetics after repetitive dosing in
children. Cancer Chemother. Pharmacol
44:203-209, 1999

De Graaf SS, Bloemhof H, Vendrig DE,
et al: Vincristine disposition in children
with acute lymphoblastic leukemia.
Med. Pediatr. Oncol 24:235-240, 1995

Crom WR, De Graaf SS, Synold T, et
al: Pharmacokinetics of vincristine in
children and adolescents with acute
lymphocytic leukemia. J. PEDIATR
125:642-649, 1994

Plasschaert SLA, Groninger E, Boezen M,
et al: Influence of functional polymor-
phisms of the MDR1 gene on vincristine
pharmacokinetics in childhood acute
lymphoblastic leukemia. Clinical Phar-

4Lh.

45.

46.

47.

48.

49.

50.

macology and Therapeutics 76:220-
229,2004

Project EPHP: Quality Assessment Tool
for the Quantitative Studes, http://
www. ephpp. ca/PDF/Quality%20
Assessment%20Tool_2010_2. pdf, Ef-
fective Public Health Practice Project,
2003

Ceppi F, Langlois-Pelletier C, Gagné V,
et al: Polymorphisms of the vincristine
pathway and response to treatment in
children with childhood acute lympho-
blastic leukemia. Pharmacogenomics
15:1105-1116, 2014

Guilhaumou R, Solas C, Bourgarel-Rey
V, et al: Impact of plasma and intracel-
lular exposure and CYP3A4, CYP3AS5,
and ABCB1 genetic polymorphisms on
vincristine-induced neurotoxicity. Can-
cer Chemotherapy and Pharmacology
68:1633-1638, 2011
Gutierrez-Camino A, Martin-Guerrero |,
Lopez-LopezE, et al: Lack of association
of the CEP72 rs924607 TT genotype
with  vincristine-related peripheral
neuropathy during the early phase of
pediatric acute lymphoblastic leukemia
treatment in a Spanish population.
Pharmacogenet. Genomics 26:100-
102, 2016

KishiS, Cheng C,French D, etal: Ancestry
and pharmacogenetics of antileukemic
drug toxicity. Blood 109:4151-4157,
2007

Renbarger JL, McCammack KC, Rouse
CE, et al: Effect of race on vincristine-
associated neurotoxicity in pediatric
acute lymphoblastic leukemia patients.
Pediatr. Blood Cancer 50:769-771,
2008

Reinders-Messelink HA, Van Weerden
TW, Fock M, et al: Mild axonal neu-
ropathy of children during treatment
for acute lymphoblastic leukaemia.
European Journal of Paediatric Neurol-
ogy 4:225-233,2000



VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY IN CHILDREN WITH CANCER: A SYSTEMATIC REVIEW

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lopez-Lopez E, Gutierrez-Camino A,
Astigarraga |, et al: Vincristine pharma-
cokinetics pathway and neurotoxicity
during early phases of treatment in pe-
diatric acute lymphoblastic leukemia.
Pharmacogenomics 17:10, 2016
Pinkerton CR, McDermott B, Philip T, et
al: Continuous vincristine infusion as
part of a high dose chemoradiotherapy
regimen: Drug kinetics and toxicity.
Cancer Chemotherapy and Pharmacol-
ogy 22:271-274,1988

Toopchizadeh V, Barzegar M, Reza-
mand A, et al: Electrophysiological
consequences of vincristine contained
chemotherapy in children: A cohort
study. Journal of Pediatric Neurology
7:351-356, 2009

Yildiz FG, Temucin CM: Vincristine-
induced neurotoxicity: electrophysi-
ological features in children. Neurol.
Res 38:124-129, 2016

Aplenc R, Glatfelter W, Han P, et al: CY-
P3A genotypes and treatment response
in paediatric acute lymphoblastic leu-
kaemia. British Journal of Haematology
122:240-244,2003

Arzanian MT, Mehdizadeh M, Zamani
GR: Vincristine induced neurotoxicity:
Study of 75 cases. Iranian Journal of
Child Neurology 3:39-44, 2009
Cavaletti G, Frigeni B, Lanzani F, et al:
The Total Neuropathy Score as an as-
sessment tool for grading the course
of chemotherapy-induced periph-
eral neurotoxicity: comparison with
the National Cancer Institute-Common
Toxicity Scale. J. Peripher. Nerv. Syst
12:210-215, 2007

Ramchandren S, Leonard M, Mody RJ, et
al: Peripheral neuropathy in survivors
of childhood acute lymphoblastic
leukemia. Journal of the Peripheral
Nervous System 14:184-189, 2009
Groeschel S, Vollmer B, King MD, et al:
Developmental changes in cerebral

60.

61.

62.

63.

64.

65.

66.

67.

grey and white matter volume from in-
fancy to adulthood. Int. J. Dev. Neurosci
28:481-489,2010

Chauvenet AR, Shashi V, Selsky C, et al:
Vincristine-induced neuropathy as the
initial presentation of Charcot-Marie-
Tooth disease in acute lymphoblastic
leukemia: A Pediatric Oncology Group
study. Journal of Pediatric Hematology/
Oncology 25:316-320, 2003

Neumann Y, Toren A, Rechavi G, et al:
Vincristine treatment triggering the
expression of asymptomatic Charcot-
Marie-Tooth disease. Med. Pediatr.
Oncol 26:280-283, 1996

Olek MJ], Bordeaux B, Leshner RT:
Charcot-Marie-Tooth disease type |
diagnosed in a 5-year-old boy after
vincristine neurotoxicity, resulting in
maternal diagnosis. J. Am. Osteopath.
Assoc 99:165-167, 1999

McGuire SA, Gospe SM, Jr., Dahl G: Acute
vincristine neurotoxicity in the pres-
ence of hereditary motor and sensory
neuropathy type |. Med. Pediatr. Oncol
17:520-523, 1989

Kearns GL, Abdel-Rahman SM, Alander
SW, et al: Developmental pharma-
cology--drug disposition, action, and
therapy in infants and children. N. Engl.
J. Med 349:1157-1167, 2003
Lonnerholm G, Frost BM, Abrahamsson
], et al: Vincristine pharmacokinetics is
related to clinical outcome in children
with standard risk acute lymphoblastic
leukemia. Br. J. Haematol 142:616-621,
2008

Stock W, Diouf B, Crews KR, et al: An
Inherited Genetic Variant in CEP72
Promoter Predisposes to Vincristine-In-
duced Peripheral Neuropathy in Adults
With Acute Lymphoblastic Leukemia.
Clin. Pharmacol. Ther, 2016

van Dijk EL, Auger H, Jaszczyszyn Y,
et al: Ten years of next-generation

71



CHAPTER 2

68.

69.

70.

72

sequencing technology. Trends Genet
30:418-426,2014

Rice TK, Schork NJ, Rao DC: Methods for
handling multiple testing. Adv. Genet
60:293-308, 2008

Gohar SF, Marchese V, Comito M: Physi-
cian referral frequency for physical
therapy in children with acute lympho-
blastic leukemia. Pediatric Hematology
and Oncology 27:179-187, 2010
Calhoun EA, Chang CH, Welshman
EE, et al: Evaluating the total costs of
chemotherapy-induced toxicity: results
from a pilot study with ovarian cancer
patients. Oncologist 6:441-445, 2001

71.

Ichikawa T, Kurozumi K, Michiue H, et al:
Reduced neurotoxicity with combined
treatment of high-dose methotrex-
ate, cyclophosphamide, doxorubicin,
vincristine and prednisolone (M-CHOP)
and deferred radiotherapy for primary
central nervous system lymphoma.
Clinical Neurology and Neurosurgery
127:106-111, 2014









Measuring vincristine-induced peripheral
neuropathy in children with cancer:
validation of the Dutch pediatric-modified
Total Neuropathy Score

M.E. van de Velde*, S.M. Schouten*, G.J.L. Kaspers, L.B. Mokkink,
I.M. van der Sluis, C. van den Bos, A. Hartman, F.C.H. Abbink, M.H. van den Berg

* both authors contributed equally to this work

Based on: Supportive Care in Cancer 2020 Jun;28(6):2867-2873.



CHAPTER 3

ABSTRACT

Purpose. The aims were to evaluate the construct validity and reliability of the Dutch
version of the pediatric modified total neuropathy score (ped-mTNS) for assessing
vincristine-induced peripheral neuropathy (VIPN) in Dutch pediatric oncology pa-
tients aged 5-18 years.

Methods. Construct validity (primary aim) of the ped-mTNS was determined by test-
ing hypotheses about expected correlation between scores of the ped-mTNS (range:
0-32) and the Common Toxicity Criteria for Adverse Events (CTCAE) (range: 0-18) for
patients and healthy controls and by comparing patients and controls regarding their
total ped-mTNS scores and the proportion of children identified with VIPN. Inter-rater
and intra-rater reliability and measurement error (secondary aims) were assessed in a
subgroup of study participants.

Results. Among the 112 children (56 patients and 56 age- and gender-matched
healthy controls) evaluated, correlation between CTCAE and ped-mTNS scores was
as expected (moderate (r=0.60)). Moreover, as expected, patients had significantly
higher ped-mTNS scores and more frequently symptoms of VIPN compared to controls
(both p<.001). Reliability as measured within the intra-rater group (n=10) (intraclass
correlation coefficient (ICCygreement)=0.64, standard error of measurement (SEMggee-
menc)=2.92 and smallest detectable change (SDCygreemen:)=8.1 and within the inter-rater
subgroup (n=10) (ICCygreemen:=0.63 and SEM,greement=3.7, SDCygreemenc=10.26 ) indicate
insufficient reliability.

Conclusion. The Dutch version of the ped-mTNS appears to have good construct valid-
ity for assessing VIPN in a Dutch pediatric oncology population, whereas reliability
appears to be insufficient and measurement error high. To improve standardization of
VIPN assessment in children, future research aimed at evaluating and further optimiz-
ing the psychometric characteristics of the ped-mTNS is needed.
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INTRODUCTION

Vincristine (VCR) is a chemotherapeutic agent which is often used in pediatric oncol-
ogy for the treatment of various hematological and solid cancers®. A frequently occur-
ring side-effect of VCR is peripheral neuropathy?. VCR-induced peripheral neuropathy
(VIPN) is a mixed sensory, motor and autonomous neuropathy mainly affecting the
longer peripheral nerves. Symptoms of VIPN usually start in the distal part of the limbs
and may progress proximally®. Symptoms include paresthesia, numbness, tingling,
loss of proprioception and pain. Rarely, VIPN may lead to profound muscle weakness
with symptoms as foot drop and walking difficulties. Autonomous symptoms of VIPN
include constipation and dizziness“. VIPN showed to adversely affect quality of life in
oncology patients>.

VIPN is a multifactorial toxicity, which is influenced by several determinants. Older
children seem to be more affected than younger children, whereas the influence of
gender on VIPN is unclear®. Moreover, there is a racial difference: Caucasian children
tend to have more VIPN than non-Caucasian children’. Furthermore, although there
is a dose dependent relation between VCR and VIPN?, studies assessing associations
between pharmacokinetic parameters of VCR and VIPN report conflicting results®*°.
Finally, genetic factors are known to influence susceptibility to VIPN, with several

pathways involved such as CEP72 and CYP3A4/5%*.

Treatment of VIPN is mainly symptomatic using analgesics such as gabapentin, or
laxatives in case of constipation. Another treatment option is dose reduction of VCR,
although this may lead to suboptimal treatment of the underlying malignancy*.

In clinical practice several tools are used to measure VIPN in pediatric oncology
patients. The Common Terminology Criteria for Adverse Events (CTCAE) is a tool that
assesses the severity of several types of adverse events in oncology patients™, includ-
ing those regarding peripheral neuropathy, constipation and neuralgia. Furthermore,
Lavoie-Smith et al."**> developed the Total Neuropathy Score-Pediatric Vincristine
(TNS-PV) specifically for the assessment of VIPN in pediatric oncology patients. The
TNS-PV consists of a seven-item interview-based questionnaire and a standardized
physical examination (testing of vibration and temperature sense, muscle strength
and deep tendon reflexes (DTR))®. Besides questionnaires and/or physical examina-
tions, nerve conduction studies in which the conduction velocity of different nerves is

16,17

measured using somatosensory evoked potentials*®*’ can also be used to assess VIPN.
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However, all of the above-mentioned methods to assess VIPN have some limitations.
Although frequently used, the CTCAE shows insufficient sensitivity in detecting mo-
tor- and sensory neuropathy’. Moreover, the TNS-PV can only be used in children aged
six years or older™®. Furthermore, nerve conduction studies are invasive, painful and
expensive’®, Finally, physical examination can only validly be performed and inter-

preted by specifically trained physicians such as pediatric neurologists*®*°.

Recently, the pediatric modified-Total Neuropathy Score (ped-mTNS) was developed?*.
This instrument, which consists of an interview-based questionnaire and physical
examination, showed to have superior psychometric characteristics compared to
other tools for the assessment of peripheral neuropathy in children®. Moreover, it is
a quick, inexpensive and non-invasive tool that can be employed by different health
care professionals, such as physicians, physical therapists and nurses*. However, the
psychometric characteristics of the ped-mTNS have solely been evaluated in North-
American children with cancer aged 5-18 years.

The primary aim of the current study was to evaluate the construct validity of the
Dutch version of the ped-mTNS for the assessment of VIPN in Dutch pediatric oncol-
ogy patients aged 5-18 years. In addition as secondary aim, reliability of this tool was
investigated in a subpopulation.
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METHODS

Study population

The study population of this multicenter cross-sectional study consisted of pediatric
oncology patients aged 5-18 years with non-CNS malignancies and healthy controls.

Patients were eligible for study participation if they were treated with at least four
administrations of at least 1.5 mg/m? (maximum 2 mg) VCR within a period of six
weeks during treatment of their current malignancy. VIPN assessments were per-
formed within the time frame of at least one month after start of VCR therapy and
two months after cessation of VCR therapy maximally. This resulted in the inclusion of
patients with the following diagnoses and treatment protocols for the current study:
acute lymphoblastic leukemia (ALL) (DCOG ALL-11 protocol*?), Hodgkin lymphoma
(EuroNet-PHL-C1 protocol®® or C2 protocol®*), nephroblastoma (SIOP Wilms 2001 pro-
tocol®®) and rhabdomyosarcoma (EpSSG RMS 2005 protocol®®). VCR was administered
either by means of a bolus injection (1-5 minutes) or a one-hour infusion. The healthy
control group consisted of siblings of participating patients and children known to
hospital co-workers (relatives or friends). Controls were age- (+ 1 year) and gender-
matched to the patients on a 1:1 basis. Patients and controls were excluded in case of
premorbid developmental disorders, neuromuscular disorders, lower extremity am-
putations, diabetes mellitus, or in case they were not able to speak or understand the
Dutch language. Although strictly speaking the included controls could not develop
VIPN (as they did not receive any VCR), hypothetically they may have some degree of
peripheral neuropathy. The ped-mTNS is a tool which assesses peripheral neuropathy,
either chemotherapy-induced or not, in children. For reasons of clarity, we use the
term VIPN in the remainder of this paper, thereby referring to either VCR-induced
(patients) or non-VCR-induced (controls) peripheral neuropathy.

Compliance with Ethical Standards

The Medical Ethics Review Committee of Amsterdam UMC location VUmc determined
that the Medical Research Involving Human Subjects Act (WMO) did not apply to this
study. There are no potential conflicts of interest. Informed consent was obtained
from all parents of participating children and from participants themselves in case
they were 12 years or older.

Ped-mTNS

The original, English version of the ped-mTNS was translated into Dutch by a non-
native English speaker, followed by a translation back to English by a bilingual Dutch-
English speaker. Subsequently, this back-translated version was sent to the principal

79



CHAPTER 3

investigator of the original ped-mTNS in the USA* in order to have it reviewed and
checked by its original developer. Appendix A and B contain the original version and
the Dutch version of the ped-mTNS as approved by the developer, respectively.

The questionnaire-part of the ped-mTNS contains eight questions about sensory,
functional and autonomic symptoms. These questions were read out aloud by the
assessor to the participant. In addition, five different aspects of VIPN were assessed
by physical examination: light-touch sensation by Semmes-Weinstein monofilaments
(Rolyan-Ability One, Germantown, WI, USA)“*, pin sensibility by Medipin™ (Ltd,
Hertfordshire, UK)*, muscle strength by means of manual muscle testing (graded ac-
cording to the Medical Research Council guidelines)“*®, and DTR of the Achilles and
patella (graded according to the Mayo Clinic Criteria)**°. Due to the unavailability of
a Biothesiometer™ (Biomedical Instruments, Newbery OH, USA) in the Netherlands,
the assessment of vibration sense was carried out with a Rydel-Seiffer 64 Hz tuning
fork (Gebrueder Martin, Tuttlingen, Germany), which showed to be a valid instrument
in the assessment of vibration sense in children**°. For all items in the questionnaire
and the physical examination part, the score ranged between zero (no symptoms) and
four (severe symptoms). The worst scores within each of the three items as assessed
by the questionnaire, together with the scores of the five items tested in the physical
examinations, are used to calculate the total ped-mTNS score, which is the sum of
these eight scores (range 0 to 32). Children with a total ped-mTNS score of five or
higher were considered to have VIPN*.

CTCAE

The CTCAE (version 4.03)" consists of over 330 items scoring adverse events due to
cancer treatment divided into 26 different categories. Possible grades range from zero
(no symptoms) and three (severe symptoms) or, if the adverse event can be deadly,
category four is life threatening and category five is death. The CTCAE items used for
the assessment of VIPN are constipation, peripheral sensory neuropathy, peripheral
motor neuropathy and neuralgia. The maximum CTCAE sum score of these four items
is 18. Participants with a total score of two or higher are considered to have VIPN®. The
assessor asked to which extent the participants experienced problems as described
in the relevant CTCAE items. For the item peripheral sensory neuropathy, additionally
DTR of the patella and Achilles were assessed.

Procedures

Patients were included in Emma Children’s Hospital/Amsterdam University Medical
Centers and Sophia Children’s Hospital/Erasmus Medical Center Rotterdam. Study
measurements were performed between September 2016 and July 2017. All study
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participants (patients and controls) were tested once using both the ped-mTNS and
CTCAE to assess VIPN. These measurements were performed by the same assessor
(SS), who was trained extensively by a pediatric neurologist to perform the VIPN as-
sessments. Furthermore, a subset of randomly selected patients and healthy controls
were assessed twice in order to assess intra-rater ((5 patients and 5 controls), both
measurements performed by the same assessor) and inter-rater reliability ((7 patients
and 3 controls) second measurement performed by a different assessor (MvdV), who
was also specifically trained for the study measurements). All patients were measured
during regular hospital visits. Healthy controls were measured either during family
visits in the hospital or at home. For the assessment of intra-rater reliability, an in-
terval of 4-16 days between the two measurements, without VCR administrations in
between, was adhered to.

Statistics

Assessment of construct validity was determined by calculating the correlation be-
tween the ped-mTNS and the CTCAE sum scores in patients as well as the actual differ-
ences between these scores. We hypothesized total ped-mTNS and total CTCAE scores
to be moderately correlated, since some items between the two systems attempt to
measure the same items (peripheral motor neuropathy and peripheral sensory neu-
ropathy), whereas some items are only present in one of the instruments (constipa-
tion is only an item in the CTCAE and not in the ped-mTNS). Moreover, we expected to
assess a higher correlation between the two measurement tools than the correlation
measured in the study of Gilchrist et al. (r=0.07)?, since in that study the CTCAE scores
were retrieved from medical records instead of the prospective assessment of CTCAE
scores used in our study. Either Spearman or Pearson correlation coefficients were
calculated, depending on normality of data distribution. According to Nunnally and
Bernstein®' an ICC of >0.70 was considered as good. Furthermore, a correlation of
0.51-0.69 was considered moderate and <0.5 as low*’. We hypothesized ped-mTNS
scores of patients to be significantly higher compared to healthy controls and the
proportion of patients with VIPN to be significantly higher than those of healthy
controls. Differences between mean total ped-mTNS score of patients and controls
were analyzed using a Mann-Whitney U test. Differences between the proportion
of patients and controls who were identified as having VIPN by the ped-mTNS were
calculated using a Chi-square test. A two-tailed significance level of 0.05 was used.

Assessment of reliability and standard error of measurement of the ped-mTNS
(secondary aims) were carried out as follows. Reliability and measurement er-
ror were measured within the inter-rater and intra-rater subgroups by means of
intraclass correlation coefficient using the two-way random effects model for
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2
O;
L - where

0p?+00%+0residual

agreement (ICCygreement) according to the equation 1CC,greement=
Oerror? = 0% + Oresiauar®>-- Measurement error was assessed by calculating the Stan-
dard Error of Measurement from the same model (i.e. the two-way random effects
model for agreement) (SEMgreement) by the equation SEM,grcement = +/(002 + Oresiauar®)

and by calculating the Smallest Detectable Change (SDC,greement) USing the equation
SDCagreement =196 x V2 x SEMagreement34-35.

Dichotomized total scores of the ped-mTNS (yes/no VIPN; a total ped-mTNS score of
0-4 indicates no VIPN and a score of 25 indicates VIPN according to published data by
Gilchrist et al.*) were used to measure agreement in a 2x2 table to calculate positive
agreement (PA) (PA=2a/(2a+b+c) and negative agreement (NA) (NA=2d/(2d+b+c).

All results on reliability are reported for patients, healthy controls, and total group

separately. All statistics were performed using SPSS for Windows version 22.0 (SPSS,
Chicago, IL).

Table 1. Baseline characteristics of study participants

Patients (n=56)" Healthy controls

(n=56)"
Sex
Male 32(57.1) 32(57.1)
Female 24 (42.9) 24 (42.9)
Age in years 9.7 (6.3-14.1) 9.6 (7.0-14.4)
Ethnicity
European 40 (71.4) 39(69.6)
Middle-Eastern 10(17.9) 6(10.7)
African 1(1.8) 4(7.1)
Hispanic 4(7.1)
Other 5(8.9) 3(5.4)
Diagnosis?
ALL 39(69.6)
Hodgkin lymphoma 12 (21.4)
Nephroblastoma 1(1.8)
Rhabdomyosarcoma 4(7.1)
Administration method of VCR?
Bolus injection 47 (83.9)
1-hour infusion 9(16.1)
Cumulative dose of VCR (mg/m?; mean (SD))* 19.6 (13.91)
Time since last VCR dose (days)* 9.5[0.75-21.0]

*Values represent the number (%) of participants, unless indicated otherwise

CNS central nervous system, IQRinterquartile range, ALL acute lymphoblastic leukemia, RMS rhabdomyosarcoma,
LGG low-grade glioma, VCR vincristine, ped-mTNS pediatric-modified Total Neuropathy Score, CTCAE Common
Terminology Criteria for Adverse Events., ’This is only applicable to the patient population.
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RESULTS

Study population

Fifty-six patients and 56 healthy controls (median (IQR) age 9.6 (6.6-14.2) years) were
included in the study. Characteristics of the participants are presented in Table 1.
The majority of the patients were treated for ALL (n=39, 70%) or Hodgkin lymphoma
(n=12,21%). The mean (SD) cumulative dose of VCR administered to the patients was
19.6 mg/m* (13.9).

Construct validity of the ped-mTNS

The correlation between total scores of the ped-mTNS and CTCAE was moderate as
expected in patients (r=0.60). Patients had a significantly higher score on ped-mTNS
than healthy controls (median (IQR): 10.0 (6.25-13.0)) and (median (IQR): 0.0 (0.0-1.0),
respectively p<.001) (Table 2). Furthermore, patients were significantly more often
identified as having VIPN (25 on the ped-mTNS) than healthy controls (86% versus
1.8%, respectively p<.001).

Table 2. Results of peripheral neuropathy measurements in the two study groups

Inter-rater 0.45 -0.43-0.88 12.25 4.42 100% 100%
reliability

patients

(n=7)

Inter-rater 0 = 5.73 2.07 o 100%
reliability

healthy controls

(n=3)

Intra-rater (o] -1.3-0.20 8.96 3.23 80% 0%
reliability

patients

(n=5)

Intra-rater 0 @ 0 (0] = 100%
reliability

healthy controls

(n=5)

Inter-rater 0.63 0.04-0.89 10.26 3.7 100% 100%
reliability total

(n=10)

Intra-rater 0.64 0.06-0.90 8.1 2.92 80% 83%
reliability total

(n=10)

ICC=intraclass correlation coefficient, ped-mTNS: pediatric modified total neuropathy score, Cl: confidence interval
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Reliability

All results regarding reliability for patients, healthy controls and the total group of
participants are depicted in Table 3. The different variance components of the intra-
rater reliability group were: Gp2=15.3, 60°=0 and Giesiqua’=8.6 and of the inter-rater
reliability: 6,°=23.1, 6,°=0 and Gresiqua’=13.7. The ICCygreemen: OF the intra-rater group
was 0.64, whereas this was 0.63 of the inter-rater group. Positive agreement was
80%, negative agreement was 83%. Positive and negative agreement of inter-rater
reliability were both 100%. Finally, the SEM,geemen: Within the intra-rater group was
2.92 and within the inter-rater group 3.7. The SDC,greement Was 8.1 within the intra-rater
group and 10.26 within the inter-rater group.

Table 3. Reliability outcome measures of the pediatric modified total neuropathy score

Patients Healthy controls p-value
(n=56) (n=56)
Total ped-mTNS scores
Median (IQR) 10.0 (6.25-13.0) 0.0 (0.0-1.0) <0.001%
Score of 0-4 (n, %) 8(14.3) 55(98.2)
Score 5-32 (n, %) 48(85.7) 1(1.8)
Total CTCAE scores
Median (IQR) 3 (2-4.75) 0 (0-0) <0.001%
Score of 0-1 9(16.1) 55(98.2)
Score of 2-4 33(59.0) 1(1.8)
Score of 5-7 12 (21.4) 0(0)
Score of 8-18 2(3.6) 0(0)

ped-mTNS pediatric-modified Total Neuropathy Score, CTCAE Common Terminology Criteria for Adverse Events,
*results are statistically significant
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DISCUSSION

In this study the Dutch version of the ped-mTNS was validated by assessing VIPN in a
cohort of Dutch pediatric oncology patients aged 5-18 and age- and gender-matched
healthy controls. The correlation between ped-mTNS and CTCAE was found to be as
expected (i.e. moderate). Furthermore, patients had significantly higher ped-mTNS
scores than controls and were significantly more often identified as having VIPN.
These results indicate that this translated version of the ped-mTNS has good construct
validity regarding the assessment of VIPN in Dutch pediatric oncology patients. How-
ever, reliability of this instrument was insufficient (ICCogreement < 0.7). The outcomes
of measurement error showed a SEM,greement OF 2.92 and 3.7 and a SDCygreement Of 8.1
and 10.26 for the intra-rater and inter-rater subgroups, respectively. Although the
minimal important change (MIC) of this instrument is unknown, these SEM,geement and
SDC.greement SCOres appear to be rather high, given the fact that scores can range from 0
to 32 and we used a cutoff value of 25 to discriminate children with and without VIPN.
However, positive and negative agreement were good, with scores between 80% and
100% for intra-rater and inter-rater reliability, respectively.

The results of the current study are comparable to a previous study. Gilchrist et al.* re-
cently showed that patients had a significantly higher score on ped-mTNS than healthy
controls (mean (SD): 8.7 (4.2); and 1.4 (0.9, respectively). However, in that study only
9.8% of the controls had a score of zero on the ped-mTNS, while this percentage was
68% in the current study. This discrepancy can most likely be attributed to differ-
ences in carrying out the assessments with the ped-mTNS, such as the level of training
of the assessors, and not to a difference in population. The results of Gilchrist et al.
showed that healthy controls frequently experienced some disorders of motor func-
tion, autonomic symptoms, pin sensation and distal strength, although in both studies
scores of healthy individuals were not high enough to indicate VIPN (ped-mTNS score
was < 5) and therefore not of great clinical relevance. In the current study, the healthy
control group had a mean (SD) ped-mTNS score of 0.9 (1.5). In the study of Gilchrist et
al. similar scores were reported (mean (SD) 1.4 (0.9)). Furthermore, the current study
showed an ICC,greement SCOre of the ped-mTNS for intra- and inter-rater reliability of
0.64 and 0.63, respectively. These scores are lower than the ICC sores for intra-rater
and inter-rater reliability as reported by Gilchrist et al. (0.99 and 0.98, respectively)*.
This may be due to the fact that within the study of Gilchrist et al. an interval of only
one hour between two measurements was applied when assessing inter- and intra-
rater reliability, whereas in our study this interval was four days minimally. An interval
of one-hour may have led to recall bias of the patient for the interviewed questions
and of the assessor for the physical examination part, since there is a high chance
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that the results of the previous measurement are memorized. Furthermore, Gilchrist
et al. have used a two-way mixed effect model for consistency for their calculation
of ICC (i.e. ICCconsistency), therefore the variance due to systematic differences between
observers was ignored®>*. By using ICCagreement, Which we did in our study, this variance
of observers was taken into account. However, using 1CCconsisency instead of 1CC,greement
leads to higher ICC values, which could be an explanation for the difference in results
between these studies®®.

Our study was the first to evaluate psychometric characteristics of a translated version
of the ped-mTNS. Our results are important both for clinical purposes and research
practice as they contribute to the urgently needed standardization of measuring pe-
ripheral neuropathy in children with cancer using high quality outcome measurement
instruments.

This study has some limitations. As previously mentioned, the Rydel-Seiffer 64 Hz
tuning fork was used for the assessment of vibration sense instead of the Biothesi-
ometer™, due to unavailability of this device in the Netherlands. However, according
to Hilz et al.*° the Rydel-Seiffer 64 Hz tuning fork is a valid instrument to examine

vibration sense and Gilchrist et al.*

showed a moderate to good correlation (i.e. r =
-0.62 - -0.73, depending on test site) between the Biothesiometer™ and the Rydel-

Seiffer 64 Hz tuning fork.

The assessment of reliability and measurement error were only evaluated within a
subgroup of 20 participants. Although there is no formal consensus about the minimal
number of participants needed to properly asses the inter- and intra-rater reliability*’,
the number of participants included for these assessments are probably rather low
as can be seen in the 95% confidence intervals of the reliability estimations, due
to logistical limitations. Therefore, these results should be interpreted with caution.
Future studies assessing the reliability of the ped-mTNS in a larger group of patient
are advocated. These studies can be performed within a patient population, since
results regarding reliability of healthy controls will probably be difficult to interpret
due to floor effects.

Despite certain psychometric limitations, the ped-mTNS is currently considered to
be the most optimal instrument for assessing VIPN in children compared to other
instruments*®. Continuous efforts should be made to further improve this instrument,
by studying and advancing its reliability and by additionally assessing of its validity.
Specifically, more research should be undertaken to investigate the content validity
of this instrument, by assessing if the ped-mTNS is complete in measuring all the
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aspects of VIPN in terms of relevance and comprehensibility of this instrument, both
for patients and assessor. Finally, it should be investigated to which extent an adapted
version of the ped-mTNS could be developed that is suitable for assessing VIPN in
children under the age of five. All above-mentioned efforts may result in a more valid
and reliable instrument for the assessment of VIPN in children. Meanwhile, using the
current version of the ped-mTNS is advocated since it will lead to more uniformity
in assessing VIPN in children with cancer, thereby enabling the comparison of study
results for this group of patients %,

In conclusion, the current study showed that the Dutch translated version of the
ped-mTNS has a good construct validity, whereas reliability appeared insufficient,
although patients numbers for reliability testing were low. In order to improve the
comparability of results across different studies investigating VIPN in children, further
standardization of VIPN assessment is needed. More research aimed at investigating
and improving the quality of the ped-mTNS, or in the development of another in-
strument to assess VIPN, is needed. This will ultimately lead to a robust instrument
and more uniformity in evaluating chemotherapy induced peripheral neuropathy in
children with cancer.
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APPENDIX A. ORIGINAL VERSION OF THE PEDIATRIC-MODIFIED
TOTAL NEUROPATHY SCORE

Sensory Symptoms:____ (record worst score for the three sensations)
“Do you have any parts of your body that are tingly, numb (can hardly feel), or
hurt?”
____Tingly____ Numb ____ Hurt (record number for each)
If yes, "Where you have those feelings?”
0 None
1 Symptoms limited to fingers or toes
2 Symptoms extend to ankles or wrists
3 Symptoms extend to knee or elbow
4 Symptoms above knee or elbow

Functional Symptoms:____ (record worst score of the three questions)
"Do you have trouble buttoning shirts or zipping zippers?” ___
"Do you have trouble walking such as tripping frequently?” ____
"Do you have trouble going up or down stairs?” ____

If yes to any, “Is it....(read choices)” and record after each question
0 Not Difficult
1 A little difficult
2 Somewhat difficulty
3 1 need help
4 | can’t do that at all

Autonomic Symptoms:____ (record worst score of the three questions)
"Do you feel dizzy or light-headed when you get up out of bed?” ___
“Do your hands or feet feel hotter or colder than normal?”

0 Never

1 A little bit

2 Sometimes

3 Very much

4 Almost always
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Toes R

L

Med Mal R
L

Knee R

L

Finger R
L

Wrist R
L

ElbR

L

Clinical Testing :
Light Touch Sensation: ____
0 Normal
1 Reduced in fingers/toes
2 Reduced up to wrist/ankle
3 Reduced up to elbow/knee
4 Reduce to above elbow/knee

Pin Sensibility: ____
0 Normal
1 Reduced in fingers/toes
2 Reduced up to wrist/ankle
3 Reduced up to elbow/knee
4 Reduce to above elbow/knee

Toes R Finger R

L L

Med Mal R Wrist R

L L

Knee R ElbR

L L
Vibration Sensibility:____ (worst score)

0 Normal

1 Reduced in fingers/toes

2 Reduced up to wrist/ankle

3 Reduced up to elbow/knee

4 Reduced to above elbow/knee

92



MEASURING VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY IN CHILDREN WITH CANCER

Strength: ____ Worst Score (MRC Score R/ L)
MRC level: Great Toe ____ /___ Ankle DF____/___ Finger abd____/____ Wrist
ext____/____
0 Normal

1 Mild weakness (MRC 4)

2 Moderate weakness (MRC 3)
3 Severe weakness (MRC 2)

4 Paralysis (MRC 1-0)

DTR: ____ (Achilles, Patellar)
0 Normal
1 Ankle reflex reduced (Achilles +1)
2 Ankle reflex absent (Achilles 0, Patellar +2)
3 Ankle reflex absent, others reduced (Achilles 0, Patellar +1)
4 All reflexes absent (all 0)

Total Score: /32
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APPENDIX B. DUTCH VERSION OF THE PEDIATRIC-MODIFIED
TOTAL NEUROPATHY SCORE

Interview vragen

Vraag sensorische symptomen

Zijn er bepaalde lichaamsdelen die tintelen, verdoofd voelen (die je bijna niet kan
voelen), of pijn doen?
____Tintelingen ____Verdoofd ____Pijn (noteer aantal voor elke sensatie)
Zo ja, Waar heb je dat gevoel?
0 Nergens
1 Alleen symptomen in vingers of tenen
2 Symptomen uitgebreid tot enkels of polsen
3 Symptomen uitgebreid tot knie of elleboog

4 Symptomen tot boven de knie of elleboog

Score sensorische symptomen:____ (noteer de slechtste score van de drie sensaties)

Vragen functionele symptomen

94

Heb je problemen met het dichtknopen van een blouse of dichtritsen van je rits? Is dit
......... (lees keuzemogelijkheden voor):

0 Niet moeilijk

1 Een beetje moeilijk

2 Enigszins moeilijk

3 Ik heb hier hulp bij nodig

4 1k kan dat helemaal niet

Heb je problemen met lopen? (struikel je bijvoorbeeld vaak?) Is dit ......... (lees keuze-
mogelijkheden voor):

0 Niet moeilijk

1 Een beetje moeilijk

2 Enigszins moeilijk

3 Ik heb hier hulp bij nodig

4 1k kan dat helemaal niet

Heb je problemen met de trap op of af lopen? Is dit ......... (lees keuzemogelijkheden
voor):

0 Niet moeilijk

1 Een beetje moeilijk
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2 Enigszins moeilijk
3 Ik heb hier hulp bij nodig
4 Ik kan dat helemaal niet

Functionele symptomen:____ (noteer de slechtste score van de drie vragen)

Vragen autonome symptomen
Voel je je duizelig of licht in je hoofd wanneer je opstaat uit bed?
0 Nooit
1 Een beetje
2 Soms
3 Heel erg
4 Bijna altijd

Voelen je handen of voeten warmer of kouder aan dan normaal?
0 Nooit
1 Een beetje
2 Soms
3 Heel erg
4 Bijna altijd

Autonome symptomen:____ (noteer de slechtste score van de twee vragen)

95



CHAPTER 3

Neurologisch onderzoek

TenenR Vinger R

L L

Med Mal R Pols R

L L

Knie R Elleboog R
L L

Lichte Tast sensatie:____
0 Normaal
1 Verminderd in vingers/tenen
2 Verminderd tot aan de pols/enkel
3 Verminderd tot aan de elleboog/knie
4 Verminderd tot boven de elleboog/knie

Pijnzini____
0 Normaal
1 Verminderd in vingers/tenen
2 Verminderd tot aan de pols/enkel
3 Verminderd tot aan de elleboog/knie
4 Verminderd tot boven de elleboog/knie
Vibratiezin:____
o e Rl
TenenR Vinger R
L L
Med Mal R Pols R
L L
Knie R Elleboog R
L L

0 Normaal

1 Verminderd in vingers/tenen

2 Verminderd tot aan de pols/enkel

3 Verminderd tot aan de elleboog/knie

4 Verminderd tot boven de elleboog/knie
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Kracht:____ Slechtste Score (Medical Research Council (MRC) Score R/ L)
MRC level: Grote teen___/___Enkel dorsoflexie___/___Vinger abductie___/___Pols
extensie___/___

0 Normaal

1 Milde zwakte (MRC 4)

2 Matige zwakte (MRC 3)

3 Ernstige zwakte (MRC 2)

4 Paralyse (MRC 1-0)

Reflexen:____ (Achillespees, kniepees)

0 Normaal

1 Verminderde achillespeesreflex (Achilles -1 t/m-3 OF +1)*

2 Afwezige achillespeesreflex (Achilles -4, kniepeesreflex 0 OF Achilles O,
kniepeesreflex +2)*

3 Afwezige achillespeesreflex, verminderde kniepeesreflex (Achilles -4,
kniepeesreflex -1 t/m -3 OF Achilles 0 kniepeesreflex +1)*

4 Alle reflexen afwezig (allemaal-4 OF allemaal 0) *

* Afhankelijk van gebruikte scoringsmethode
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CHAPTER 4

ABSTRACT

Purpose Vincristine (VCR) is a chemotherapeutic agent used in the treatment of pe-
diatric oncology patients, but its main toxicity is VCR-induced peripheral neuropathy
(VIPN). However, whether VIPN has an effect health-related quality of life (HR-QolL) in
children during treatment is unknown. Therefore, the aim of our study was to inves-
tigate the association between VIPN and HR-Qol in children starting treatment for
cancer.

Methods Measurements of VIPN were performed using two tools: Common Terminol-
ogy Criteria for Adverse Events (CTCAE) and pediatric-modified Total Neuropathy
Score (ped-mTNS). Assessment of HR-QolL was done with self- and proxy assessment
of the Cancer and Generic module of the Pediatric Cancer Quality of Life Inventory™
(PedsQL).

Results N=86 children were included. HR-QoL of children with VIPN (n=67, 76%) was
significantly lower in comparison with children without VIPN: estimated Total score
of PedsQL Generic (proxy) 84.57; B=-8.96 and 95% confidence interval (Cl) -14.48 to
-3.43; p=0.002, estimated PedsQL Generic Total score (self-reported): 85.16, p=-8.38
(95% Cl: -13.76 to -3.00); p=0.003. Similar results were found in the Pain and Hurt
domain of the PedsQL Cancer (pain: estimated score (proxy): 85.28, =-9.94 (95%Cl:
-16.44 t0 -3.45), p=0.003; hurt: estimated score (self-report) 97.57, B=-19.15 (95%Cl:
-26.82 t0 -11.48), p<0.001).

Conclusion VIPN results in a significant reduction of HR-QoL in children under treat-
ment for a malignancy, which means that VIPN is important for the well-being of pedi-
atric oncology patients. Therefore, this study underlines the importance of optimizing
treatment with VCR, thereby aiming to reduce VIPN while maintaining efficacy.
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INTRODUCTION

Since the 1950’s, survival of pediatric cancer gradually increased with currently an
overall 5-year survival rate of approximately 80%". However, 25% of this population
experiences a severe or life-threatening disability related to the oncologic treatment®.
Besides the increased incidence of disabilities, the treatment of a malignancy in child-
hood also leads to a reduction in health-related quality of life (HR-QoL) compared
to healthy peers and siblings®. Moreover, this reduced HR-Qol is found in pediatric
patients during anticancer treatment, but also in survivors of childhood cancer”.

HR-QolL constitutes of effect of illness, treatment and health on important domains
of life, such as physical, psychological, and social domains®®. Reduced HR-QoL dur-
ing anti-cancer treatment in children has been reported in all major domains’®, Risk
factors for impaired HR-QoL in childhood cancer include (mal-)adjustment to chronic
illness in children, which can be explained by the disability-stress-coping model®.
This model describes risk- and protective factors that influence the ability to adjust
to a chronic disease’. Furthermore, HR-Qol is related to diagnosis®™. Finally, HR-QoL
depends on co-treatment of specific agents, such as glucocorticoids**.

Vincristine (VCR) is a chemotherapeutic agent that is often used in children with
cancer. Unfortunately, VCR-induced peripheral neuropathy (VIPN) leads to limitations
in the maximum tolerable dose. Symptoms include paresthesia, constipation, muscle
weakness, areflexia, neuropathic pain, and loss of sensibility*>. The development of
VIPN during treatment depends on several factors®. Treatment is symptomatic and
includes the use of analgesics such as gabapentin and amitriptyline. However, the
only effective treatment option for VIPN is dose-reduction of VCR, even though this
hampers optimum treatment*. Alternatively, prolongation of VCR administration

duration can be used even though evidence of efficacy is scarce*>*®.

It was shown that in adults, chemotherapy-induced peripheral neuropathy is associ-
ated with reduced HR-Qol during and after treatment®’. Furthermore, we know that
during cancer treatment pain has an impact on HR-QoL'®. However, to what extent
VIPN impacts HR-QolL in children with cancer during treatment, is unknown.

Therefore, we studied the impact of VIPN during treatment of various types of malig-
nancies on HR-Qol in children during the first 12 months of treatment.
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METHODS

Patients

This study is part of a prospective trial that studied the relation between infusion
duration of VCR and the development of VIPN in pediatric oncology patients (the
VINCA trial)*®. This trial was registered in the Dutch Trial Registry (www.trialregister.nl;
trial number NL4019). Participants of this trial received all their VCR administrations
throughout treatment either as a push-injection or as an one-hour infusion. In total,
ten treatment centers in the Netherlands and Belgium (n=6 in Belgium, n=4 in the
Netherlands) were open for patient inclusion. Patients in this study were newly diag-
nosed children with cancer, starting VCR therapy and were between 2-18 years of age.

Children with different diagnoses and corresponding treatment protocols were included
in this trial. The majority were hematological patients with either acute lymphoblastic
leukemia (treated according to DCOG ALL-11 protocol®, EsPhALL protocol*®, or EORTC-
58081-CLG guideline®*) or Hodgkin’s lymphoma (treated according to EuroNet-PHL-C1

[**> or C2 protocol®). Furthermore, solid tumor patients were included with

protoco
nephroblastoma (treated according to SIOP Wilms 2001 protocol*) or rhabdomyo-
sarcoma (treated according to EpSSG RMS 2005 protocol®). Finally, children with the
following central nervous system (CNS) tumors were included: low-grade glioma (LGG)
(treated according to SIOP-LGG 20042 protocol) and medulloblastoma (treated accord-
ing to ACNS0331%” protocol or ACNS0332® protocol). Children with CNS tumors were
only eligible if at diagnosis they did not experience any sensory or motor symptoms of
their limbs. Finally, due to the difficulties in assessing VIPN, patients with either pre-

existent peripheral neuropathy or mental retardation could not participate in the trial.

This trial was conducted according to the principles of the Declaration of Helsinki. Fur-
thermore, this trial adhered to all applicable country-specific regulatory guidelines.
Before trial participation, informed consent in writing was collected from guardians or
parents of all trial participants between 2-17 years. Furthermore, children who were
aged between 12-17 years provided informed consent in writing themselves. The in-
formed consent form and the study protocol received approval from the Institutional
Review Board of Amsterdam UMC, location VUmc and were also approved at each of
the trial sites.

Trial regimen

In the current report the results are reported of data collected during the first year
after diagnosis. During this year, we measured HR-QolL and VIPN between 1 and 3
times. The number of measurements depended on the amount of VCR administrations
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and duration of treatment (and treatment group). On average, VIPN and HR-QoL were
assessed every 3 months.

Assessment of VIPN

Both VIPN and HR-Qol were assessed simultaneously on the same day of treatment.
An overview of timing of measurements per disease type is shown in Supplemental
Figure S2. For the measurement of VIPN, two different measurement tools were used.
The CTCAE items (version 4.03)*° peripheral motor neuropathy (score range: 0-5),
peripheral sensory neuropathy (score range: 0-5), neuralgia (score range: 0-3), and
constipation (score range: 0-3) were used. These item scores were summed into a
total VIPN score. Furthermore, the dichotomized definition of VIPN was an item score
of 22. In addition, the ped-mTNS (Dutch translation) was used for VIPN assessment®.
This validated instrument for assessing VIPN in children includes a questionnaire
(functional, sensory and autonomic symptoms) and a physical examination. It can be
used for VIPN assessment in pediatric patients aged five years or older. Therefore, in
our study we only used ped-mTNS assessment in the corresponding age group. As pre-
viously published, a total ped-mTNS score of 25 indicated that the child had VIPN?*,

Assessment of health-related quality of life

Assessment of HR-QoL was done by using the Dutch translated Generic Pediatric Cancer
Quality of Life Inventory™ (PedsQL) (version 4.0) and the Acute Cancer PedsQL (version
3.0) (both 1 week recall)**>*. Both parent/guardian-proxy (all children) and self-reported
(aged =5 years) questionnaires were used. The PedsQL generic version has 23 items, which
can be summed to a total scale score. Additionally, there are two other sum-scores: psy-
chosocial and physical. Individual items were scored on a Likert scale (5 points). However,
visual scales (3-points) that use sad, neutral and happy faces were used for the responses
of the children aged 5-7 years group. These require an interviewer for assessment. Score
range is 0-100, in which a higher scores means a better HR-QoL. The PedsQL Acute Cancer
is a reliable 27-item multidimensional cancer-specific questionnaire®. Subscales deter-
mine problems in different important areas during cancer treatment. It was hypothesized
that VIPN can lead to diminished scores on the Pain and Hurt item, but is less likely to
affect the other domains that are tested with the PedsQL Cancer questionnaire. Therefore,
only the Pain and Hurt domain of the PedsQL Cancer was reported. Similar to the Generic
version, the PedsQL Cancer also uses Likert scales (5 points) for item scores. These scores
can range from 0 to 100, with higher scores being indicative for better HR-QoL.

Statistics

Normally distributed descriptive data were reported as means (standard deviation
(SD)). Similarly, skewed variables of descriptive data were reported as medians (inter-
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quartile range (IQR)). Patient characteristics of patients without and with VIPN were
analyzed using a chi-square test or an independent t-test. Participants were identified
with VIPN if they fulfilled the CTCAE or the ped-mTNS criteria specified above at least
once during follow-up.

Differences in HR-QoL between participants with and without VIPN were evaluated
using linear mixed model analyses of PedsQL outcomes. Subgroups were analyzed
for patients who had VIPN according to either ped-mTNS or to CTCAE. First, the rela-
tion between PedsQL scores and VIPN was analyzed univariately, but since VIPN and

HR-Qol are multifactorial, influenced by several factors, such as sex and age®**,

we
also used a forward selection procedure, to study variables that potentially influence
differences in HR-QoL (PedsQL generic total score and PedsQL Cancer Pain and Hurt
scale) between participants with and without VIPN. The following variables were
evaluated: randomization, diagnosis, sex, age, cumulative VCR dose per m? use
of analgesics, time since diagnosis and ethnicity. Analyses were done in SPSS 26.0

(Chicago, USA). A p-value of <0.05 was used as cutoff value for statistical significance.
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RESULTS

In total, n=90 patients participated, of which n=86 provided data on HR-QolL. The
4 patients without HR-QolL data were either insufficient in their written language
proficiency or did not respond to the distributed HR-QoL questionnaires. Descriptive
information of patients is shown in Table 1.

Table 1. Patient characteristics of the total cohort and of the subgroups with and without VIPN using Common
Toxicity Criteria of Adverse Events

Total group No VIPN VIPN P-value

(n=86) (n=19) (n=67)
Age at diagnosis in years, mean (SD) 9.09(5.12)  7.92(5.51) 9.42 (5.00) 0.42
Sex, n (%) 0.40
Female 39 (45) 7(37) 35(52)
Male 47 (55) 12 (63) 32 (48)
Diagnosis, n (%) 0.12
ALL 56 (65) 10(53) 46 (69)
Hodgkin 16 (19) 3(16) 13 (19)
Other 14 (16) 6(32) 8(12)
Ethnicity, n (%) 0.83
Caucasian 71(83) 16 (84) 55(82)
Other 15(17) 3(16) 12 (18)
Use of analgesics, n (%) 0.01
No 68(79) 19 (100) 49 (73)
Yes 18 (21) 0(0) 18 (27)
Time since diagnosis in days, mean (SD) 158 (145) 174 (148) 139 (141) 0.26

Mean cumulative VCR dose in mg per m*(SD) 14.8(9.82) 13.12(10.95) 15.23(9.54) 0.07

VIPN: vincristine induced peripheral neuropathy, SD: standard deviation; ALL: acute lymphoblastic leukemia, VCR:
vincristine

Time since diagnosis, sex, and disease were significantly associated with VIPN
outcomes and total PedsQL scores (see Supplemental Table S1 and Supplemental
Table S2) and were included, together with randomization status, in our multivari-
able analyses. In contrast, cumulative dose of VCR per m?, use of analgesics, age and
ethnicity were not significantly associated with VIPN outcomes (Supplemental Table
S1). However, use of analgesics was significantly associated with the outcomes of the
Pain domain of the PedsQL Cancer scores and therefore included in the multivariable
model of this domain.

In total, n=41 (48%) developed VIPN according to CTCAE and n=52 (61%) according to
ped-mTNS. In total, n=67 (78%) patients met criteria for VIPN according to ped-mTNS
or CTCAE. The ped-mTNS cohort consisted of in total n=61 children (i.e. 25 years). Of
n=61 children, n=26 (43%) developed VIPN according to both CTCAE and ped-mTNS.
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In total, n=42 (49%) patients developed severe VIPN according to either CTCAE (n=8
(9%)), ped-mTNS (n=38 out of n=61 (62%)) or both (n=4 (7%)) at any time point
during the first year of treatment. In Supplemental Table S3 the HR-Qol scores per
time point are reported.

Relation between PedsQL generic self and proxy assessments and VIPN
Overall, estimated PedsQL Generic Total score was 84.57 (parent-reported) and 85.16
(self-reported). The timing of VIPN and HR-QoL assessments in relationship to VCR
treatments are presented in Supplemental Figure S3.

Results of the uncorrected association between VIPN and PedsQL scores are presented
in Supplementary Tables S4 and S5.

There was a significantly lower HR-QoL (proxy and self-assessments) in children with
VIPN compared to children without VIPN for both PedsQL Generic total score as well
as all sub domains except School Functioning (Tables 2 and 3; Figure 1). Interestingly,
in children with severe VIPN according to the ped-mTNS, there was a significantly
lower score on (proxy- and self-reported) school functioning compared to children
without VIPN.

PedsQL total score related to VIPN
90- }
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PedsQL Totalscore
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Figure 1. Total PedsQL generic score divided in pediatric patients with and without vincristine-induced periph-
eral neuropathy according to either the Common Terminology Criteria for Adverse Events or pediatric modified
Total Neuropathy Score

*represents p values < 0.05 per timepoint between the groups with and without VIPN, VIPN: vincristine induced
peripheral neuropathy, PedsQL: Pediatric Quality of Life Inventory
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Relation between PedsQL Cancer self and proxy assessments and VIPN

Results of the uncorrected analyses and of the univariable association with covariates
are presented in Supplementary Tables S4 and S5. Estimated PedsQL Cancer domain
Pain and Hurt score was 85.28 (parent-reported) and 97.57 (self-reported). Similar to
the PedsQL Generic outcomes, these and other outcomes of PedsQL Cancer Pain and
Hurt scores according to VIPN status per time point of other domains are presented in
Supplementary Figure S1. HR-Qol according to PedsQL Cancer Pain and Hurt in proxy
as well as self-assessments was significantly lower in our multivariable model in
patients with VIPN compared to children without VIPN, irrespective of VIPN measure-
ment tool (Table 2 and 3). In patients with severe VIPN measured by ped-mTNS there
was a significant lower HR-QoL compared to children without severe VIPN. However,
the results of self-assessment were not statistically significant when only the CTCAE
was taken into consideration, but the estimated difference in PedsQL score in children
with and without VIPN according to the CTCAE (B) was -25.19 (Tables 2 and 3; Figure
2). PedsQL Cancer scores per time point, subdivided according to VIPN status, are
presented in Figure 2.

PedsQL Cancer Pain and Hurt related to VIPN

90+
= -} No VIPN group proxy
w report
o
5 = No VIPN group self report
E —+— VIPN group proxy report
3 -+ VIPN group self report
(=]
0
°
(1]
o
Ll I
1 2 3
Timepoint

Figure 2. Total PedsQL Cancer scores Pain and Hurt domain divided in children with and without vincristine-
induced peripheral neuropathy according to the Common Terminology Criteria for Adverse Events or pediatric
modified Total Neuropathy Score

All results at different time points were significant with a p<0.05 VIPN: vincristine induced peripheral neuropathy,
PedsQL: Pediatric Quality of Life Inventory
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DISCUSSION

This study shows that pediatric oncology patients with VIPN have a significantly re-
duced HR-QoL compared to patients without VIPN. This finding is consistent, as it was
found irrespective of method of assessment of VIPN (CTCAE or ped-mTNS), and both in
self- as well as in proxy-assessments, and on multiple HR-QoL domains.

VCR is an important part of many pediatric oncology treatment protocols, but VIPN
is a severe toxicity with symptoms that can last long after treatment cessation®”?%,
Even though VCR has been used for decades in children and its association with VIPN
is well-known, as far as we know, this trial is the first assessing the consequences of
VIPN on HR-Qol in children currently treated for childhood cancer. However, the effect
of VIPN on HR-Qol in pediatric oncology survivors was previously reported. The study
of Tay et al.>® investigated 101 survivors of childhood ALL (mean time post-treatment:
4.11 years) and reported a significant association between VIPN and the PedsQL, with
reduced scores on the generic domains Physical Functioning and Social functioning

in patients with VIPN.

Ultimately, this study shows the necessity for improving VCR treatment in children
with cancer as a way to improve overall HR-Qol of patients during oncologic treat-
ment. Therefore, dosing of VCR should be done on a more individualized basis. For
instance, it was demonstrated that certain genetic aberrations, like a single nucleo-
tide polymorphism in centrosomal protein 72 (CEP72) influence the development of
VIPN in children®*. Following this, studies could be undertaken that use these genetic
aberrations to dose modify VCR in certain populations requiring more or less. Another
approach would be to study pharmacokinetics of VCR. There is no established target
VCR exposure yet, but reliable VCR PK data have been collected that could contribute
to this**“°. When the target VCR exposure is known, VCR doses could be adapted
accordingly. Finally, improving administration duration of VCR can optimize VCR
treatment®“°4!, When one of these, or other, approaches are studied and used for
the optimization of VCR treatment, ideally the effect of the intervention on HR-Qol of
children should also be studied.

Finally, HR-Qol of children is dependent on the coping and adjustment possibilities
of the child and the surrounding family. Poverty and social isolation contribute to
ongoing and/or escalation of distress, similar to other (pre-existing) stressors®. In
general, it was demonstrated that all factors that are associated with health dispari-
ties in pediatric oncology were related to both wellbeing and overall adjustment. Also
family structure and beliefs and the natural coping ability to function are related to
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the adaptive adjustment to cancer (treatment). Therefore, it is important to screen
for these factors in families®. Interventions aimed to improve HR-QoL in pediatric
oncology patients should also take these psychosocial factors into account besides
solely focusing on physical functioning.

The strengths of this trial, among others, are the comprehensive and prospective mea-
surements of VIPN. For this study two instruments that include physical examination
were used to assess VIPN at several occasions during treatment. These assessments
were done using specifically trained physical therapists at all study sites. Currently,
ped-mTNS is recommended for VIPN assessment in children, as shown in a systematic
review**. In other studies, VIPN assessment was frequently done only by retrospective
CTCAE assessment*®. Overall, the effects of VIPN on HR-QoL seem to be stronger and
more significant when VIPN is measured by ped-mTNS. Previous literature showed
that ped-mTNS assessment is more sensitive in detecting VIPN than CTCAE assess-
ment*, which is supported by the fact that in our study more children with VIPN
were identified by ped-mTNS than by CTCAE. This could be an explanation for the
enhanced effect of VIPN on HR-QolL, when this was assessed by ped-mTNS. Our data
also shows that the negative effect of VIPN on HR-Qol is stronger when VIPN is severe,
even though the results of severe VIPN did not reach statistical significance for the
CTCAE outcomes. This lack of significance is likely due to the low patient numbers
with severe VIPN according to the CTCAE (n=8).

Our study had some limitations. First of all, our results rely partly on HR-QolL assess-
ment by proxy responders. It was previously shown in healthy children that there is
a relation between the mental health status of a parent and the proxy ratings they
score®. Secondly, this study reports on children with different disease types and
treatment phases of pediatric cancer. Treatment of different diseases and treatment
phases are not uniform regarding the administered VCR doses. Even though we cor-
rected our results for disease type and did not find an association between cumulative
VCR dose per m? in the relation between VIPN and HR-Qol, differences per treatment
phase could still be of importance, also due to the effect of other (chemotherapeutic)

L.** have shown for instance that dexamethasone

treatment modalities. De Vries et a
treatment, which is frequently used in some treatment phases of ALL but less frequent
in treatment protocols of other diseases, is significantly associated with worse HR-QoL
in children with cancer. Therefore, it would be useful to investigate the VIPN/HR-QoL
relation in a more uniform patient population, to see if this association might be more
attenuated in some patients. Moreover, the measurements of VIPN were assessed
by a clinician, whereas HR-QoL was assessed by patients or proxies. This could have

resulted in different perceptions regarding the occurrence of VIPN between clinicians
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and patients (for example: clinicians that identify VIPN based on loss of deep tendon
reflexes and mild constipation and patients not reporting VIPN due to lack of sensory
or motor symptoms). However, VIPN is most adequately assessed using a combina-
tion of questions and physical examination. Therefore, it would be suboptimal to use
questionnaires only for assessing VIPN. This is vice versa for HR-QoL, which is most
adequately assessed using standardized questionnaires such as the PedsQL, which
rely on the assessment by patients and proxies and not by clinicians. Also, in the Ped-
sQL Cancer module Pain and Hurt, the reported painful symptoms are not necessarily
referring to VIPN, but other causes of pain as well. Finally, the number of included
patients in this cohort was relatively low which has limited the amount of possible
confounders that could be included in the corrected analysis. With a larger sample
size, the influence of other confounders such as the use of additional neurotoxic
agents or the use of central nervous system directed therapy could be included in the
analyses as well.

In conclusion, this study shows that over time VIPN is negatively associated with
HR-QolL in children currently treated for a malignancy. These findings are robust,
irrespective of self- or proxy assessment and VIPN assessment method (CTCAE or ped-
mTNS). Even though VCR is already used for decades and in multiple diseases, these
findings underline the necessity for new studies aimed at optimizing VCR treatment
using interventions directed at reducing the incidence and severity of VIPN during
treatment of childhood cancer. Individualized treatment of VCR, for instance by using
pharmacokinetic and pharmacogenomic data, will result in a tailored exposure to VCR
resulting in treatment with maximum efficacy, reduced VIPN and thereby increased
HR-Qol in pediatric oncology patients.
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SUPPLEMENTAL MATERIALS

Supplemental Table S1. Association between parent-proxy reported PedsQL and vincristine in-
duced peripheral neuropathy and effect of covariates

Supplemental Table S2. The association between pedsQL outcomes and randomization (VCR ad-
ministrations given as either push-injection or one-hour infusion)

Supplemental Table S3. Mean Generic and Cancer PedsQL scores of proxy- and self-report per
time point

Supplemental Table S4. Univariate differences in parent-reported HR-QoL between children with
and without VIPN

Supplemental Table S5. Univariate differences in self-reported HR-QoL between children with and
without VIPN

Supplemental Figure S1. PedsQL scores per domain related to VIPN

Supplemental Figure S2. Overview of measurements per disease
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CHAPTER 5

ABSTRACT

Vincristine (VCR) is a frequently used chemotherapeutic agent. However, it can lead to
VCR-induced peripheral neuropathy (VIPN). In this study we investigated if one-hour
infusions of VCR instead of push-injections reduces VIPN in pediatric oncology pa-
tients. We conducted a multicenter randomized controlled trial in which participants
received all VCR administrations through push injections or one-hour infusions. VIPN
was measured at baseline and 1-5 times during treatment using Common Terminology
Criteria of Adverse Events (CTCAE) and pediatric-modified Total Neuropathy Score.
Moreover, data on co-medication, such as azole antifungals, were collected. Overall,
results showed no effect of administration duration on total CTCAE score or ped-
mTNS score. However, total CTCAE score was significantly lower in patients receiving
one-hour infusions concurrently treated with azole antifungal therapy (B = -1.58; p =
0.04). In conclusion, generally VCR administration through one-hour infusions does
not resultin less VIPN compared to VCR push injections in pediatric oncology patients.
However, one-hour infusions lead to less severe VIPN compared to push-injections
when azole therapy is administered concurrently with VCR. These results indicate
that in children treated with VCR and requiring concurrent azole therapy, one-hour
infusions might be beneficial over push injections, although larger trials are needed
to confirm this association.
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INTRODUCTION

Vincristine (VCR) is a frequently-used chemotherapeutic agent in pediatric oncology
since many decades™?. VCR inhibits the mitotic spindle in the cell, thereby blocking
cell division*“. In the liver, it is metabolized into M1 by the cytochrome P450 (CYP)
3A enzymes’. A major adverse effect of VCR is neurotoxicity, which is characterized
by autonomic and peripheral sensory-motor neuropathy and reported in 12-87% of
VCR-exposed children*®®. Symptoms of VCR-induced peripheral neuropathy (VIPN)
include paresthesia, muscle weakness, areflexia, pain, and diminished sensibility®**. It
usually starts after a few administrations and symptoms often reside several months
after treatment cessation™”. VIPN can lead to suboptimal treatment due to dose re-
ductions or omissions of VCR****. VIPN is dose-dependent, with single administration
doses exceeding 2.0 mg/m” leading to intolerable VIPN in children*. Children of older
age or Caucasian ancestry seem more vulnerable. Furthermore, genetic predisposi-
tions and pharmacokinetics (PK) of VCR influence VIPN development™®*“?*, Moreover,
multiple studies have shown that concurrent azole antifungal and VCR treatment
leads to more and severe VIPN in children, due to competitive interaction by the CYP
enzyme®*?*, This is clinically relevant, since azole antifungals are frequently used to
prevent or treat invasive fungal infections in pediatric cancer®. Although VIPN is dose-
limiting™*4, prolongation of VCR administration showed that the single administration
dose can be increased without leading to intolerable VIPN in children. In two studies
using continuous VCR infusion up to five days, cumulative VCR doses of 4.0 mg/m?
were well tolerated®®?’. This could be due to lower peak-plasma concentrations that
are related to longer lasting infusions, which seem associated with less VIPN?. Yet,
multiple day VCR infusions are costly and cumbersome. Therefore, in clinical practice
VCR is usually administered intravenously (iv) through a short-term push injection or
infusion (up to 15 min). Sometimes it is administered through a one-hour infusion.
Both push and one-hour administrations use standardized VCR doses of 1.5-2.0 mg/
m? (maximum 2.0 mg)*°. However, the effect of prolonging VCR infusion on VIPN using
standardized dosing regimens, is unknown. Therefore, we conducted a randomized
controlled trial (RCT) to determine whether intravenous one-hour infusions of VCR
are associated with less VIPN compared to intravenous push injections in pediatric
oncology patients. In addition, we evaluated the potentially modifying effect of co-
medication (i.e., concurrent azole antifungal treatment) on this association.
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MATERIALS AND METHODS

Trial Design

This study is an international, multi-center, randomized controlled trial. In total, ten
pediatric oncology treatment centers across the Netherlands (four) and Belgium (six)
participated in the study. Written informed consent was obtained from parents or
guardians of all study participants aged 2-17 years and their children (12-17 years).
The protocol and consent form were approved by the Institutional Review Board (IRB)
of Amsterdam UMC, location VUmc (IRB number: 2014-268, EUDRACT number: 2014-
001561-27).

The study was conducted in accordance with the Declaration of Helsinki. An indepen-
dent safety committee was updated annually on study progress, incidence and nature
of serious adverse events occurring during the study. This committee did not find any
reason to discontinue the study.

Study Participants

The study population consisted of newly diagnosed pediatric oncology patients
aged 2-18 years. Patients were eligible for study participation when their treatment
protocol included at least four VCR administrations within six weeks. Therefore,
patients with the following diagnosis and corresponding treatment protocols could
be included: acute lymphoblastic leukemia (ALL) (DCOG ALL-11 protocol®®, EsPhALL
protocol*®, or EORTC-58081-CLG guideline®'), Hodgkin's lymphoma (EuroNet-PHL-C1
protocol** or C2 protocol*?), nephroblastoma (SIOP Wilms 2001 protocol**), and rhab-
domyosarcoma (EpSSG RMS 2005 protocol®®). Furthermore, patients with low-grade
glioma (LGG) (SIOP-LGG 20043¢ protocol) and medulloblastoma (ACNS033 1% protocol
or ACNS0332%® protocol) were eligible if their presenting symptoms did not include
any sensory or motor symptoms of their limbs. Patients with mental retardation or
pre-existent peripheral neuropathy were excluded from participation.

Trial Regimen

Participating patients underwent baseline VIPN assessment to exclude pre-existing
peripheral neuropathy. Then, patients were 1:1 randomized using Tenalea software
(Trans European Network for Clinical Trials Services) to receive all VCR administra-
tions through push injections or one-hour infusions. To ensure equal distribution,
stratified block randomization (maximum block size: four) was used according to
age group (2-10 years or 11-18 years), gender, and country. During the first year of
treatment, VIPN was measured 1-3 times, depending on protocol treatment duration
and number of VCR administrations (see Supplementary Figure S1 for the detailed
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measurement schedules). In n = 5 patients, five measurements were done within the
first year as these patient were treated according to a rather dense protocol (i.e. many
VCR administrations within a relatively short period of time).

VCR was administered using a standard dose of 1.5 mg/m?* or 2 mg/m* (maximum 2
mg), depending on treatment protocol. A push injection was administered in an injec-
tion of 10 mL 0.9% NaCl or iv bag of 50 mL 0.9% NaCl. Total administration time of a
push injection was 1-5 min. One-hour infusions were administered using an iv bag of
50 mL of NaCl 0.9%.

Assessments of VIPN and Other Study Outcomes

The primary endpoint of the current study was VIPN measured by the CTCAE (version
4.03%) (CTCAE). The items peripheral sensory neuropathy (range 0-5), peripheral mo-
tor neuropathy (range 0-5), constipation (range 0-5), and neuralgia (range 0-3) were
assessed. A CTCAE score of 22 on at least one of the four items was defined as VIPN
and 23 or higher as severe VIPN. Moreover, all four items were summed into a total
CTCAE score (maximum 18).

Secondary endpoints of the current study included VIPN measured by the Dutch
version of the ped-mTNS***“? and by the use of specific analgesics for neuropathic
pain. The ped-mTNS is a validated instrument, including a questionnaire (sensory,
functional and autonomic symptoms) and physical examination, developed to assess
VIPN in children aged 2 5 years. Therefore, this instrument was not used in children
aged < 5 years. A total ped-mTNS score of 25 was defined as VIPN (total scoring range
of ped-mTNS: 0-32)“°. All VIPN measurements were performed in each hospital by
specifically trained physicians or physical therapists during regular hospital visits of
the patient.

Data on co-medication were collected by chart-based review. Amitriptyline and ga-
bapentin are frequently used for the treatment of neuropathic pain caused by VIPN®,
Therefore, children using these analgesics for 214 days were considered to have VIPN.
Furthermore, data regarding concurrent azole antifungal treatment were collected.
Patients were considered to have been treated with this concurrent therapy when
azoles were used during the week preceding or following VCR administration and
when 250% of VCR administrations between two succeeding study measurements
were given with concurrent azole therapy.

This paper reports on data collected during the first year of treatment.
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Sample Size Calculation

Initial sample size calculation was based on total CTCAE scores (primary endpoint)

1541 in which a mean maximum (standard deviation (SD)) CT-

using data of two studies
CAE score of 2.43 (1.07) was reported. However, since our study population included
children with different pediatric oncology diagnoses, we increased the expected SD
to 1.3 instead of 1.07. A difference in CTCAE score of at least 1.0 was considered to
be clinically relevant. This resulted in a targeted sample size of at least 70 patients
(35 patients in each intervention group; o. = 5%, power = 90%). To compensate for an
expected drop-out rate of 25%, we aimed to include 44 patients in each group (total:

88).

Statistical Analyses

Descriptive data of normally and skewed distributed variables were reported as
means (SD) and medians (interquartile range (IQR)), respectively. Possible associa-
tions between VCR administration method (push injection or one hour infusion) and
VIPN were evaluated in multiple ways. Mean, median scores and proportions were
compared using t-tests, Mann-Whitney U and chi-square tests, respectively. Moreover,
linear mixed effects model analyses were used to assess the association between ad-
ministration method and total CTCAE score as well as total ped-mTNS score, thereby
correcting for the correlated observations within and between patients. Logistic gen-
eralized estimating equations (GEE) analyses were used for dichotomized CTCAE and
ped-mTNS scores (i.e., having VIPN yes or no) and use of analgesics. Furthermore, the
possible confounding and/or modifying effect of the covariates age, sex, cumulative
VCR dose per m? cancer diagnosis, concurrent azole antifungal treatment (yes/no),
and self-declared ancestry was studied. When a modifying effect on the association
between randomization and VIPN for one of the covariates was found (i.e., p value of
the interaction term <0.05), results were reported for each category of this covariate
separately.

All participants were included in our intention-to-treat analyses. A two-tailed p-value

of <0.05 was considered statistically significant, analyses were performed using SPSS
26.0 (Chicago, USA) software.
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RESULTS

Participants

From September 2014 through January 2018, a total of 90 participants (n = 45 push
administration, n = 45 one-hour administration) were enrolled (Figure 1). In general,
baseline characteristics of the two groups were well-balanced (Table 1). Most partici-
pants were treated for acute lymphoblastic leukemia (ALL). Data of all 90 randomized
patients were used for analysis. There was no difference in relapse rate (p > 0.99) or
mortality (p = 0.62) between the two groups. In total, eight patients (9%) dropped-
out during the trial, which was less than anticipated. Results of baseline peripheral
neuropathy scores are reported in Supplementary Table S1.

Assessed for eligibilty (n=148)
T
@
E Excluded (n=56)
= Mot meeting inclusion criteria (n=8)
w Declined to paricipate (n=33)
p{ VCR treatment already started (n=8)
Severe psychosocial problems (n=2)
Mot receiving VCR in participating center (n=2)
Other reasons (n=3)
k.
Randomised (n=90)
s [
E v v
= 1-hour administration group (n=45) Push administration group (n=45)
AllVCR administrations as 1-hour (n=34) All VCR administrations as push (n=39)
=90-=100% of VCR administrations as 1- hour (n=3) =90-=100% of VCR administrations as push (n=1)
<90% of VCR administrations as 1-hour (n=8) =80% of VCR administrations as push (n=5)
Drop-out during treatment (n=7) Drop-out during treatment (n=1)
- Undergoing allo-SCT (n=1) Undergeing allo-SCT (n=1)
= Severe non-YCR related toxicity (n=1)
% Discontinuation of VCR treatment due to VIPM (n=1)
= Withdrawal of informed consert (n=2)
- Continuation in different freatment protocol (n=2)
y ‘
§ Intention-to-treat analy sis (n=435) Intention-to-treat analysis (n=45)
]
c
=

Figure 1. Flow diagram of screening, randomization, and follow-up.
VCR: vincristine; allo-SCT: allogeneic stem-cell transplantation.
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Table 1. Demographic and clinical characteristics of the participants at baseline.

Sex

Male 26(58) 24(53)
Female 19 (42) 21 (47)
Age, years (mean (SD)) 9.06 (5.11) 9.29 (5.25)
Age 2 5 years and included for ped-mTNS assessment 32(71) 34 (76)
Disease

Acute lymphoblastic leukemia 29 (64) 29 (64)
Hodgkin lymphoma 7 (16) 11 (24)
Nephroblastoma 6(13) 2 (4)
Medulloblastoma 1(2) 1(2)
Rhabdomyosarcoma 2 (4) 0(0)
Low-grade glioma 0(0) 2(4)
Ancestry ®

Europe 36 (80) 37(82)
Eastern Asia 1(2) 0(0)
Latin-America (including Caribbean) 1(2) 2 (4)
Middle-East (including Northern Africa) 3(7) 3(7)
Sub-Saharan Africa 1(2) 0(0)
Combination 2 (4) 3(7)
Missing 1(2) 0(0)
No. (%) of patient needing VCR dose reductions or omissions 1(3) 0(0)
No. (%) of patients using analgesics for neuropathic pain 9(20) 11 (24)
Relapse (No. (%)) 2 (4) 1(2)
Death (No. (%)) 3(7) 1(2)

Values represent the number (%) of participants, unless indicated otherwise. SD: standard deviation; ped-mTNS:
pediatric modified Total Neuropathy Score; VCR: vincristine; *: Ancestry was self- or parent-reported; participants
could only be included in one category.

Primary Endpoints

Overall, 43 out of 90 children developed VIPN as measured by Common Terminology
Criteria of Adverse Events (CTCAE), of whom 9 had severe VIPN. Furthermore, according
to three out of four CTCAE items more children in the push group were identified with
VIPN compared to the one-hour group, although these differences were not statistically
significant. Finally, 55 out of in total n = 66 patients aged 25 years developed VIPN
based on pediatric modified Total Neuropathy Score (ped-mTNS) assessment of children
25 years of age. Results are summarized in Table 2. No statistically significant difference
in VIPN as measured by the total CTCAE score, ped-mTNS score or use of analgesics
between patients in both randomization groups was found (Figure 2 and Table 3).
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6—
~®— Push group

—— One-hour group

Total CTCAE score

0-1 T T
0 1 2 3

Measurement Number

Figure 2. Total Common Terminology Criteria of Adverse Events score per administration method. CTCAE: Com-
mon Terminology Criteria of Adverse Events, dots represent the estimated values and lines of the 95% confi-
dence interval of this estimate. Numbers per measurement: t=0: n=90,t=1:n=80,t=2:n=72,t=3:58.
Although for n = 5 patients five measurements were available, results of the latter two of these measurements
were not taken into account for this graph due to the small number of patients.

Since concurrent azole treatment appeared to be an effect modifier (interaction term:
p = 0.03), results are reported separately for measurements with (n = 19 patients) and
without (n = 71 patients) concurrent azole treatment (Table 3 and Figure 3). Within
the group of measurements with concurrent azole antifungal treatment (one-hour
group: n = 10, push group: n = 9), total CTCAE scores were significantly lower in the
one-hour group compared to the push group. Our results did not meaningfully change
after adjustment for several covariates or when dichotomized outcomes were used
(Supplementary Table S2).

Secondary Endpoints

Analyses regarding the ped-mTNS provided similar results as those of CTCAE. Overall,
no statistically significant effect of administration method on total ped-mTNS score
was found. Again, when results were separately analyzed for measurements with
concurrent azole treatment, there was a trend towards higher ped-mTNS scores in
the push-administration group (Table 3). Results were comparable when additionally
corrected or when using dichotomized ped-mTNS scores (Table S2). The risk of having
VIPN measured by the use of analgesics was not significantly different for participants
in the two randomization groups as well as within the two azole subgroups (Table 3
and Table S2).
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Table 2. Incidence of vincristine induced peripheral neuropathy of participants in both randomization groups.

VIPN based on CTCAE

Severe VIPN based on CTCAE

VIPN based on ped-mTNS

VIPN pain medication

VIPN based on CTCAE item constipation

VIPN based on CTCAE item peripheral
sensory neuropathy

VIPN based on CTCAE item peripheral
motor neuropathy

VIPN based on CTCAE item neuralgia
CTCAE score (median [IQR])
ped-mTNS score (median [IQR])

VIPN outcomes without concurrent azole
antifungals

CTCAE score without concurrent azole
treatment (median [IQR])

ped-mTNS score without concurrent azole
treatment (median [IQR])

VIPN outcomes with concurrent azole
antifungals

CTCAE score with concurrent azole
treatment (median [IQR])

ped-mTNS score with concurrent azole
treatment (median [IQR])

21 (46.7)
3(6.7)
27 (84.4) **
9(20.0)
3(6.7)

5(11.1)

17(37.8)

6(13.3)
2.00[1.00-3.00]
6.00 [3.75-10.00] **

One-hour (n = 35)

2.00[1.00-2.75]

5.50[3.25-9.00] ***

One-hour (n = 10)

2.00[1.00-3.00]

8.50[3.75-11.50] **** 10.00 [7.00-13.00] **+*

23(51.1)
6(13.3)
28 (82.4) **
11 (24.4)
8(17.8)

6(13.3)

15(33.3)

12 (26.7)
1.50[0.00-3.00]
5.50[2.00-9.00] **

Push (n = 36)

1.00 [0.00-3.00]

5.00 [2.00-8.00] ***

Push (n=9)

3.00 [1.00-6.00]

0.67
0.49
0.83
0.61
0.20

0.75

0.66

0.11
0.43
0.19

0.20

0.09

0.21

0.39

VIPN: vincristine induced peripheral neuropathy, CTCAE: common terminology criteria of adverse events, ped-
mTNS: pediatric-modified Total Neuropathy Score, IQR: interquartile range * All scores indicate n (%) unless
indicated otherwise ** Total group was n = 32 in the iv one-hour group and n = 34 in the iv push group since ped-
mTNS assessment was only done in children aged 25 years, *** Total group was n = 23 in the iv one-hour group
and n =27 in the iv push group, **** Total group was n = 9 in the iv one-hour group and n = 7 in the iv push group.
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Table 3. The effect of VCR administration method (push administration versus one-hour administration) on vin-
cristine-induced peripheral neuropathy.

CTCAE® -

Total score during -0.29 0.34 -0.12 0.69 1.58 0.04

treatment (-0.89t0 0.31) (-0.73 t0 0.49) (-3.11to0 -0.05)

Ped-mTNS®

Total score during =@.25 0.77 0.03 0.97 -1.80 0.31

treatment (-1.95 to 1.45) (-1.78 to 1.84) (-5.33t0 1.72)

Participants with VIPN *°

Based on CTCAE 1.21 0.45 0.93 0.84 0.26 0.16
(0.43 to 1.46) (0.49 to 1.79) (0.04 to 1.67)

Based on ped-mTNS 1.12 0.74 1.33 0.46 0.22 0.24
(0.58 t0 2.16) (0.63 to 2.80) (0.02 to 2.76)

Based on analgesics use 0.76 0.57 0.67 0.51 0.86 0.86
(0.30 to 1.94) (0.21 to0 2.18) (0.17 to 4.43)

OR: odds ratio; 95% Cl: 95% confidence interval; Common Terminology Criteria of Adverse Events; ped-mTNS:
pediatric modified Total Neuropathy Score; VIPN: vincristine-induced peripheral neuropathy; ®: Push administra-
tion group served as reference group, ® No VIPN group served as reference group. Results regarding CTCAE were
the primary endpoint in this study, results regarding ped-mTNS and analgesics were secondary outcomes.
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Figure 3. Total Common Terminology Criteria of Adverse Events score per randomization method and taking
concurrent azole antifungal treatment into account. CTCAE: Common Terminology Criteria of Adverse Events,
dots represent the estimated values and lines of the 95% confidence interval of this estimate. Numbers per
group: no concurrent azoles: push group: n = 36, one-hour group: n = 40; concurrent azoles: push group: n =9,
one-hour group: n = 10.
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DISCUSSION

In the current study, in which 90 pediatric oncology patients were randomized to
receive VCR administrations through iv push injections or one-hour infusions, overall
VIPN did not differ between the two groups. However, when VCR was administered
concurrently with azole antifungals, children in the one-hour group had a significantly
lower total CTCAE score than those in the push group. When VIPN was assessed by
ped-mTNS scores or by dichotomized outcomes (having VIPN or not), no significant
differences were found between push administrations and one-hour infusions, ir-
respective of concurrent azole treatment, although a trend in the same direction as
CTCAE results was shown.

VIPN is a debilitating toxicity with symptoms still present in adult survivors of child-
hood cancer®®. Therefore, the overarching goal of this trial was to study an interven-
tion possibly resulting in reduced VIPN during treatment of childhood cancer. To the
best of our knowledge, this is the first RCT studying the effect of administration dura-
tion of VCR on VIPN, either in children or adults. During this trial we evaluated VIPN
prospectively and longitudinally with repeated measurements. At each hospital uni-
formly trained assessors evaluated VIPN using two different instruments (CTCAE and
ped-mTNS) including standardized physical examination“. Especially the ped-mTNS
has been systematically reviewed and is currently recommended for the assessment
of VIPN in children®.

Our results show that one-hour infusions result in lower total CTCAE scores when VCR
is concurrently used with azole antifungals. In general, this concurrent treatment is as-
sociated with increased incidence and severity of VIPN??>?4, In our study, estimated CT-
CAE score was 1.41 (95%Cl: 1.19 to 1.64) for measurements without concurrent azole
treatment and more than twice as high (2.87 (95%Cl: 2.15 to 3.58)) for measurements
with concurrent azole treatment (p < 0.001). However, when these scores of VIPN with
concurrent azole antifungal use were evaluated for patients in each randomization
group separately, estimated CTCAE score of patients in the one-hour group was 1.97
(95%CI: 0.92 to 3.01) vs. 3.64 (95%Cl: 2.67 to 4.62) in the push group for measure-
ments with concurrent azole treatment. These results show that concurrent treatment
of azole antifungals and VCR has a smaller impact on VIPN when VCR is administered
through one-hour infusions. This could also well be true for concurrent use with other
strong CYP3A inhibitors, such as anti-retroviral drugs or carbamazepine.

Since concurrent use of azole antifungals and VCR are generally avoided, alternative
treatment for invasive fungal infections (IFI) must be used, such as echinocandins
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or (liposomal) amphotericin B. However, these agents have several disadvantages
including high costs, iv administration only, and lack of evidence of superior efficacy
over azole antifungals in children**’, Therefore, in clinical practice IFl are frequently
treated with azole antifungals irrespective of concurrent VCR treatment*®“°, Although
in clinical practice treatment with azole antifungals is sometimes discontinued 24
hours before VCR administration, this interval is too short, based on the half-life of
azole antifungals, to have an impact on this drug-drug interaction®. It should be
noted, that the absolute number of patients with concurrent VCR and azole treatment
was small in our study (n = 19, 21%). Therefore, future studies should be undertaken
to replicate our results and indisputably confirm the favorable effect of one-hour infu-
sions over push injections regarding VIPN development. Furthermore, due to low pa-
tient numbers, we were not able to study the effect of azole type, such as itraconazole,
fluconazole, voriconazole, and posaconazole. This could very well be of importance as
itraconazole is a stronger inhibitor of CYP3A4 than for instance fluconazole or vori-
conazole®’. Finally, diagnostic indication for treatment with azole antifungals, such as
prophylaxis or treatment of diagnosed mycoses, on the relation between administra-
tion method and VIPN should be considered as well in a future study.

Although VIPN is a serious toxicity, high therapeutic effectiveness of VCR is of utmost
importance. Regarding administration method, it is not expected that one-hour infu-
sions of VCR are associated with a worse therapeutic outcome than push injections. It
might even be the contrary. In general, longer lasting infusions of chemotherapy may
improve therapeutic efficacy of a drug with a short half-life and an action mechanism
of the drug that is related to the cell cycle, both of which are true for VCR?. While it
is conceivable, that one-hour infusions are too short to benefit from this cell-cycle
dependence or prolonged half-life, it underlines the unlikeliness of lower therapeutic
effectiveness of one-hour infusions of VCR. In our study we also did not find any dif-
ferences regarding relapse or mortality between the two groups.

Our study had some limitations. First of all, we included a heterogeneous group of
patients with multiple diseases, varying VCR dosing regimens and co-medications.
These different co-medications could theoretically alter pharmacokinetics and thus
VCR exposure and VIPN development. In order to further investigate the true effect
of VCR administration duration on the development of VIPN, future studies includ-
ing more uniform diagnostic study groups are needed. Furthermore, in treatment
protocols for ALL and Hodgkin's lymphoma, the use of glucocorticoids is common
practice’®*®. Adverse effects of these agents could mimic symptoms of VIPN not at-
tributed to VCR. However, we see a similar distribution of disease types in our two
randomization groups, thereby ensuring similar distribution of co-medication. Sec-
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ondly, the assessment of VIPN in children in general is difficult. Children of younger
age are not able to verbally express their complaints. Therefore, for children aged <5

4052 ‘which could introduce bias.

years VIPN assessment often relies on parent reports
The CTCAE lacks extensive physical examination, such as manual strength testing,
vibration sense or assessment of sensibility, whereas the ped-mTNS cannot be used in
younger children. As a consequence, both tools might not measure the same aspects
of VIPN in the same population. Nevertheless, currently they represent the best avail-
able methods for VIPN assessment in children. Furthermore, assessors of VIPN in this
study, although frequently unaware of randomization status of the patients, were not
strictly blinded to the randomization status. This could have introduced bias in the

VIPN results reported.

Finally, VIPN is a multifactorial phenomenon, also influenced by PK of VCR and single
nucleotide polymorphisms™. It would be beneficial to study the impact of administra-
tion duration on VIPN while also considering these factors. Data on VCR PK and SNP’s
were also collected as part of this trial, but analyses of these data was beyond the
scope of this paper. Data of this trial regarding administration duration related to PK
were published separately®®. Potentially, infusion of VCR in one-hour could lead to
an increased risk of extravasation, which is dangerous in VCR treatment. However,
in all our patients, VCR was administered using a central venous catheter, therefore,
extravasation was not a potential risk factor.

CONCLUSIONS

In conclusion, our study showed that one-hour infusions of VCR are overall not associ-
ated with less VIPN compared to push administrations in pediatric cancer patients.
However, when concurrent treatment with azole antifungals or similar medication
affecting VCR-metabolism is necessary, VCR one-hour infusions seem to be beneficial
over push injections, since these lead to less severe VIPN, although larger trials are
needed to confirm this association.
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SUPPLEMENTARY MATERIALS

Table S1: Baseline VIPN scores of patients of the intention-to-treat group for both randomization
groups

Table S2: The effect of VCR administration method (push administration versus one-hour adminis-
tration) on vincristine-induced peripheral neuropathy in the intention-to-treat analysis addition-

ally corrected for age, sex, VCR dose per m? cancer diagnosis and ethnicity

Figure S1: Measurement schedule per treatment protocol, Supplementary Study protocol: Vincris-
tine-Induced Neuropathy in children with CAncer (the VINCA study) version 5.3
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CHAPTER 6

ABSTRACT

Vincristine (VCR) is frequently used in pediatric oncology and can be administered
intravenously through push injections or one-hour infusions. Effect of administra-
tion duration on population pharmacokinetics (PK) are unknown. We described PK
differences related to administration duration and the relation between PK and VCR
induced peripheral neuropathy (VIPN). PK was assessed in 1-5 occasions (1-8 samples
in 24 hours per occasion). Samples were analyzed using high-performance liquid
chromatography/tandem mass spectrometry. Population PK of VCR and relation with
administration duration was determined using non-linear mixed effect. We estimated
individual post-hoc parameters: area-under-the-concentration-time-curve (AUC)
and maximum concentration (Cy.) in the plasma and peripheral compartment. VIPN
was assessed using Common Terminology Criteria for Adverse Events (CTCAE) and
pediatric-modified Total Neuropathy Score (ped-mTNS). Overall, 70 PK assessments
in 35 children were evaluated. Population estimated intercompartmental clearance
(IC-Cl), volume of the peripheral compartment (V) and C,., were significantly higher
in the push group. Furthermore, higher IC-Cl was significantly correlated with VIPN
development. Administration of VCR by push led to increased IC-Cl, V, and C,,,,, but
similar AUC compared to one-hour infusions. Administration of VCR by one-hour infu-
sions led to similar or higher exposure of VCR without increasing VIPN.
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INTRODUCTION

Vincristine (VCR) is a frequently used chemotherapeutic agent for the treatment of
several types of pediatric malignancies®. It works by inhibiting mitosis** and VCR is
primarily eliminated by metabolism in the liver via the cytochrome P450 (CYP) en-
zymes, particularly CYP3A4 and CYP3A5*.

The development of a high-performance liquid chromatographic (HPLC) assay for VCR®
has generated reliable data regarding the pharmacokinetics (PK) of VCR in children.

6-10

Previous studies have shown a large inter- and intra-patient PK variability>™" and a

higher clearance (Cl) rate in children compared to adults®.

Previous studies investigating the relation between VCR PK and toxicity showed con-
flicting results, with some studies indicating that there is no association between PK
and VCR induced peripheral neuropathy (VIPN)®3***?, the major dose-limiting toxicity

of VCR, whereas others did report this association™***,

VIPN is caused by the disruption of microtubules within the cell, resulting in neuronal
axon dysfunction. Also inflammatory processes seem to play a role in the patho-
physiology of VIPN. Ultimately, it leads to a progressive motor, sensory and autonomic
nerve damage due to dysfunction of AB, A5 and C-fibers*“. VIPN can lead to dose re-
ductions or omitted doses**>*¢ of VCR. In children, VCR doses higher than 2 mg/m?
(with a maximum of 2mg) have shown to lead to intolerable VIPN**. However, Frost et
al. suggested that the common practice of dose capping VCR at 2 or 2.5 mg should be
carefully reconsidered, since they found no evidence to suggest age-dependent PK of
VCR, indicating that by capping the VCR dose older children are less intensely treated
than younger children®’. The duration of VCR administration may also play a role in
the development of VIPN. When continuous administrations of up to five consecutive
days were used, doses up to 7.5 mg/m? without dose capping were well tolerated in
children and adults*®*°. However, it is evident that such long administration durations
and high doses are costly and cumbersome and there is no clear indication of a better
therapeutic efficacy®. Therefore, an alternative one-hour infusion is more feasible and
may also offer a favorable toxicity profile compared to shorter administration dura-
tions. However, in clinical practice very short administration times, i.e. push injections
lasting one to five minutes, are often the standard care for pediatric cancer patients.
Administration time directly influences the maximum concentration (Cp.y), which was
previously associated with VIPN?*. However the effect of administration duration of
VCR on its PK remains to be established, as well as how these PK are related to the
development of VIPN in children.
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In addition, a drug-drug interaction between VCR and concurrent treatment with many
azole antifungals was previously reported®>?“ These azole antifungals are frequently
used during intensive chemotherapeutic treatment in children for the prevention or
treatment of invasive fungal infections®. The interaction is based on the inhibiting
effect of azole antifungals on CYP3A4 and P-glycoprotein®®. However, possible asso-
ciations between this drug-drug interaction and VCR PK are largely unknown?®’.

To address these issues, the primary aims of the current study were: 1. to assess PK of
VCR given to pediatric cancer patients as either push injections or one-hour infusions;
2. to investigate the association between PK and exposure parameters and VIPN; 3. to
investigate the effect of concurrent azole antifungal treatment on VCR PK parameters.
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MATERIALS AND METHODS

Patients

The current study is part of an RCT investigating the relation between administration
method of VCR and the development of VIPN in children with cancer. Participants of
this RCT received all planned VCR administrations of their treatment protocol either
through intravenous push injections or through one-hour infusions. Children with the
following diseases and treatment protocols were eligible for participation: acute lym-
phoblastic leukemia (ALL) (DCOG ALL-11 protocol®, EORTC-58081-CLG guideline® or
EsPhALL protocol*®), Hodgkin lymphoma (EuroNet-PHL-C1 protocol** or C2 protocol®?),
rhabdomyosarcoma (EpSSG RMS 2005 protocol*?), nephroblastoma (SIOP Wilms 2001
protocol**), medulloblastoma (ACNS03313* or ACNS03323¢ protocol), and low-grade
glioma (SIOP LGG 2004 protocol®’). Results of the RCT part of the trial are reported
separately®®. This trial was registered in the Dutch Trial Registry (www.trialregister.nl)
with number NL4019.

Participants of the RCT could choose whether they also wanted to participate in the
PK part of the study. Of those who agreed to participate, written informed consent
was obtained from parents and/or children (in case the child was 212 years). Blood
samples were collected between September 2014 and April 2018 in either one of
the four Dutch or three Belgian participating centers. The study was approved by the
Institutional Review Board of the Amsterdam UMC, location VUmc.

Pharmacokinetic sampling

VCR was administered to patients throughout treatment with a dose of either 1.5
mg/m? or 2 mg/m* (depending on standard care as defined by the concerning treat-
ment protocol and treatment phase) with a maximum of 2 mg. A push injection was
administered with the required dose diluted in an injection of 10 mL 0.9% NaCl or in
an intravenous bag of 50 mL 0.9% NaCl. A push injection was defined as an adminis-
tration time between 1 and 5 minutes. One hour-infusions were administered using
an intravenous bag in which the required dose was diluted in 50 mL of NaCl 0.9%.
Infusion rate of one-hour infusions depended on hospital: standard administration
was in 60 minutes (bag of 50 mL VCR in 38 minutes plus flushing of the VCR filled line
in 22 minutes), however in four patients from one hospital, total administration time
was 96 minutes (bag of 50 mL in 60 minutes plus flushing of the VCR filled line in 36
minutes). Administration of push injections and one-hour infusions were done both
through a central venous catheter either directly (push) or extended with a line (some
of the push injections (depending on hospital) and all of one-hour infusions). Periph-
eral blood was sampled either using a separately placed peripheral cannula, or using

143



CHAPTER 6

the central line after this was thoroughly rinsed according to a previously published
protocol*®. Peripheral blood (2 mL) was collected in Lithium Heparin tubes at 10, 20,
30, 40, 60, 75, 140 and, if the child was still in the hospital, 1440 minutes after start
of VCR treatment. Depending on the length of the treatment protocol, samples were
taken at 1-5 different occasions.

Plasma was separated by centrifuging the sample at 4000 rpm for 5 min and subse-
quently stored at -80 °C until analysis.

Assessment of VIPN

VIPN was assessed on the same day of PK sampling using two different instruments.
Of the Common Toxicity Criteria of Adverse Events (version 4.03“°) the items pe-
ripheral sensory neuropathy (score 0-5), peripheral motor neuropathy (score 0-5),
constipation (score 0-5) and neuralgia (score 0-3) were used to calculate a VIPN sum
score. A CTCAE item score of two or higher was defined as VIPN. Furthermore, the
validated Dutch translated version of the pediatric modified total neuropathy score
(ped-mTNS)**4* was used. This validated instrument, which includes both a question-
naire part (sensory, functional and autonomic symptoms) and a physical examination,
has been developed to assess VIPN in children aged 5 years or older. As such, in the
current study this instrument was not used in children below 5 years of age. A total
ped-mTNS score of = 5 was defined as VIPN*".

Quantification of plasma VCR concentrations

Vincristine sulphate (C46H56N4010*H2504) was purchased from Sequoia Research
Products (Pangbourne, UK). High-performance liquid chromatography (HPLC) grade
methanol and acetonitrile originated from Biosolve Ltd. (Amsterdam, The Nether-
lands). Ammonium acetate and ammonia 25% were from Merck (Darmstadt, Germany).
Double distilled water was used throughout analysis.

Concentration of VCR in plasma samples were analyzed using HPLC/tandem mass
spectrometry (HPLC/MS/MS) coupled with electrospray ionization (ESI), as reported
previously“’. Briefly, plasma samples of 30 pL were protein precipitated with aceto-
nitrile/methanol (50:50, v/v) containing the internal standard vinorelbine and 7-AAD.
After vortex-mixing and centrifugation, 10 pL of the supernatant was injected on
the analytical column.. A Finnigan TSQ Quantum Ultra triple quadrupole mass spec-
trometer equipped with an ESI source (Thermo Fisher Scientific, Waltham, MA, USA)
operating in the positive ion mode was used as a detector. Chromatographic separa-
tion of VCR and the internal standards was carried out using a LC-20AD Prominence
binary solvent delivery system with a column oven, DGU-20A3 online degasser, and
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a SiL-HTc controller (Shimadzu, Kyoto, Japan). The mobile phase was composed of a
mixture 1 mM (70:30, v/v) ammonium acetate/acetonitrile adjusted to pH 10.5 using
25% ammonia and mobile phase B was methanol. Gradient elution was applied at a
flow rate of 0.4 mL/min through an Xbridge C18 column (502.1mm i.d., particle size
5mm; Water, Milford, MA, USA) protected with a 0.5mm filter (Upchurch Scientific,
Oak Harbor, WA, USA) and thermostatted at 40° C. Standards (0.25-100 ng/ml) were
included in every batch of samples. HPLC run time was 6 min. The assay quantifies
VCR concentrations in plasma from 0.25 to 100 ng/mL. Concentrations of VCR were
expressed as ng/ml. Samples were appropriately diluted and re-analyzed when the
concentrations were beyond the upper limit of quantification (ULOQ) of the assay.

Pharmacokinetic analysis

A linear two-compartment model with first-order elimination was used to describe
the VCR concentration vs time data. Specifically, the model was fit to pharmacokinetic
data from all individuals simultaneously using non-linear mixed-effects modeling
(Monolix, version 5.1.0) with the stochastic approximation expectation-maximization
(SAEM) method. The PK parameters estimated included apparent Cl (L/hr/m?)) and
volume of the central compartment (V, (L/m?)) along with the inter-compartmental
clearance (IC-CL (L/hr/m?) and volume of the peripheral compartment (V, (L/m?)). The
inter-individual and inter-occasion variability of the parameters was assumed to be
log normally distributed. A proportional residual error model was used with assumed
normal distribution of the residuals. In addition, the individual post-hoc PK estimates
(Empirical Bayesian Estimates---EBE) were used to estimate the VCR plasma and pe-
ripheral AUC (0-3 hrs), C,ax, and time above 1 ng/mL. A graphical depiction of our final
model is shown in Figure 1.

Concurrent azole antifungal treatment

Data regarding concurrent azole antifungal treatment were collected from medical
chart review. If the child used any type of azole antifungals in the week preceding
or on the day of PK measurement, this measurement was considered as performed
during concurrent azole antifungal treatment.

Statistical analysis

Covariate analysis were handled either directly in the population pharmacokinetic
modeling for the primary model parameters or using the two-stage approach for the
secondary exposure parameters. In the population PK analysis, covariates were con-
sidered significant in a univariate analysis if their addition to the model reduced the
objective function value (OFV) by at least 3.84 units (p <0.05, based on the chi-square
test for the difference in the -2 log-likelihood between two hierarchical models that
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Figure 1. Two-Compartment Pharmacokinetic Model.

Cl: apparent clearance (L/hr/m?)); V,: volume of the central compartment (L/m?); IC-Cl: inter-compartmental
clearance (L/hr/m?); and V,: volume of the peripheral compartment (L/m?). push data; dashed black curve: model
fit to the push data. Black squares: 1 h infusion data; solid black curve: model fit to the 1 h infusion data; black
stars: push data; dashed black curve: model fit to the push data.

differ by 1 degree of freedom) and the covariate term was significantly different from
zero (p <0.05 by a t-test). The two-stage approach, used to evaluate the covariate ef-
fects on the exposure measures, was performed as follows: 1.) estimate population PK,
generate the individual post-hoc PK parameters (EBE), and calculate each occasion'’s
measures of exposure using its EBE; 2.) use linear mixed-effects models to evaluate
the effects of the covariates on the individual exposure estimates. The studied covari-
ates using this approach were age, sex, VCR dose per m? disease, concurrent azole
antifungal treatment and self-declared ancestry.

Relation between PK parameters and VIPN were analyzed using mixed effect mod-
els for continuous outcomes. Dichotomous outcomes were analyzed using logistic
generalized estimating equations (GEE). By using multivariate analysis, results were
corrected for age, sex, VCR dose per m’, disease, concurrent azole antifungal treat-
ment and self-declared ancestry. Descriptive data of normally distributed variables
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were reported as mean = SD and skewed variables as median and interquartile range.
A two-tailed p value of <0.05 was considered statistically significant. Statistical
analysis regarding the relation between PK and VIPN were performed using SPSS 26.0
(Chicago, IL, USA).
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RESULTS

Study population

In total, 35 out of 90 patients enrolled in a randomized clinical trial (RCT) also par-
ticipated in the PK studies. Table 1 shows the characteristics of these 35 patients,
which represented the characteristics of the entire cohort of 90 patients. In total, 20
patients (57%) received their VCR through push injections, while one-hour infusions
were given in 15 patients (43%). All patients in the study received the standardized
dose of 1.5 mg/m” or 2 mg/m?* with a maximum of 2 mg. In total, PK measurements
were performed on 70 different occasions (1-5 per patient), which resulted in a total
of 425 samples. Doses were capped at 2 mg in 20 patients (37 occasions). At two of
the 70 occasions (3%), two patients received a 15 minute VCR infusion instead of
the administration method according to their randomization. These were analyzed as
push injections.

Table 1. Patient characteristics of the included patients

Pharmacokinetic part of trial RCT part of trial
Total Push group One-hour group Total group

(n=35) (n=20) (n=15) (n=90)
Age in years, mean (SD) 10.06 (5.6) 10.30(6.17) 9.73 (4.85) 9.17 (5.15)
Ancestry, n (%)
Caucasian 30 (86) 17 (85) 13 (87) 73(81)
Non-Caucasian 5(14) 3(15) 2(13) 17 (19)
Sex, n (%)
Male 16 (45) 9 (45) 7(47) 50(56)
Female 19 (54) 11 (55) 8(53) 40 (44)
Diagnosis, n (%)
ALL 26 (74) 12 (60) 14(93) 58 (64)
Hodgkin 6(17) 5(25) 1(7) 18 (20)
Medulloblastoma 1(3) 1(5) 0(0) 2(2)
LGG 1(3) 1(5) 0(0) 2(2)
Wilms 1(3) 1(5) 0(0) 8(9)
RMS 0(0) 0(0) 0(0) 2(2)

RCT: randomized clinical trial; SD: standard deviation, ALL: acute lymphoblastic leukemia, LGG: low-grade glioma.

Population Pharmacokinetics of VCR

The population PK for VCR are summarized in Table 2 and Figure 2. First we considered
the effects of VCR administration method (push vs 1-hr infusion). We observed that
there were significant differences in the PK parameters that affect the terminal phase.
Specifically, IC-Cl and V, were each 3.1 times higher in the push vs 1-hr infusion group
(p-5.1e-9; Table 2). While there was a trend to lower VCR Cl in the push group, this
difference did not reach significance (p=0.058). The Individual Weighted residuals of
our final model can be found in Figure 3.
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Table 2. Population pharmacokinetics of vincristine

CL(L/hr/m?) 25.3 10.1 30.5 10.0
V, (L/m?) 22.1 14.4 20.8 12.5
1C-CL (L/hr/m?) 779 12.8 34.2 9.5
beta on IC-CL (push) 1.13 4.5
V, (L/m?) 358.5 11.3 127.7 19.0
beta on V, (push) 1.13 19.1
Inter-Individual Variability CV% V%

CL(L/hr/m?) 0.51 17.4 0.52 16.9
V, (L/m?) 0.62 20.7 0.55 23.9
1C-CL (L/hr/m?) 0.67 16.7 0.48 16.4
V, (L/m?) 0.48 17.4 0.41 17.0
Residual (CV%) 0.46 YA 0.45 4.3
-2 Log-likelihood 22125 2174.3

Base Model: model not considering any covariates, Administration Type: model accounting for the effects of the
method of administration (1-hr infusion vs push) on the pharmacokinetic parameters, RSE: relative standard
error, Cl: clearance, V,: volume of distribution of the central compartment, IC-Cl: inter-compartmental clear-
ance, V,: volume of distribution of the peripheral compartment, CV%: coefficient of variation, Covariate model:
PK=PK,o,*exp(beta“push) where push=0 if 1-hr infusion and 1 if push.

Table 3. Post-hoc pharmacokinetics of vincristine per administration method additionally corrected for age, sex,
VCR dose per m?, disease, concurrent azole antifungal treatment and self-declared ancestry.

Dlasma AUC 31.91 35.52 30.54 7.97
(ng ) fmL 3978 - 4404 - 3860 -  -2.13 to 0.46
g 49.47 57.17 43.66 371
) 27.48 33.78 26.22 -10.26
:’:r:,f:;’;r:ll_mc 3671 - 4250 - 3536 -  -4.18 to 017
g 45.78 55.75 40.97 1.90
31.91 21.86 58.64 31.55
Plasma C,,,x ng/mL  57.28 - 30.05 - 72.44 - 43.01 to <0.001
74.47 39.07 86.12 54.47
) 2.24 315 177 2.63
::f ipheral Coocng/ 00— 481 - 257 - 179 to  <0.001
437 6.94 2.92 -0.94

IQR: interquartile range, 95% Cl: 95% confidence interval, AUC: area under the concentration time curve, Cp.
maximum concentration

*one-hour = reference group, beta represents the difference of the corresponding parameter between the two
groups.
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We also considered the effects of azole antifungal treatment on the VCR PK but did
not find any significant relationships.
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Figure 2. Individual weighted residuals for the final model.
Black Squares: 1 h infusion data; black stars: push data.

Figure 3. Two-compartment pharmacokinetic model.
Cl: apparent clearance (L/h/m2)); V1: volume of the central compartment (L/m2);
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Table 4. Association between pharmacokinetic parameters and vincristine induced peripheral neuropathy ad-
ditionally corrected for age, sex, VCR dose per m?, disease, concurrent azole-antifungal treatment and self-de-
clared ancestry.

Total CTCAE Total ped-mTNS  VIPN CTCAE score VIPN ped-mTNS
score score no/yes* score no/yes*
Beta Beta OR OR
(95%Cl) P value (95%Cl) P value (95% Cl) P-value (95% Cl) P-value
0.00 0.02 1.01 1.05
cl (-0.04 (-0.09 (0.96 (0.99
(L/hr/m?) to 0.90 to 0.70 to 0.74 to 0.11
0.05) 0.14) 1.06) 1.12)
-0.00 -0.03 1.00 0.98
) (-0.06 (-0.19 (0.89 (0.91
V, (L/m?) to 0.96 to 0.72 to 0.93 to 0.98
0.09) 0.13) 1.11) 1.07)
0.01 0.04 1.02 1.05
! ) (0.00 (0.01 (1.00 (1.02
IC-CL(L/hr/m?) to 0.04 to 0.004 to 0.02 to 0.001
0.02) 0.07) 1.03) 1.09)
-0.00 0.01 1.00 1.00
7 (-0.00 (-0.00 (0.99 (1.00
V, (L/m?) to 0.88 to 0.20 to 0.29 e 0.81
0.00) 0.02) 1.00) 1.01)
-0.01 -0.06 0.97 0.95
. (-0.06 (-0.16 (0.93 (0.89
Plasma AUC (ng*hr/mL) 4 0.54 to 0.27 to 0.21 to 0.18
0.03) 0.05) 1.02) 1.02)
-0.01 -0.05 0.98 0.97
Peripheral AUC (ng*hr/ (-0.05 (-0.16 (0.93 (0.91
mL) . 0.76 to 0.34 @ 0.40 to 0.41
0.04) 0.06) 1.03) 1.04)
-0.01 0.00 0.96 0.99
(-0.03 (-0.08 (0.92 (0.96
Plasma Ci,, (ng/mL) to 0.55 to 0.94 to 0.05 to 0.53
0.02) 0.07) 1.00) 1.02)
-0.00 -0.31 0.97 0.96
. (-0.36 0.99 (-1.27 (0.64 (0.61
Peripheral Cp,., (ng/mL) to o 0.52 s 0.89 e 0.85
0.35) 0.65) 1.47) 1.49

CTCAE: common toxicity criteria of adverse event, ped-mTNS: pediatric modified Total Neuropathy Score, VIPN:
vincristine induced peripheral neuropathy, Cl: clearance, 95% Cl: 95% confidence interval, V,: volume of distri-
bution of the central compartment, IC-Cl: intercompartmental clearance, V,: volume of distribution of the periph-
eral compartment, AUC: area under the concentration time curve, C,,. maximum concentration

*no VIPN as reference.

In addition, we evaluated differences in VCR exposure due to administration method.
We observed higher, although not statistically significant, AUC in the 1-hr infusion
group (median plasma AUC one-hour group: 44.04 (ng*hr)/mL, median plasma AUC
push group: 38.60 (ng*hr)/mL, p=0.22, median peripheral AUC one hour group: 42.50
(ng*hr)/mL, median peripheral AUC push group: 35.36 (ng*hr)/mL, Table 3). In addi-
tion, we observed significantly higher plasma Cmax but significantly lower peripheral
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Cimax in the push group compared to the one-hour group (median plasma C,,,, > 2 times
higher in the push group; p = <0.001, median peripheral C,.x 2 times lower in the push
group; p<0.001, Table 3). Finally, median time with a plasma VCR concentration above
1 ng/mL differed between the two administration groups: one-hour group median
time = 0.92 h, push group median time = 0.24 h; p<0.001 as well as the median time
with an estimated peripheral VCR concentration above 1 ng/mL (one-hour median
time: = 14.65 h, push median time = 16.83 h; p=0.001).

Association between PK parameters and VIPN

Both the total CTCAE and ped-mTNS scores and the dichotomized CTCAE and ped-
mTNS scores were significantly associated with IC-Cl, with higher IC-Cl associated
with VIPN (see Table 4). All other primary parameters (Cl, V, and V,) as well as post-hoc
parameters (plasma AUC and C,,,, and peripheral AUC and C,,,) were not associated
with any of the VIPN outcomes.
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DISCUSSION

This study evaluated the effects of administration duration (push injections versus
one-hour infusions) on the pharmacokinetics of VCR in children with cancer along
with the effects of VCR PK on VIPN. We observed that the intercompartmental clear-
ance (IC-Cl), volume of the peripheral compartment (V,), and plasma and peripheral
Crmax Were significantly higher in the push group compared to individuals in the one-
hour group. Finally, we showed that higher IC-Cl was significantly correlated with
VIPN development.

When VCR PK was previously studied, VCR was generally administered as a push injec-
tion. In these studies mean Cl of VCR push injections varied between 13.44 and 28.9
L/hr/m” [6-8,17,20] whereas Cl of our push cohort was: mean [range]: 26.86 [13.45 -
48.40] L/hr/m”. However, the mean Cl of the one-hour cohort was mean [range]: 32.61
[19.76 — 72.67] L/hr/m?, which is higher than previously published data of Clin push
injected VCR and corresponds well with our nearly statistically significant finding of
higher Cl in the one-hour group compared to the push injection group. In addition,
in our push cohort median plasma AUC was slightly lower than previously published
median plasma AUC (46.17 - 111.89 (ng*hr)/mL"*"*°), however our range of measured
AUC's [17.22 - 63.05 (ng*hr)/mL] is in-line with these other median values of AUC.
One previous VCR PK study by Guilhaumou et al.® (VCR administered as push injec-
tion) reported values of IC-CL (51.9 L/hr/m?), V, (15.9 L/m?) and V, (145 L/m?), which
differed from the results in our push cohort: median [range]: IC-CL: 129.73 [30.76 —
301.56] L/hr/m? V,:19.57 [9.03 — 34.97] L/m? and V*: 445.57 [115.08 - 803.58] L/m>.

To the best of our knowledge, this is the first study that aimed to establish the associa-
tion between administration duration of VCR and PK parameters. However, there are
multiple studies that have investigated the effect of prolongation of administration
duration on PK in other drugs. One study reported the effects of 1-minute versus
1-hour and 3-hour administrations of midazolam. Just like VCR, midazolam is me-
tabolized in the liver through the CYP3A4 family of enzymes*. Results of this study
showed that Cl was significantly higher when administered in 1-minute compared to
an administration time of 1-hour or 3-hours (p<0.001)*. In our study, we also found a
nearly statistically significant difference in Cl related to administration duration, and
a significant difference of IC-CL. The effect of administration duration on PK measures
was also studied in children using ifosfamide, another CYP3A mediated agent*®. In
this study, continuous infusions (72 hours) were compared with one-hour infusions.
It showed a higher Cl of ifosfamide in the continuous infusion group compared to the
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one-hour group, whereas we observed no such difference. However, AUC was similar
between the two administration groups*’, which was comparable to our results.

In our study, we observed that higher IC-Cl was significantly associated with the
development of VIPN. In previous studies, as mentioned earlier, results regarding the
association between PK parameters of VCR and VIPN were conflicting®*****4“%_|n one
study a positive association between VCR AUC and the concentration of metabolite
M1 and VIPN was identified, unfortunately it is unknown what the VCR administration
duration was in this trial*>. However, in the study by Crom et al., in which VCR was
administered as a push injection, no significant association between VCR AUC and
VIPN was found®. In addition, Moore et al. also found no significant associations be-
tween PK parameters and VIPN. In this study VCR was administered in 5-10 minutes™".
Guilhaumou et al. studied IC-Cl, terminal half-life, Cl and AUC of VCR push injections
in relation to VIPN and also found none of these parameters to be significantly associ-
ated“®. Finally, Plasschaert et al. studied the relation between Cl, AUC and distribution
and elimination half-life of VCR push injections and constipation, as a marker for
VIPN, and did not find any significant associations™. All these studies that did not
find a significant association between PK and VIPN are in contrast to our findings.
This could be due to the fact that we used two different instruments to prospectively
assess VIPN. In particular, ped-mTNS was not available when the other studies were
performed. It is considered a more sensitive tool in assessing VIPN in children than
the commonly used CTCAE criteria*®. Therefore, we may have detected more subtle
symptoms of VIPN compared to these previous studies and thus were able to find an
association between IC-Cl and VIPN. Furthermore, in four out of six of these studies
the assessment of VIPN was done retrospectively through medical chart examina-
tion®****, whereas we assessed VIPN prospectively.

It has been previously reported that azole antifungal treatment concurrent with VCR
dosing influenced the development of VIPN?*?% However, our study does not show
any relationship between VCR PK and azole treatment. This is possibly due to our lim-
ited sample size (only 7/70 (n=6 patients) measurements were with concurrent azole
antifungal treatment). Furthermore, we used any type of azole antifungal to study
the relationship with concurrent VCR use, even though there are differences in the
CYP450 inhibiting effect between different azole antifungals and therefore effects
of concurrent VCR-azole antifungal use should ideally be studied for each different
type of azole antifungal. Previously, Hasselt et al.>° reported that a minimum sample
size of 38 patients with at least 150 samples was required to detect a Cl inhibition of
concurrent azole and VCR treatment with 80% power. This suggests our data are not
powered to detect significant changes in VCR PK due to concurrent azole treatment.
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We acknowledge some limitations to this study. First of all, our patient participation
was limited compared to our entire cohort, which was probably due to the fact that
sampling could not be done by capillary blood drawings or in many occasions through
a central line, since this line was used for the administration of VCR in the one-hour
group during sampling. Therefore, an extra peripheral cannula had to be inserted for
trial participation. This was invasive and led to refusal of the PK part of our study for
some participants and withdrawing of informed consent during the study, thereby
lowering our participating patient numbers. Despite these dropouts our sample size
remained reasonably large. Secondly, during a few PK sampling occasions different
VCR administration durations were applied in one of the participating hospitals, but
we allowed different administration durations within the final covariate model.

CONCLUSIONS

In conclusion, the current study showed that intercompartmental clearance (IC-Cl),
volume of the peripheral compartment (V,), and plasma and peripheral C., were
significantly associated with administration method of VCR in children with cancer. By
prolonging VCR infusion from push injections to one-hour infusions, VCR treatment
exposure remained similar, while lowering IC-CL. A higher IC-Cl was significantly as-
sociated with VIPN. Therefore, prolonging VCR infusions is a good strategy to maintain
similar or even higher exposure of VCR, without increasing the rate of VIPN.
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CHAPTER 7

ABSTRACT

Vincristine (VCR) is an important component of curative chemotherapy for many
childhood cancers. Its main side effect is VCR-induced peripheral neuropathy (VIPN),
a dose limiting toxicity. Some children are more susceptible to VIPN, which is at least
partially dependent on genetic factors and pharmacokinetics (PK). In this study, we
identify and replicate genetic variants associated with VCR PK and VIPN. Patient
samples from a randomized clinical trial studying the effect of administration dura-
tion of VCR on VIPN in 90 patients were used. PK sampling was conducted on between
one and five occasions at multiple time points. A linear two-compartment model with
first-order elimination was used, and targeted next-generation DNA sequencing was
performed. Genotype-trait associations were analyzed using mixed-effect models
or logistic regression analysis for repeated measures, or Poisson regression analysis
in which the highest VIPN score per patient was included. Nine single-nucleotide
polymorphisms (SNPs) in seven genes (NDRG1, GARS, FIG4, FGD4, SEPTIN9, CEP72 and
ETAA1) were associated with VIPN. Furthermore, three SNPs in three genes (MTNR1B,
RAB7A and SNU13) were associated with PK of VCR. In conclusion, PK of VCR and VIPN
are influenced by SNPs; upfront identification of those that lead to an altered suscep-
tibility to VIPN or VCR exposure could help individualize VCR treatment.
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INTRODUCTION

Vincristine (VCR) is one of the oldest and most widely used chemotherapeutic agents
in pediatric oncology. It works by inhibiting mitosis by restriction of microtubule
formation in the mitotic spindle**. It is metabolized in the liver by the cytochrome
P450 (CYP) family of enzymes into the active metabolite M1, mainly by CYP3A4 and
CYP3A5. The main dose limiting type of toxicity is VCR-induced peripheral neuropa-
thy (VIPN). It is a mixed motor and sensory neuropathy, affecting the distal part of the
longer nerves (i.e., feet and hands) and progressing more proximally when the condi-
tion worsens. It causes symptoms of paresthesia, pain, numbness or muscle weakness,
among others. It also affects the autonomic nervous system where it can lead to, for
example, constipation. VIPN is associated with a lower quality of life, both in patients
undergoing treatment and in survivors of childhood cancer®“,

There are several factors that influence the development of VIPN in children receiv-
ing VCR. In terms of administration related factors, it was shown that a single dose
exceeding 1.5-2 mg/m? with a maximum of 2 mg resulted in intolerable toxicity in
general®. Furthermore, the development of VIPN is influenced by administration dura-
tion of VCR®” and the individual pharmacokinetics (PK) of VCR®®. In terms of patient
related factors, older age appears to be associated with a higher risk of VIPN, although
findings have been conflicting®. The relation between sex and VIPN remains unclear’.
Moreover, it was shown that ancestry is associated with VIPN development, with stud-
ies showing that Caucasian children are more often affected than African(-American)
children®®**, It was thus hypothesized that genomic factors are associated with
VIPN*. Initially, this research focused on genomic differences between the CYP3A4
and CYP3A5 enzymes, since there was an ancestry dependent difference in the dis-
tribution of protein expression (i.e., African-American children express more CYP3A5
and Caucasian children express more CYP3A4). CYP3A5 was associated with faster
metabolization and lower exposure to VCR*™***¢, which could possibly explain the
lower rate of VIPN in African-American children. However, these results were conflict-
ing and could not fully explain the individual differences between VIPN**. In 2015,
a genome-wide association study (GWAS) was published that identified a single-
nucleotide polymorphism (SNP) in the gene coding for the Centrosomal Protein 72
(CEP72) that was associated with VIPN development®. Other studies have replicated
this association since then*’*%, To summarize all pharmacogenomic parameters as-
sociated with VIPN, we recently performed a systematic review and meta-analysis in
which we found that SNPs in transporter-, metabolism-, cytoskeleton-, and hereditary
neuropathy-associated genes were associated with VIPN.
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Although the relation between genomic factors and VIPN has frequently been
studied, all associated factors cannot fully explain the individual differences in the
development of VIPN. The exposure of VCR after an administration is also determined
by pharmacokinetics (PK), which is in turn affected by genetic factors. However, the
direct effect of genetic variants on PK of VCR has not yet been studied. Understanding
the association between genetic factors and PK is important, as it could lead to an in-
dividualized dosing regimen of VCR®***°. For example, children with a genetic variant
associated with a higher exposure to VCR could benefit from dose reductions, whereas
children who have a lower exposure might not benefit from the generally applied
dose capping. By taking both PK and genetic associations into account, the individual
dose of VCR could be optimized, while chances of developing VIPN are minimized®’.
Therefore, the goal of our study was to investigate the association between genetic
factors and PK of VCR and to replicate or identify genetic factors associated with VIPN
in pediatric oncology patients.
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MATERIALS AND METHODS

Patients

Data of patients were collected as part of a randomized controlled clinical trial (RCT)
which aimed to study the association between administration duration of VCR and
VIPN in pediatric oncology patients. The design and results of this randomization
are described elsewhere®. Briefly, participants of this RCT received all planned VCR
administrations of their treatment protocol either through intravenous push injec-
tions (in 1-5 min) or through one-hour infusions. Children with the following diseases
and treatment protocols were eligible for participation: acute lymphoblastic leukemia
(ALL) (DCOG ALL-11 protocol 11 protocol**, EORTC-58081-CLG guideline®? or EsPhALL
protocol**), Hodgkin lymphoma (EuroNet-PHL-C1 protocol* or C2 protocol*®), rhab-
domyosarcoma (EpSSG RMS 2005 protocol?®), nephroblastoma (SIOP Wilms 2001
protocol?’), medulloblastoma (ACNS0331%® or ACNS0332% protocol), and low-grade
glioma (SIOP LGG 2004 protocol*®). Blood samples for PK analysis were collected
between September 2014 and April 2018 in either one of four Dutch or three Belgian
participating centers. The study was approved by the Institutional Review Board of the
VUmc. Of all participants, written informed consent was obtained from parents and/
or children (in case the child was 212 years). Participants of the RCT could choose and
declare on the informed consent form whether they also wanted to participate in the
PK part of the study.

Genomic Analysis

During treatment germline DNA of each participant was collected as specified in the
study protocol. Whole blood samples were collected in PAXgene DNA collection tubes
(Qiagen, Mississauga, ON, Canada). DNA was isolated and purified using the PAXgene
Blood DNA Kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer’s
instruction. DNA was analyzed using a targeted approach studying 48 candidate
genes. These genes were selected based on a previously studied relation with VIPN, a
relation with Charcot-Marie Tooth (CMT) (an inherited form of peripheral neuropathy
which can worsen after VCR administration), possible relation with VCR PK, or possible
association with VIPN based on the function of the expressed gene. These 48 genes
are displayed in Supplementary materials 1. For each candidate gene, we included
all exons and putative regulatory regions of 10,000 base pairs flanking the gene for
targeted sequencing (Supplementary materials 1). Therefore, in this discovery and
replication study, both SNPs that have previously been described in relation to VIPN
and new SNPs were studied. The putative regulatory regions were selected based
on ENCODE data version 3. Specifically, we extracted enhancer, transcriptional fac-
tor binding, and DNAse | hypersensitive regions for each cell line in ENCODE. Those
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regions presenting all three features in multiple cell lines were selected. In addition,
we also included regions 500 bp surrounding cis-acting expression quantitative trait
loci (eQTLs) from the GTEx Portal (version 6, p-value < 1077). Roche NimbleGene Se-
qCap EZ probes were designed to capture these regions (Roche, Roche NimbleGen,
Madison, WI, USA). Illumina HiSeq 2000 was used for paired-end sequencing with 100
bp read length. Sequencing reads in FASTQ format were mapped and aligned using
the Burrows-Wheeler Aligner, and genetic variations were jointly called following
GATK best practice version 3.8. Only those genotypes passing GATK quality control
and exhibiting call rates greater than 95% were included for further association
analysis. Linkage disequilibrium (LD) pruning was performed using the ‘plink’ pack-
age (r* = 0.30)***% The estimated impact of missense variants on protein function
was estimated in silico using the scaled Combined Annotation Dependent Depletion
(CADD) score*® and the Rare Exome Variant Ensemble Learner (REVEL) score®. For
intronic SNPs, the predicted impact on splicing was estimated in silico using the deep-
learning-based tool SpliceAl®®.

Pharmacokinetic Analysis

Methods and results of the PK analysis were previously published?. Briefly, blood
samples were collected at 10, 20, 30, 40, 60, 75, 140 and, if the child was still in
the hospital, 1440 min after start of VCR treatment. Depending on the length of the
treatment protocol, samples were taken at 1-5 different occasions during the treat-
ment period. Samples were analyzed using high-performance liquid chromatography
(HPLC)/tandem mass spectrometry (HPLC/MS/MS). The assay quantifies VCR concen-
trations in plasma from 0.25 to 100 ng/mL. A linear two-compartment model with
first-order elimination was used to describe the VCR concentration vs. time data.
The model was fit to PK data from all individuals simultaneously using non-linear
mixed-effect modeling (Monolix, version 5.1.0 with the stochastic approximation
expectation-maximization (SAEM) method. For this study, the included individual
post-hoc PK estimates (Empirical Bayesian Estimates (EBE)) were used to estimate
the plasma VCR area under the concentration time curve (AUC) and maximum VCR
concentration (Cpax)-

Assessment of VIPN

VIPN was assessed prospectively at between one and five occasions during treatment
using two different instruments. Of the Common Toxicity Criteria of Adverse Events
(CTCAE) (version 4.03%) the items peripheral sensory neuropathy (grade 0-5), pe-
ripheral motor neuropathy (grade 0-5), constipation (grade 0-5) and neuralgia (grade
0-3) were used to calculate a VIPN sum score. A CTCAE item score of two or higher was
defined as VIPN. Furthermore, the Dutch translated version of the pediatric-modified

166



GENETIC POLYMORPHISMS ASSOCIATED WITH VINCRISTINE PHARMACOKINETICS

Total Neuropathy Score (ped-mTNS)*® was used. This validated instrument, which in-
cludes both a questionnaire part (sensory, functional and autonomic symptoms) and a
physical examination, has been developed to assess VIPN in children aged 5 years or
older. As such, in the current study this instrument was not used in children below 5
years of age. A total ped-mTNS score of 25 was defined as VIPN>%,

Statistical Analysis

VCR plasma PK parameters C,,., and AUC were generated longitudinally at multiple oc-
casions. Their associations with SNP genotypes were analyzed by mixed-effect linear
models for repeated (longitudinal) measurements with genotype as the main effect
of interest and a random effect with compound-symmetry intra-subject correlation
structure. For a clear visualization, gross associations between the PK parameters and
genotypes were displayed in box plots by pooling all measurements together ignor-
ing time (Figure 1). Furthermore, VIPN was measured in two ways: according to the
CTCAE, defined as the sum of the CTCAE grades of all VIPN-related toxicities, and the
ped-mTNS. Mixed-effect Poisson regression models were fitted for the highest total
CTCAE and total ped-mTNS scores per patient across the time points with SNP geno-
types as the main effect of interest, and the baseline total CTCAE or ped-mTNS score
as a covariate. For clear visualization, the total CTCAE and ped-mTNS scores across the
different time points were displayed by boxplots according to genotypes (Figures 2
and S1). Second, the dichotomized VIPN scores (VIPN yes/no, defined CTCAE = grade 2
on VIPN-related toxicities) were modeled by mixed-effect logistic regression, includ-
ing the baseline CTCAE or ped-mTNS score as a covariate, and with a random effect

SNU13 (rs6519270) A> C : Plasma Cpyay (ng/ml) RAB7A (rs4548) C > T: Plasma AUC (ng*hr/ml) MTNR1 (rs8192552) G > A: Plasma AUC (ng*hr/ml)
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Figure 1. A: Association between a SNP in SNU13 and vincristine (VCR) pharmacokinetics (PK). B: Association
between a SNP in RAB7A and VCR PK. C: Association between a SNP in MTNR1 and VCR PK.

PK samples were collected in 35 patients on maximum 70 occasions; every occasion per patient is shown. The
number in the boxplot indicates the number of observations per genotype. The p-value was derived from mixed-
effect linear regression for repeated measures, where the genotype was considered to be a categorical variable.
SNU13: Small Nuclear Ribonucleoprotein 13, RAB7A: RAS-related protein 7A, MTNR1B: Melatonin Receptor 1B.
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NRDG1 {rs2272653) G > A: Measurements of total CTCAE score at all time points

GARS (rs10492402) G > C: Measurements of total CTCAE score at all time points
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Figure 2. A: Association between a SNP in NRDG1 and total Common Toxicity Criteria of Adverse Events (CTCAE)
score. B: Association between a SNP in GARS and total CTCAE score. C: Association between a SNP in FGD4 and pe-
diatric-modified Total Neuropathy Score (ped-mTNS). D: Association between a SNP in CEP72 and ped-mTNS score.
VIPN measurements were performed 1-5 times in 85 patients. Every VIPN measurement per patient across the
time points is shown. The number in the boxplot indicates the number of observations per genotype. The p-value
was derived from Poisson regression analysis for repeated measures, where the genotype was considered to
be a categorical variable. NRDG1: N-Myc Downstream Regulated 1, GARS: Glycyl tRNA Synthetase, FGD4: FYVE,
RhoGEF and PH Domain Containing 4, CEP72: Centrosomal Protein 72.

to account for intra-subject correlation. Again, for clear visualization, the number of
VIPN assessments (yes/no) per patient were shown in boxplots according to genotype
(Figure 3). To correct for multiple hypothesis testing, a false discovery rate (FDR) cor-
rection was applied to determine a significance threshold (p < 0.004, FDR = 23%)*°.
A multivariable analysis was performed, in which the additional variables disease,
cumulative VCR dosage, and ancestry were included.
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GARS (rs1049402) G > C: CTCAE VIPN yes/no at all time points ETAA1(rs13036061) T > C: CTCAE VIPN yes/no at all time points
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Figure 3. A. Association between a SNP in GARS and dichotomized (yes/no) VIPN scores according to the CTCAE
score. B: Association between a SNP in ETAA1 and dichotomized (yes/no) VIPN scores according to the CTCAE
score. VIPN measurements were performed 1-5 times in 85 patients. Every VIPN measurement per patient across
the time points is shown. The number in the boxplot indicates the number of observations per genotype. A cut-
off value of a CTCAE score of 22 was considered to be VIPN. The p-value was derived from mixed-effect logistic
regression for repeated measures. For GARS, genotype was considered to be a categorical variable, whereas for
ETAA1, genotype was considered to be an ordinal variable. ETAA1: Ewing's tumor-associated antigen 1.
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Table 1. Patient characteristics of the included patients.

Patients (Total Patients (PK Patients (DNA
Cohort) (n=90) Cohort) (n=35) Cohort)(n=85)

Age in years (mean, SD) 9.17 (5.15) 10.06 (5.60) 8.95 (5.00)
Ancestry (n, %)
European 73(81.11) 30(85.71) 69 (81.18)
Non-European 17 (18.89) 5(14.29) 16 (18.82)
Sex (n, %)
Female 40 (44.44) 19 (54.29) 37 (43.53)
Male 50 (55.56) 16 (45.71) 48 (56.47)
Diagnosis (n, %)

ALL 58 (64.44) 26 (74.29) 54(63.53)
Hodgkin 18 (20.0) 6(17.14) 18(21.18)

Medulloblastoma 2(2.22) 1(2.86) 2 (2.35)

LGG 2(2.22) 1(2.86) 2(2.35)

Wilms tumor 8(8.89) 1(2.86) 7 (8.24)

RMS 2(2.22) 0(0) 2(2.25)
Mean (SD) cumulative VCR dose per m? 7.41(7.99) 13.25(9.36) 13.91(9.23)

Mean (SD) AUC ((ng-hr)/mL) N.A. 41.78 (14.32) N.A.
Mean (SD) VCR Cpnyy (ng/mL) N.A. 57.44 (31.82) N.A.
Median (IQR) total CTCAE score 1.00 (0.00-2.00) 1.00(0.00-3.00) 1.00 (0.00-2.00)
Median (IQR) total ped-mTNS score * £4.00 (1.00-8.00)  4.00 (1.00-8.25) 4.00 (1.00-8.50)

Patients with VIPN according to CTCAE (%) 40 (44.4) 16 (45.71) 40 (47.06)

* Total group was n = 66 (no. of patients aged 25 years), PK: pharmacokinetics, DNA: deoxyribonucleic acid, SD:
standard deviation, ALL: acute lymphoblastic leukemia, LGG: low-grade glioma, RMS: rhabdomyosarcoma, VCR:
vincristine, area under the concentration time curve, N.A.: not available, Cp,,,: maximum plasma concentration
of VCR, IQR: interquartile range, CTCAE: Common Terminology Criteria for Adverse Events, ped-mTNS: pediatric-
modified Total Neuropathy Score, VIPN: vincristine-induced peripheral neuropathy.
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Figure 4. Schematic overview of the significant associations between genetic variations and VCR PK and VIPN.
Figure created with Biorender.com.
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GENETIC POLYMORPHISMS ASSOCIATED WITH VINCRISTINE PHARMACOKINETICS

RESULTS

Study Population

In total, 90 patients participated in the RCT, of whom 85 had sufficient DNA material
available for analysis and thus were included in the DNA cohort in which the associa-
tion between genetic variations and VIPN was described. For the CTCAE, 286 measure-
ments were available in 85 patients with a median of four measurements per patient
(interquartile range (IQR): 1-4). For the ped-mTNS, measurements were available in
59 patients with a median of three measurements per patient (IQR: 3-4). Furthermore,
35 out of 90 patients participated in the PK part of the trial (n = 70 occasions, 425
samples). These patients were included in the PK cohort in which the association
between genetic variations and PK parameters was described. Patient characteristics
are displayed in Table 1.

Genomic Analysis

The genotype data on a total of 767 SNPs were available and out of these, 263 SNPs
had a minor allele frequency (MAF) of over 5%. After LD pruning (r* = 0.30), the number
of SNPs was reduced to 98. In the total PK group, the median AUC was 39.78 (ng-hr)/
mL and median C,,, was 57.28 ng/mL. Furthermore, 44 out of 90 (49%) patients
developed VIPN based on CTCAE and 55 out of 66 (patients = 5 years of age; 83%)
developed VIPN based on ped-mTNS. In total, 12 SNPs of ten genes were nominally
significantly associated with any of our outcomes which all except two SNPs passed
stringent correction for multiple testing (p < 0.004, FDR = 23%).

Three SNPs in three genes (Small Nuclear Ribonucleoprotein 13 (SNU13), RAS-related
protein 7A (RAB7A), Melatonin Receptor 1B (MTNR1B)) were significantly associated
with the PK of VCR (Figure 1). Patients with one or two minor alleles in these genes
had higher plasma C,,., or plasma AUC values (Table 2). The intronic SNP in SNU13
is an eQTL for SNU13 (Table S1). The estimated impact on protein function of the
missense variant in MTNR1B was moderate (Table S1). None of the SNPs exhibited
estimated splicing effects (Table S1).

Nine SNPs in seven genes were associated with total VIPN (Figures 2 and S1) and/or
dichotomized VIPN scores (Figure 3), of which six and three SNPs were associated with
lower and higher VIPN scores, respectively (Table 2). A missense variant located in the
transcription factor binding site for Glycyl tRNA Synthetase (GARS) was associated with
both total and dichotomized CTCAE scores. Similarly, an intronic SNP that is an eQTL for
ETAA1 was associated with both total ped-mTNS score and dichotomized CTCAE score
(Table S1). Two untranslated regions (UTR) variants in FIG4 Phosphoinotiside 5-Phos-
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phatase (FIG4) were associated with VIPN, one of which is a missense variant with esti-
mated moderate deleteriousness for protein function and one is an eQTL for FIG4 (Table
S1). For FYVE, RhoGEF and PH Domain Containing 4 (FGD4), two SNPs were significantly
associated with VIPN, of which one is an eQTL for FGD4 (Table S1). Finally, three intronic
SNPs in N-Myc Downstream Regulated 1 (NRDG1), Septin 9 (SEPTIN9), and Centrosomal
Protein 72 (CEP72) were associated with VIPN. As with the SNPs associated with the PK
values, none of the SNPs exhibited estimated splicing effects (Table S1).

The results for all associations were similar in the multivariable analysis (Figure S2).

A systematic overview of the function of the genes with SNPs that had significant
associations with PK or VIPN is presented in Figure 4.
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DISCUSSION

In this study, we have shown that genetic variants are associated with important VCR
PK variables in pediatric oncology patients. We also replicated previously identified
genetic associations involving VIPN and we have identified new genetic variants as-
sociated with VIPN. Since VIPN is a dose limiting toxicity, leading to impaired health-
related quality of life in children?, it is of utmost importance to identify patients at risk
of developing VIPN and where possible to modify treatment dose to mitigate toxicity.
However, such dose modifications should not result in low VCR exposure that could
compromise anticancer effects of VCR. It is therefore important to not only under-
stand the association between VIPN and genetic variants, but also VCR PK and genetic
variants. Our study is, to our knowledge, the first to assess the association between PK
of VCR and genetic variants in children with cancer.

Three SNPs in three genes were associated with the PK of VCR. First, we described a
SNP that was an eQTL for SNU13, which is a highly conserved gene involved in pre-
mRNA splicing as a component of the spliceosome®. Low expression of this gene is as-
sociated with increased sensitivity of primary leukemia cells to VCR, and concomitant
use of SNU13 inhibitors and VCR both increases cytotoxicity of VCR and reduces VCR
effects on neurons*. The reported SNP has not previously been described in relation
to VIPN or PK of VCR. However, this specific eQTL variant may contribute to SNU13
expression variation and consequently affect the PK of VCR. Furthermore, a missense
variant in MTNR1B was associated with the PK of VCR. MTNR1B is known for its role
as coding for the melatonin receptor, but is also associated with other diseases such
as type 2 diabetes****, Diouf et al. first described another SNP in MTNR1B in relation
to VIPN®. Hypothetically, this association may be the result of PK differences between
genotypes. The SNP found in this study has not been previously described in relation
to VIPN or PK of VCR. Finally, a SNP in RAB7A was associated with the plasma AUC of
VCR. RAB7A encodes for a protein that regulates vesicle traffic in the late endosomes
and from the late endosomes to lysosomes. This SNP in RAB7A has been described in
relation to CMT type 2. In addition, this SNP was a C to T transversion, a variation that
may be the result of oxidative stress*>“®. Oxidative stress is a significant cause of DNA

damage, not only in cancer cells, but also in germline cells*>“,

Nine SNPs in seven genes were associated with VIPN, of which four genes are related
to the cytoskeleton (Figure 4). VCR exerts its cytotoxic effect via the inhibition of mito-
sis, by acting on the cytoskeleton of the cell, establishing a biologically plausible links
between genes involved in the cytoskeleton and VIPN™. First, we found a SNP in CEP72,
a gene encoding for a centrosomal protein that is required for adequate chromosome
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segregation. CEP72 in relation to VIPN was first described by Diouf et al.®>. They found
that a promotor variant in CEP72 was linked to VIPN in both children*’“® and adults®.
The role of this SNP was recently confirmed in a meta-analysis*®. However, the impact
of this SNP appears limited to the certain treatment phases, such as the continua-
tion phase of ALL treatment, since the significant association was not replicated in
the induction phase®***. Of note, the SNP that we found in this study has not been
previously described in relation to VIPN. It is not in LD with the SNP from Diouf et al.’.
Nonetheless, we confirm the role of CEP72 in relation to VIPN in this study. Second,
we found SNPs in FIG4 and FGD4, genes that are both involved in the regulation of the

5255 and have been implicated in CMT type 4°**". For

actin cytoskeleton and cell shape
FIG4, one SNP that was associated with an increased risk of VIPN has been previously
described in adults with multiple myeloma as a risk factor for VIPN®%. Furthermore,
one of the SNPs in FGD4 is a C to T transversion, which may be the result of oxidative
stress, as described above*>*%, Thirdly, we found a SNP in SEPTIN9, a gene that encodes
for a protein involved in cytokinesis and cell cycle control via the microtubules®¥*°,
The gene has been implicated with hereditary neuralgic amyotrophy*>°. The reported

SNP in SEPTIN9 has not been described in relation to VIPN previously.

In addition to the SNPs described above, SNPs in two more genes have previously
been described in relation to CMT or hereditary neuropathies (Figure 4). One SNP
in NRDG1, a gene encoding for an intracellular protein that can be induced under a
wide variety of stress and cell growth conditions, is associated with CMT type®®%,
Furthermore, one SNP in GARS, a gene that has been identified as a causative gene
responsible for the clinical features of distal hereditary motor neuropathies type 4,
was seen in patients suffering from CMT or sensory neuropathy>®%%5, Interestingly,
opposed to their findings, the minor allele was associated with less neuropathy in our

study population.

One SNP in a gene involved in DNA repair was associated with VIPN, namely a SNP in
ETAA1 (Figure 4). The biological function of ETAA1 is not well described, but it appears
to function as a DNA replication stress response protein and thus is important for
genome stability®®®’. Diouf et al. described another SNP in ETAA1 in relation to VIPN®,
although this association was not replicated in the adult population®®,

To investigate the association between genetic variants and VIPN, the method of VIPN
measurement is an important consideration. Previously, this was mostly done via
retrospective CTCAE assessment’. However, it was shown that up to 40% of children
with VIPN are not identified using this method®®. New VIPN assessment tools have
been developed, such as the ped-mTNS, which performs better than those historically
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used and are currently recommended for the measurement of VIPN in children”®’*. In
our study, we used specifically trained assessors for the prospective measurements of
VIPN with two different tools, therefore identifying more children with VIPN symptoms
than in previous studies. We thus used three different methods to identify children
with VIPN, namely total CTCAE and ped-mTNS score and dichotomized CTCAE score.
Of note, only two SNPs in GARS and ETAA1 had significant associations with two out of
the three methods. As described above, the CTCAE and ped-mTNS measure symptoms
of VIPN differently, which may explain this discrepancy. For further replication stud-
ies, it is important to take this into consideration. Moreover, it would be interesting
to assess the effect of different dichotomization cut-off values, to study for example
the effects of genetic variants on severe VIPN and any grade of VIPN compared to no
grade of VIPN.

Our study has some limitations which should be considered. First, our sample size
was small (n = 85) for assessing the association between genetic polymorphisms and
VIPN with adequate power and more so for genetic factors associated with PK (n =
35). Nonetheless, our results replicated previously reported genetic polymorphisms,
which seems to endorse those previous reported associations. However, due to the
exploratory nature of this study, the newly identified genetic factors should be inter-
preted as preliminary and await external replication, since there was no independent
replication cohort available. In addition, although the stringent FDR threshold to
correct for multiple hypothesis testing was met for most of our findings, the FDR rate
was still 23%, consistent with the possibility of a substantial number of false posi-
tive findings. Nonetheless, many of our findings involve genes previously linked to
neuropathy, providing increased confidence in their association with VIPN.

The association between genetic factors and VIPN has frequently been studied. Many
genetic factors appear to be associated with VIPN; however, as previously mentioned,
results of the various studies are difficult to compare due to the diversity of the tools
used to assess VIPN. This could be an explanation why many associations were only
discovered in a single study and could not be confirmed in other studies. Although, it
can also reflect the multifactorial nature of VIPN?. Unfortunately, this means that the
single SNPs associated with VIPN have a small effect size, because the development
of VIPN is dependent on so many factors. Individualized VCR dosing strategies based
on single SNPs aiming to reduce VIPN is therefore probably not feasible. Similarly,
upfront screening of patients who will receive VCR based on single SNPs will not
identify those at highest risk of developing (severe) VIPN. It is thus of importance
to relate relevant SNPs to each other, to establish a genetic risk score. To identify
those relevant SNPs, future studies would ideally perform a whole genome strategy
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in a sufficient sample size, corrected for relevant confounders such as cumulative VCR
dosage, and with adequate prospective assessment of VIPN to study the association
between genomic factors and VIPN. Furthermore, PK sampling should be part of this
study to identify whether an identified SNP in a particular gene affects VIPN directly,
or also affects VCR PK, since dose adaptation of VCR to prevent VIPN development
should not result in VCR exposure below therapeutic efficacy. So far, no such study
has been performed.

CONCLUSIONS

In conclusion, we identified and replicated several genetic associations between
VCR PK and VIPN in children with cancer. The recognition that the occurrence of VIPN
and VCR PK are associated with genetic polymorphisms in plausible genes provides
insights that may prove useful in optimizing VCR treatment of children with cancer.
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SUPPLEMENTARY MATERIALS:

Supplementary materials 1. Selection of the 48 candidate genes that were analyzed in relation
to VCR PK or possible association with VIPN based on the function of the expressed gene and the
SNPs included in the analysis.

Figure S1. Genetic variants significantly associated with VIPN according to the CTCAE and ped-
mTNS.

Figure S2. The estimates of the coefficients with and without adjusting for covariates (disease,
cumulative VCR dosage and ancestry).

Table S1. CADD en REVEL scores for all missense SNPs for predicted deleteriousness for protein

function, delta score from SpliceAl for estimated impact on splicing and description of SNPs that
are located in eQTL and their respective tissue types.

181



CHAPTER 7

REFERENCES

1.

182

Gidding CE, Kellie SJ, Kamps WA, et al:
Vincristine revisited. Crit Rev Oncol
Hematol 29:267-87, 1999

van de Velde ME, Kaspers GL, Abbink
FCH, et al: Vincristine-induced pe-
ripheral neuropathy in children with
cancer: A systematic review. Crit Rev
Oncol Hematol 114:114-130, 2017
van de Velde ME, van den Berg MH,
Kaspers GIL, et al: The association be-
tween vincristine-induced peripheral
neuropathy and health-related quality
of life in children with cancer. Cancer
Med 10:8172-8181, 2021

Tay CG, Lee VWM, Ong LC, et al: Vincris-
tine-induced peripheral neuropathy in
survivors of childhood acute lympho-
blastic leukaemia. Pediatric Blood &
Cancer 64:26471,2017

Diouf B, Crews KR, Lew G, et al: As-
sociation of an Inherited Genetic
Variant With Vincristine-Related Pe-
ripheral Neuropathy in Children With
Acute Lymphoblastic Leukemia. JAMA
313:815-823, 2015

Kellie SJ, Koopmans P, Earl J, et al:
Increasing the dosage of vincristine:
a clinical and pharmacokinetic study
of continuous-infusion vincristine in
children with central nervous system
tumors. Cancer 100:2637-43, 2004
Pinkerton CR, McDermott B, Philip T, et
al: Continuous vincristine infusion as
part of a high dose chemoradiotherapy
regimen: drug kinetics and toxicity.
Cancer Chemother Pharmacol 22:271-
4,1988

Crom WR, de Graaf SS, Synold T, et al:
Pharmacokinetics of vincristine in chil-
dren and adolescents with acute lym-
phocytic leukemia. ] Pediatr 125:642-9,
1994

9.

10.

11.

12.

13.

14.

15.

16.

van de Velde ME, Panetta JC, Wilhelm
Al, et al: Population Pharmacokinet-
ics of Vincristine Related to Infusion
Duration and Peripheral Neuropathy
in Pediatric Oncology Patients. Cancers
(Basel) 12, 2020

Skiles JL, Chiang C, Li CH, et al: CYP3A5
genotype and its impact on vincristine
pharmacokinetics and development of
neuropathy in Kenyan children with
cancer. Pediatr Blood Cancer 65,2018
Uittenboogaard A, Neutel CLG, Ket JCF,
et al: Pharmacogenomics of Vincristine-
Induced Peripheral Neuropathy in Chil-
dren with Cancer: A Systematic Review
and Meta-Analysis. Cancers (Basel) 14,
2022

Aplenc R, Glatfelter W, Han P, et al: CY-
P3A genotypes and treatment response
in paediatric acute lymphoblastic
leukaemia. Br J Haematol 122:240-4,
2003

Egbelakin A, Ferguson MJ, MacGill EA,
et al: Increased risk of vincristine neu-
rotoxicity associated with low CYP3A5
expression genotype in children with
acute lymphoblastic leukemia. Pediatr
Blood Cancer 56:361-7, 2011

Kishi S, Cheng C, French D, et al: Ances-
try and pharmacogenetics of antileuke-
mic drug toxicity. Blood 109:4151-7,
2007

Moore AS, Norris R, Price G, et al:
Vincristine  pharmacodynamics and
pharmacogenetics
cancer: a limited-sampling, population
modelling approach. J Paediatr Child
Health 47:875-82, 2011

Lopez-Lopez E, Gutierrez-Camino A,

in children with

Astigarraga |, et al: Vincristine pharma-
cokinetics pathway and neurotoxicity
during early phases of treatment in pe-
diatric acute lymphoblastic leukemia.
Pharmacogenomics 17:731-41, 2016



17.

18.

19.

20.

21.

22.

23.

24.

GENETIC POLYMORPHISMS ASSOCIATED WITH VINCRISTINE PHARMACOKINETICS

Wright GEB, Amstutz U, Drogemdller B,
et al: Pharmacogenomics of Vincristine-
Induced Peripheral Neuropathy Impli-
cates Pharmacokinetic and Inherited
Neuropathy Genes. Clinical Pharmacol-
ogy & Therapeutics 105:402-410,2019
Zeckanovic A, Jazbec J, Kavcic M:
Centrosomal protein72 rs924607 and
vincristine-induced  neuropathy in
pediatric acute lymphocytic leukemia:
meta-analysis. Future Sci OA 6:FSO582,
2020

Lénnerholm G, Frost BM, Abrahamsson
J, et al: Vincristine pharmacokinetics is
related to clinical outcome in children
with standard risk acute lymphoblastic
leukemia. Br J Haematol 142:616-21,
2008

van de Velde ME, Kaspers GIL, Abbink
FCH, et al: Vincristine-Induced Periph-
eral Neuropathy in Pediatric Oncology:
A Randomized Controlled Trial Compar-
ing Push Injections with One-Hour Infu-
sions (The VINCA Trial). Cancers (Basel)
12,2020

DCOG Protocol ALL-11 (2013): Treat-
ment study protocol of the Dutch
Childhood Oncology Group for children
and adolescents (1-19 year) with newly
diagnosed acute lymphoblastic leuke-
mia. Version 4.0. www.skion.nl,

EORTC-: 58081-CLG Translational re-
search - observational study for identi-
fication of new possible prognostic fac-
tors and future therapeutic targets in
children with acute lymphoblastic leu-
kaemia (ALL). https://www.eortc.org/
research_field/clinical-detail/58081/.
EsPhALL (2015): An open-label study
to evaluate the safety and efficacy of
IMATINIB with chemotherapy in pediat-
ric patients with Ph+/BCR-ABL+ acute
lymphoblastic (Ph+ALL).
www.skion.nl.

The EuroNet-PHL-C1 protocol (2012)
First international Inter-Group Study

leukemia

25.

26.

27.

28.

29.

30.

31.

32.

33.

for classical Hodgkin's Lymphoma in
Children and Adolescents. www.skion.
nl

The EuroNet-PHL-C2 protocol (2016)
Second international Inter-Group Study
for classical Hodgkin's Lymphoma in
Children and Adolescents. Version 3.0
www.skion.nl

The EpSSG protocol (2012) A protocol
for non metastatic rhabdomyosarcoma.
Version 1.3 www.skion.nl

SIOP Wilms (2001): Chemotherapy
Before and After Surgery in Treating
Children With Wilm’s tumor www.
skion.nl.

ACNS0331 (2004): A Study Evaluating
Limited Target Volume Boost Irradiation
and Reduced Dose Craniospinal Radio-
therapy (18.00 Gy) and Chemotherapy
in Children with Newly Diagnosed Stan-
dard Risk Medulloblastoma: A Phase llI
Double Randomized Trial www.skion.
nl.

ACNS0332 (2007): Efficacy of Carbo-
platin administered concomitantly with
radiation and lIsotretinoin as a pro-
apoptotic agent in other than average
risk medulloblastoma/PNET patients
www.skion.nl.

SIOP LGG 2004: Cooperative multi-
center study for children and adoles-
cents with low grade glioma www.
skion.nl.

Purcell S, Neale B, Todd-Brown K, et al:
PLINK: a tool set for whole-genome as-
sociation and population-based linkage
analyses. Am J Hum Genet 81:559-75,
2007

Weeks J: plink: An R Package for Linking
Mixed-Format Tests Using IRT-Based
Methods [Internet]. Journal of Statisti-
cal Software 35:1-33, 2010

Rentzsch P, Witten D, Cooper GM, et al:
CADD: predicting the deleteriousness
of variants throughout the human

183



CHAPTER 7

34.

35.

36.

37.

38.

39.

40.

41.

184

genome. Nucleic Acids Res 47:D886-
d894,2019

loannidis NM, Rothstein JH, Pejaver V,
et al: REVEL: An Ensemble Method for
Predicting the Pathogenicity of Rare
Missense Variants. The American Jour-
nal of Human Genetics 99:877-885,
2016

Jaganathan K, Kyriazopoulou Panagi-
otopoulou S, McRae JF, et al: Predicting
Splicing from Primary Sequence with
Deep Learning. Cell 176:535-548.e24,
2019

van de Velde ME, Panetta JC, Wilhelm
A), et al: Population Pharmacokinet-
ics of Vincristine Related to Infusion
Duration and Peripheral Neuropathy
in Pediatric Oncology Patients. Cancers
12:1789, 2020

National Institutes of Health NCI:
(2010) Common Terminology Criteria
for Adverse Events (CTCAE) version 4.03
https://evs.nci.nih.gov/ftp1/CTCAE/CT-
CAE_4.03/CTCAE_4.03_2010-06-14_
QuickReference_8.5x11.pdf

Gilchrist LS, Tanner L: The pediatric-
modified total neuropathy score: A
reliable and valid measure of chemo-
therapy-induced peripheral neuropa-
thy in children with non-CNS cancers.
Supportive Care in Cancer 21:847-856,
2013

Cheng C: An adaptive significance
threshold criterion for massive multiple
hypotheses testing, in Rojo J (ed): Insti-
tute of Mathematical Statistics Lecture
Notes - Monograph Series, 2006, pp
51-76

SNU13 small nuclear ribonucleoprotein
13 [Homo sapiens (human)] - Gene -
NCBI  https://www.ncbi.nlm.nih.gov/
gene/4809

Diouf B, Wing C, Panetta JC, et al:
Identification of small molecules that
mitigate vincristine-induced neurotox-
icity while sensitizing leukemia cells

42.

43.

4Lh.

45.

46.

47.

48.

49.

to vincristine. Clin Transl Sci 14:1490-
1504, 2021

van Poppel MNM, Corcoy R, Hill D, et
al: Interaction between rs10830962
polymorphism in MTNR1B and lifestyle
intervention on maternal and neonatal
outcomes: Secondary analyses of the
DALI lifestyle randomized controlled
trial. Am J Clin Nutr, 2021

Lee CC, Kuo YC, Hu JM, et al: MTNR1B
polymorphisms with CDKN2A and
MGMT methylation status are associ-
ated with poor prognosis of colorectal
cancer in Taiwan. World J Gastroenterol
27:5737-5752,2021

Romano R, Rivellini C, De Luca M, et al:
Alteration of the late endocytic path-
way in Charcot-Marie-Tooth type 2B
disease. Cell Mol Life Sci 78:351-372,
2021

Tang F, Liu S, Li Q-Y, et al: Location
analysis of 8-oxo0-7,8-dihydroguanine
in DNA by polymerase-mediated dif-
ferential coding. Chemical science
10:4272-4281, 2019

Tang F, Yuan ], Yuan B-F, et al: DNA-
Protein Cross-Linking Sequencing for
Genome-Wide Mapping of Thymidine
Glycol. Journal of the American Chemi-
cal Society 144:454-462,2022

Diouf B, Crews KR, Lew G, et al: Asso-
ciation of an inherited genetic variant
with  vincristine-related peripheral
neuropathy in children with acute lym-
phoblastic leukemia. JAMA - Journal
of the American Medical Association
313:815-823, 2015

Wright GEB, Amstutz U, Drogemoller
Bl, et al: Pharmacogenomics of Vincris-
tine-Induced Peripheral Neuropathy
Implicates Pharmacokinetic and Inher-
ited Neuropathy Genes. Clin Pharmacol
Ther 105:402-410, 2019

Stock W, Diouf B, Crews KR, et al: An
Inherited Genetic Variant in CEP72
Promoter Predisposes to Vincristine-In-



50.

51.

52.

53.

54.

55.

56.

57.

GENETIC POLYMORPHISMS ASSOCIATED WITH VINCRISTINE PHARMACOKINETICS

duced Peripheral Neuropathy in Adults
With Acute Lymphoblastic Leukemia.
Clin Pharmacol Ther 101:391-395,
2017

Gutierrez-Camino A, Martin-Guerrero |,
Lopez-LopezE, et al: Lack of association
of the CEP72 rs924607 TT genotype
with peripheral
neuropathy during the early phase of

vincristine-related

pediatric acute lymphoblastic leukemia
treatment in a Spanish population.
Pharmacogenet Genomics 26:100-2,
2016

Zgheib NK, Ghanem KM, Tamim H, et al:
Genetic polymorphisms in candidate
genes are not associated with increased
vincristine-related peripheral neuropa-
thy in Arab children treated for acute
childhood leukemia: a single institu-
tion study. Pharmacogenet Genomics
28:189-195, 2018

Hughes WE, Cooke FT, Parker PJ: Sac
phosphatase domain proteins. Biochem
J350 Pt 2:337-52,2000

Shahid M, George TB, Saller ], et al:
FGD4 (Frabin) Overexpression in Pan-
creatic Neuroendocrine Neoplasms.
Pancreas 48:1307-1311, 2019

Dugina VB, Shagieva GS, Shakhov AS, et
al: The Cytoplasmic Actins in the Regu-
lation of Endothelial Cell Function. Int]
Mol Sci 22, 2021

Hyun YS, Lee J, Kim HJ, et al: Charcot-
Marie-Tooth Disease Type 4H Resulting
from Compound Heterozygous Muta-
tions in FGD4 from Nonconsanguine-
ous Korean Families. Ann Hum Genet
79:460-9, 2015

DiVincenzo C, Elzinga CD, Medeiros AC,
et al: The allelic spectrum of Charcot-
Marie-Tooth disease in over 17,000
individuals with neuropathy. Mol Genet
Genomic Med 2:522-9, 2014
Argente-Escrig H, Sanchez-Monteagudo
A, Frasquet M, et al: A very mild pheno-
type of Charcot-Marie-Tooth disease

58.

59.

60.

61.

62.

63.

64.

65.

type 4H caused by two novel mutations
in FGD4. ] Neurol Sci 402:156-161,
2019

Broyl A, Corthals SL, Jongen JLM, et al:
Mechanisms of peripheral neuropathy
associated with bortezomib and
vincristine in patients with newly diag-
nosed multiple myeloma: a prospective
analysis of data from the HOVON-65/
GMMG-HD4 trial. The Lancet Oncology
11:1057-1065, 2010

Bai X, Bowen JR, Knox TK, et al: Novel
septin 9 repeat motifs altered in neu-
ralgic amyotrophy bind and bundle
microtubules. J Cell Biol 203:895-905,
2013

Chuk R, Sheppard M, Wallace G, et al:
Pediatric Hereditary Neuralgic Amyot-
rophy: Successful Treatment With Intra-
venous Immunoglobulin and Insights
Into SEPT9 Pathogenesis. Child Neurol
Open 3:2329048X16668970, 2016
Skedsmo FS, Espenes A, Tranulis MA,
et al: Impaired NDRG1 functions in
Schwann cells cause demyelinating
neuropathy in a dog model of Charcot-
Marie-Tooth type 4D. Neuromuscul
Disord 31:56-68, 2021

Ellen TP, Ke Q, Zhang P, et al: NDRG1,
a growth and cancer related gene:
regulation of gene expression and
function in normal and disease states.
Carcinogenesis 29:2-8, 2008

Chung P, Northrup H, Azmath M, et al:
Glycyl tRNA Synthetase (GARS) Gene
Variant Causes Distal Hereditary Mo-
tor Neuropathy V. Case Rep Pediatr
2018:8516285,2018

Kim HJ, Hong YB, Park IM, et al: Muta-
tions in the PLEKHG5 gene is relevant
with autosomal recessive intermediate
Charcot-Marie-Tooth disease. Orphanet
J Rare Dis 8:104, 2013

Auer-Grumbach M, Weger M, Fink-
Puches R, et al: Fibulin-5 mutations link
inherited neuropathies, age-related

185



CHAPTER 7

66.

67.

68.

186

macular degeneration and hyperelastic
skin. Brain 134:1839-52, 2011
ThadaV, Cortez D: ATR activation is reg-
ulated by dimerization of ATR activat-
ing proteins. ] Biol Chem 296:100455,
2021

Lee YC, Zhou Q, Chen J, et al: RPA-
Binding Protein ETAA1 Is an ATR Activa-
tor Involved in DNA Replication Stress
Response. Biol 26:3257-3268,
2016

Sawaki A, Miyazaki K, Yamaguchi M, et

Curr

al: Genetic polymorphisms and vincris-
tine-induced peripheral neuropathy in
patients treated with rituximab, cyclo-
phosphamide, doxorubicin, vincristine,
and prednisone therapy. Int J Hematol
111:686-691, 2020

69.

70.

71.

Gilchrist LS, Marais L, Tanner L: Com-
parison of two chemotherapy-induced
peripheral neuropathy measurement
approaches in children. Supportive
Care in Cancer 22:359-366, 2014
Smolik S, Arland L, Hensley MA, et
al: Assessment Tools for Peripheral
Neuropathy in Pediatric Oncology: A
Systematic Review From the Children’s
Oncology Group. ] Pediatr Oncol Nurs.
35:267-275,2018

Smith EML, Kuisell C, Kanzawa-Lee GA,
et al: Approaches to measure paediatric
chemotherapy-induced peripheral neu-
rotoxicity: a systematic review. Lancet
Haematol 7:e408-e417, 2020









CHildren treated with vincristine: A trial
regarding Pharmacokinetics, DNA And
Toxicity of targeted therapy In pediatric
oncology patients. (CHAPATI)

M. E. van de Velde, A. Uittenboogaard, F Njuguna, T Vik, S Langat, GIL Kaspers



CHAPTER 8

ABSTRACT

Objective Vincristine is among the most widely used and potentially effective
chemotherapeutic agents in pediatric oncology patients. However, in black African
children it is often sub optimally dosed due to genetic differences in the metabolism
of vincristine. This study aims to optimize the dosing regimen of vincristine using
therapeutic drug monitoring while carefully monitoring toxicity.

Design This will be a prospective cohort study. All children aged 2-14 years diagnosed
with cancer and scheduled to receive vincristine can be included. After the administra-
tion of vincristine, blood samples will be taken. These will be shipped to and analyzed
in the Netherlands to determine the vincristine concentration in each sample. Based
on this, a dose advise will be given for subsequent vincristine administrations.

This cycle will be repeated in total 3 times. Toxicity will be monitored by determina-
tion of the bilirubin, by questionnaires and by physical examination to check for signs
of peripheral neuropathy.

Results We aim to include 100 patients. The required dose to achieve a therapeutic
vincristine level, will be compared to a historic cohort. The results will lead to an
alteration in the dosing regimen of vincristine in all pediatric oncology patients in
black African, thereby improving therapeutic efficacy and outcome of African pediat-
ric oncology patients.
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INTRODUCTION/LITERATURE REVIEW

Vincristine (VCR) is a vinca alkaloid which is among the earliest chemotherapeutic
agents and has been used since the early 1960's". It works by inhibiting the formation
of microtubules in the mitotic spindle**. VCR is metabolized in the liver into M1, its
active metabolite. Any cause of hepatic dysfunction, may alter the capability of the
liver to metabolize VCR to M1, thereby leading to higher plasma levels of VCR*. Due to
its affordability, wide availability, broad efficacy, the lack of myelosuppression and the
fact that it is usually well tolerated, it is widely used among many pediatric oncology
treatment protocols in low- and high-income countries®. The commonest side effect is
VCR induced peripheral neuropathy (VIPN). This is a dose-limiting side effect causing
a symmetric sensory-motor neuropathy®”’. However, there seems to be a racial dif-
ference in the development of VIPN, where Caucasians are more often affected than
non-Caucasian patients®*2. Although toxicity is generally something to be avoided,
the downside is that this low incidence of VIPN is associated with lower plasma levels
of VCR and thereby also suboptimal therapeutic effectiveness of VCR%. This could be
a contributing factor to the observation that non-Caucasian patients in general have
a poorer outcome of treatment for several pediatric oncology diseases, such as non-

Hodgkin’s lymphoma, acute lymphoblastic leukemia and nephroblastoma®*,

Standardized dosing of VCR in Caucasian patients is 1.5-2 mg/m? with a maximum
of 2mg. Increasing this dose has led to intolerable toxicity in these patients*®, how-
ever standard dosing nowadays in Kenya is 2mg/m? with a maximum dose of 2.5mg
and this is generally well tolerated. It is thought that genetic determinants of VCR
metabolism between Caucasian and non-Caucasian patients are responsible for this
difference in pharmacokinetics and VIPN. One genetic variant that is especially well
studied, is the CYP3A family of enzymes. High-expressers of the CYP3A5 genotype
metabolize VCR up to five times more efficiently than low-expressers of CYP3A5".
Furthermore, there is a racial difference in the distribution of CP3A5 high-expressers
and low-expressers, 60- 70% of African-Americans are high-expressers of CYP3A5
compared to only 18-30% in Caucasians ***®, In a cohort of Kenyan black children,
91% of children were CYP3A5 high-expressers®. The observation that black African
patients experience less VIPN, have a worse therapeutic outcome and metabolize VCR
quicker than Caucasian patients, led to our hypothesis that African patients have a
sub therapeutic VCR treatment due to relative under dosing®. Therefore, the aim of
the current study is to optimize VCR dosing in black Kenyan patients treated for a
malignancy in the Moi Teaching and Referral Hospital (MTRH) by increasing the VCR
dose, while carefully monitoring the VCR concentrations in the blood, toxicity in
general and VIPN in particular. Furthermore, we would like to collect DNA samples to
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link the VCR concentrations in the blood to (the identification of) genetic variants that
influence the development and severity of VIPN.

JUSTIFICATION AND OBJECTIVES

Justification

Optimizing treatment by maximizing the use of VCR, which is an already available
treatment option, is a simple way to improve survival for children with cancer. The
risk for an increased rate of VIPN can be reduced by careful monitoring and by dose
adaptations based on unacceptable levels of VIPN. Improving dosing strategies based
on individual patient characteristics, such as race, can improve anticancer treatment
regimens for African patients in Kenya and internationally.

Objectives

Broad Objectives:

1. Todetermine the optimal vincristine dose among children receiving chemotherapy
at MTRH.

Specific Objectives :

1. To evaluate development and severity of peripheral neuropathy and hyperbiliru-
binemia in optimized vincristine doses in African pediatric oncology patients in
MTRH.

2. To study genetic variants that are associated with vincristine metabolism and
development and severity of peripheral neuropathy.
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MATERIAL AND METHODS

Setting

The study will be carried out at Moi Teaching and Referral Hospital (MTRH) which is
situated in the Western part of Kenya. The estimated catchment population MTRH is
serving is between 18-20 million people. This is 40-45% of all inhabitants of Kenya.

MTRH has a bed capacity of 800 patients. The pediatric inpatient service is housed
within the Shoe4Africa building with the pediatric oncology ward situated in the first
floor of the building. There are two Pediatricians who are dedicated to the unit and
who are leading the team that offers the clinical care. Pediatric Registrars rotate in the
unit in about every three months. Other personnel attached to the unit include medi-
cal officer, clinical officer, nutritionist, nurses, physical and occupational therapists
and social workers.

Study Design
This will be a prospective cohort study.

In- and exclusion criteria
Inclusion criteria:
- Black patients aged 2-14 years with a malignancy for which they are scheduled to
receive @ minimum of four VCR administrations as part of their treatment protocol:
. Children who are treated for acute lymphoblastic leukemia;
. Children who are treated for non-Hodgkin’s lymphoma;
. Children who are treated for rhabdomyosarcoma;
. Children who are treated for neuroblastoma;
. Children who are treated for nephroblastoma;
. Children who are treated for retinoblastoma;
- Written informed consent

Exclusion criteria:

- Severe malnutrition (Z score <2 SD of weight for height)

- Total bilirubin >3 times upper limit of normal

- Pre-existent severe mental retardation e.g. Down syndrome

Study Execution

Patients will be identified as new admissions at the pediatric oncology ward of the
Shoe4Africa building of the MTRH during morning rounds. After confirmation of a
pediatric oncology diagnosis, for which a child is scheduled to receive several VCR
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administrations, a member of the research team will contact the patient and their
parent(s)/guardian(s) to ask informed consent. Furthermore, patients who are already
being treated for a malignancy with vincristine but are scheduled to receive more
vincristine are eligible for inclusion as well, if they do not have VIPN. They will be
asked during outpatient or inpatient clinic visits by the research team for informed
consent.

Before the next administration of VCR, a baseline measurement to assess the possible
presence of peripheral neuropathy will be done. This measurement is based on the
Common Toxicity Criteria of Adverse Events (CTCAE version 4.03). The CTCAE consists
of over 330 items scoring adverse events of cancer treatment in 26 different catego-
ries. Possible grades range from zero (no symptoms) and three (severe complaints)
or, if applicable, five (death)". The CTCAE items used for the assessment of VIPN are
constipation, peripheral sensory neuropathy, peripheral motor neuropathy and neu-
ralgia. The maximum CTCAE score of these items is 18. Participants with a total score
of two or higher are considered to have VIPNZ,

Patients are asked if they experience problems as described in the concerning CT-
CAE items. For the item peripheral sensory neuropathy, additionally deep tendon
reflexes (DTR’s) of the patella and Achilles will be assessed. Besides the CTCAE, VIPN
will be tested by use of the pediatric modified total neuropathy scale (ped-mTNS).
This is a validated tool for the assessment of neuropathy in children®®. It consists of
a standardized questionnaire and physical examination. It is a non-invasive tool to
assess neuropathy in children aged 5-18 years and takes approximately 15 minutes to
assess. Patients with a ped-mTNS score of 5 or higher are considered to have VIPN. In
Appendix A and B in Chapter 3 the ped-mTNS can be found.

Besides VIPN monitoring, toxicity will be monitored by studying peripheral blood
results which are taken for regular assessment during treatment.

Furthermore, before the next VCR administration, total bilirubin will be assessed. The
Z score for malnutrition (weight for height) will be calculated. If the Z score is < 2 SD
or if the total bilirubin is > 3 times the upper limit of normal, the child is excluded
from study participation.

After all baseline measurements are performed and the child is scheduled to receive
the next VCR administration, the child will start with a regular VCR dose of 2.0 mg/m?
with a maximum dose of 2.5 mg. After administration, blood will be obtained at t=15
min, t=30 min and t=75 min. This will be done by a finger prick, after which blood is
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collected on a dried blood spot (DBS) paper form. After collection, the blood samples
willimmediately be shipped to Antoni van Leeuwenhoek (AvL) Hospital in Amsterdam,
the Netherlands, where they will be analyzed once weekly. Collection and analysis of
the sample will be similar to the method previously described by Skiles et al.“.

Concentration of VCR in these collected samples will be compared with a historical
cohort of VCR blood in Caucasian patients. When the studied DBS samples are below -
20% of the expected median value of VCR in the historical Caucasian cohort, the dose
will be increased by 20% (without dose capping). If the studied samples are above
+20% of the target AUC of VCR in the historic cohort, the dose will be decreased by
20%. If the studied samples are between -20% or +20% of the expected median
value of VCR in the cohort, the dose will be maintained in the following VCR admin-
istrations. The dose of VCR will only be increased in case of absent severe VIPN or
any other severe side effect, and when VCR concentration is <20% below expected
median value. At the first scheduled administration of VCR after this dose adaptation,
DBS samples will be taken once more, and analyzed after which a possible second
dose adaptation will be given, similar to the first dose adaptation. This second dose
adaptation is followed by a possible third dose adaptation without dose capping and
then a final fourth round of DBS sampling and analysis, but no further dose will be in-
creased after this final fourth round of sampling. For the scheduled dose adaptations
per treatment protocol, see Appendix Il. Therefore, participants of this study have a
maximum total increase of 73% of the dose of VCR than the starting dose, going up
to 3,46 mg/m®. See figure 1 for an overview of the study measurements. During the
time of analysis of the samples (maximum 3 weeks), previously used VCR dosed is
maintained, unless unacceptable VIPN, hyperbilirubinemia or severe malnutrition
develops, then VCR dose is reduced by 50%. If these complications persist, VCR is
omitted. Just before the adapted doses are administered, initial exams of VIPN assess-
ment, bilirubin level and calculation of Z score of weight for height will be repeated.

Furthermore, before the 1** adapted dose is administered, a blood collection tube for
DNA is taken during regular blood controls. These DNA samples will be analyzed once
data collection is completed to link genetic factors to pharmacokinetic parameters
of VCR and to VIPN. If there is excessive toxicity (defined as a ped-mTNS sore 9 or
higher, a sum score of the CTCAE of 5 or higher or an item score of the CTCAE of 3 or
higher), extreme malnutrition (defined as a Z score of weight for height <2 SD) or a
hyperbilirubinemia (total bilirubin >3 times upper limit of normal), at any of these
time- points, the planned VCR dose will be reduced by 50% despite of the dosing
advice of VCR based on the studied samples.
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Baseline measurement:
- Bilirubin level
-VIPN by ped-mTNS and
CTCAE
- Z score of weight for height

1st VCR administration:
- DBS sampling at t=15, t=30
and t=75 minutes
- DNA sampling

Analysis of samples

v
VCR after adaptation:
- Bilirubin level
- VIPN by ped-mTNS and
CTCAE
- Z score of weight for height
-DBS sampling at =15, t=30
and t=75 minutes

* _~  Analysis of samples

Y
VCR after 2nd adaptation:
- Bilirubin level
- WIPN by ped-mTNS and
CTCAE
- Z score of weight
-DBS =ampling at t=15, t=30
and t=75 minutes

Analysis of samples

h J
VCR after 3rd adaptation:
- Bilirubin level
-VIPN by ped-mTNS and
CTCAE
- Z score of weight
-DBS sampling at t=15, t=30
and t=75 minutes

Continuation of therapy using last
dose (unless unacceptable VIPN)

v
Figure 1. Study design and measurements

VIPN: vincristine induced peripheral neuropathy, ped-mTNS: pediatric modified total neuropathy scale, VCR: vincris-
tine, DBS: dried blood spot
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Due to the known interaction between VCR and azole antifungals, throughout this trial
no concurrent use of VCR and azole antifungals will be administered, since this can
lead to increased VCR toxicity *°.

This study will start with a feasibility study, in which 15 children aged 5 years or older
are included. In summary, the feasibility study is similar to the CHAPATI study. The
main difference lies in the collection of both dried blood spot (DBS) samples and
plasma samples. The outline of the feasibility study is as follows: After first dosage
administration, 3 fingerprick (DBS) will be taken at T=15, T=30 and T=75 minutes, as
planned. Furthermore, we aim to collect 3 venous samples at T=15, T=30 and T=75
minutes as well. The venous samples will be retrieved from the same iv cannula as
used for vincristine administration, to minimize unnecessary invasive procedures.
Only children of 5 years or older are included in this feasibility study; a larger iv can-
nula can often be placed in older children, which increases the possibility of collecting
3 venous samples from the same iv cannula. However, if this is not possible, we will
place maximum one extra iv cannula. Moreover, venous samples will only be collected
from an iv cannula that is not needed for further medication or fluid administration,
to prevent the need of placement of another iv cannula. The venous samples will
be centrifuged to obtain plasma. The fingerprick DBS and plasma samples will im-
mediately be shipped to the laboratory of the AvL in the Netherlands. The vincristine
concentrations will be determined in both the DBS and plasma samples. The vincris-
tine concentrations will be compared to a historic reference cohort. A dosage advice
will follow based on the vincristine concentrations: if concentrations are below 20%
of expected median value, a dosage increase of 20% is advised. If concentrations are
above 20% of expected median value, a dosage decrease of 20% is advised. In case of
any other value, no dosage adjustment is advised. This dosage advise will be provided
within two weeks of sample collection. Regardless of whether a dosage adjustment
was advised and/or given, another 3 DBS and 3 venous samples will be collected after
the next adjusted vincristine dosage (similar as described above). Maximum 1 dosage
adjustment can take place per included child in the feasibility study.

Statistics

A formal power analysis is not possible for this study due to the fact that it is currently
unknown how many African children will have an expected median value outside the
+/-20% target range of VCR. Therefore, the standard deviation of this number is also
unknown and it is not possible to perform a power analysis. However, based on the
occurrence of childhood cancer within MTRH, we hope to include 100 patients if pos-
sible within one year. This would give us sufficient data to determine the required VCR
dose for an expected median value within the target range of African children.
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Baseline data will be described quantitatively. Continuous variables of patients will
be presented as means with standard deviations (SD) if normally distributed and
medians with interquartile ranges if data are skewed; categorical variables will be
given in percentages. Missing data will be omitted from the calculation of descriptive
statistics. Summaries of patients will be presented in tables and/or graphs.

The primary outcome of the study, the expected median value, is measured at several
timepoints (baseline and up to 3 times after dose adaptation). In order to estimate the
effect of the intervention, a linear mixed model analysis with three levels (repeated
measurements, patients, diagnosis) will be used. By using a linear mixed model analy-
sis, first the difference in general over time will be analyzed. Secondly, by including
time in the model, the effect of dose adaptations over time will be analyzed. In both
analysis corrections will be made for scores at baseline and other relevant covariates,
such as age and gender.

Pharmacokinetic analysis will include volume of distribution and total body clearance.
All analyses will be performed using a nonlinear mixed effects modeling program
(NONMEM, version 7.3, ICON Development Solutions, Ellicott City, MD, USA). Standard
errors for all parameters are calculated using the COVARIANCE option of NONMEM™,
To establish any differences between patients within and outside of the target AUC
of VCR and between patients with and without VIPN, we will compare the frequency
of specific polymorphisms between these groups. For statistical analysis we will
dichotomize the data (within/outside target AUC, VIPN yes/no, SNP+/-) and perform
Chi-square analysis.

Ethical considerations

This is @ minimal risk, prospective cohort study. There is a small chance that VIPN
development and severity increases due to higher VCR levels, however this will be
carefully monitored. Patients might experience mild discomfort due to fingerpricks
and possibly discomfort from placing maximum one additional iv cannula. Further-
more, the assessment of VIPN by CTCAE and ped-mTNS takes time, however all these
assessments are done while the patient is hospitalized. Patients may directly benefit
of participating in this trial by improving the exposure of VCR, leading to more opti-
mized treatment. Data collected will be stored in a locked office in a file cabinet, and
electronic data will be stored in a secure password protected database, with access
limited to study personnel. All documents will be stored by studycode. Consent forms
were part of submission.
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The feasibility study will serve multiple goals. First of all, it aims to test the logistics
of shipment of samples from Kenya to the Netherlands. We will assess the (possible)
effect of shipment on the measurement of samples before initiation of the CHAPATI
trial. Second, both DBS and venous samples will be collected in the feasibility study
when providing a dosage advice. This aims to both build a reference cohort of Kenyan
patients and to establish the relationship between vincristine concentrations in whole
blood (in DBS samples) and in plasma (in centrifuged venous samples) in the Kenyan
population. This relationship has only been established in European (predominantly
Caucasian) children and we expect that vincristine metabolism is different in Kenyan
children. Therefore, we want to establish this relationship in the Kenyan population
before initiation of the CHAPATI trial. This feasibility study will create such a Kenyan
reference cohort with maximum benefit for the children in the feasibility study (who
will still receive an individualized dosage advice), while taking minimum risk (since
venous samples are taken as well and only one dosage advice is given). Plasma
samples are normally used to measure vincristine concentrations and their reliability
and validity have been tested thoroughly. DBS assays, on the other hand, are a novel
and promising technique. It is valuable to guarantee the reliability and validity of DBS
vincristine measurements with the venous samples before initiation of the CHAPATI
trial, where we will only be using DBS samples. Lastly, the times of sample collection
have been determined based on a Caucasian reference cohort. We want to test these
times in Kenyan patients before initiation of the CHAPATI trial.

Study implications

Results from this study will possibly improve treatment outcome due to a better
exposure of VCR. It will likely demonstrate that children are currently receiving sub-
optimal dosing. This information might lead to a change in treatment of a wide range
of cancers for black African children worldwide, by demonstrating that these children
benefit from higher doses of VCR without severely increasing VIPN. Hopefully, this
will be shown eventually in improved survival rates.
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CHAPTER 8

APPENDIX

Table 1: treatment regimens with included scheduled vincristine dose adaptations

ALL Induction: 1st VCR (if Week 16 (if week 30 week 42
necessary: at 2nd necessary:
VCR) week 17)
NHL Prephase: 1st VCR (if ~ Course 3 (if Course 6 (if If possible:
necessary: course 2)  necessary: necessary: course 8
course 4) course 7)
RMS Pre-operative: week 1 Week 8 (if Week 20 (if Week 32 (if
(if necessary: week necessary: necessary: necessary:
2) week 12) week 24) week 36)
Neuroblastoma Pre-operative: week 1 Week 8 (if Week 20 (if Week 32 (if
(if necessary: week necessary: necessary: necessary:
2) week 12) week 24) week 36)
Nephroblastoma Week 1 (if Week 8 (if
armA necessary: week 2) necessary:
week 9)
Nephroblastoma Week 1 (if Week 8 (if Week 14 (if Week 23 (if
armB necessary: week 2) necessary: necessary: necessary:
week 9) week 17) week 26)
Nephroblastoma Week 1 (if Week 8 (if Week 15 (if Week 24 (if
arm C necessary: week 2) necessary: necessary: necessary:
week 9) week 18) week 26)
Retinoblastoma Cycle 1 (if necessary: Cycle 4 (if
cycle 2) necessary:
cycle 5)

VCR: vincristine; PK: pharmacokinetics; ALL: acute lymphoblastic leukemia; NHL: Non-Hodgkin’s lymphoma; RMS:
rhabdomyosarcoma;
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CHAPTER 9

Over the past decades, survival of children with cancer has greatly improved, which
has led to a shift in research from only improving survival to also reduce toxicity of
treatment. Since vincristine (VCR) is already used for decades, the problem of VCR-
induced peripheral neuropathy (VIPN) has been extensively studied. These studies
have demonstrated that 20-100% (depending on measurement tool) of children
treated with VCR develop VIPN during treatment®, with many of them still experienc-
ing neuromuscular impairments more than 10 years after VCR cessation®“. VIPN is
characterized by symptoms such as weakness of lower limbs, areflexia, neuropathic
pain, constipation, and sensory loss. Although the negative impact of these symptoms
on health-related quality of life (HR-QoL) has been demonstrated in adults®, informa-
tion on this subject in children is lacking. Therefore, we studied to which extent VIPN
also reduces HR-Qol in pediatric oncology patients currently under VCR treatment.
A negative association between VIPN and HR-QolL would underline the importance
of finding ways to reduce toxicity of VCR treatment. It is in this context that we in-
vestigated whether prolonging the administration duration of VCR will result in less
VIPN. The rationale for doing so is that previous studies have indicated that higher
peak-plasma VCR concentrations, which occur when VCR is administrated in a short
period of time (i.e. several minutes), are associated with VIPN®. To adequately study
this, we first had to determine which are the best tools available to assess VIPN in
pediatric patients. For this purpose, we studied the construct validity and reliability
of the Dutch version of the pediatric modified total neuropathy score (ped-mTNS).
The original version of the ped-mTNS, which is in English, is thought to be the best
currently available tool for the assessment of VIPN in children’®, Furthermore, in our
effort to disentangle the multifactorial working mechanism of VIPN, we studied to
which degree pharmacokinetics (PK) and genetic factors are associated with VIPN
development.

ASSESSMENT OF VINCRISTINE-INDUCED PERIPHERAL
NEUROPATHY IN CHILDREN WITH CANCER

In Chapter 3, we present our results regarding the validity and reliability of the
Dutch version of the ped-mTNS. We have validated the findings as previously pub-
lished by Gilchrist et al. regarding the construct validity of the original version of
the ped-mTNS®. The availability of the ped-mTNS in Dutch enables the use of a more
standardized assessment tool of VIPN among children in different studies, thereby
improving the comparability between study results. The lack of a golden standard in
the assessment of VIPN in children currently negatively affects the global research
on VIPN. The variety of measurement tools assessing various study outcomes, both
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prospective and retrospective, with each tool having a different sensitivity for detect-
ing VIPN?, makes it hard to compare different studies investigating VIPN. Furthermore,
none of the currently used tools have been used in study groups that are large enough
to properly assess inter- and intra-rater reliability. Good reliability is imperative for a
measurement tool to be used as a golden standard outcome. Also, the content valid-
ity of used measurement tools (i.e. the degree to which the tool measures all the
aspects of VIPN in terms of relevance and comprehensibility) should be assessed.
As suggested by Lavoie Smith et al.® ideally this tool should be a patient-reported
outcome measure (PROM) specifically developed for assessing VIPN in children. A
patient-reported outcome is directly reported by the patient without interpretation
of the patient’s response by a clinician or anyone else and pertains to the patient’s
health, quality of life, or functional status associated with health care or treatment*°.
They reflect components important to the patient and may include patient reports of
symptoms and other indices such as quality of life. The PROM is the measurement tool
of the patient-reported outcome. Recently a PROM for VIPN in children was published:
Pediatric Chemotherapy-Induced Neuropathy (P-CIN), but this tool is not yet validated
in a large enough sample size'*. The difficulty in developing an adequate PROM for
VIPN in children lies in the fact that symptoms of VIPN, such as numbness or tingling,
are difficult to describe or express by children. Children who can read can quantify
these symptoms using simple words or by execution of easy assessments. However, for
younger children (i.e. those who cannot read or properly verbally express their com-
plaints) a tool should be used that can objectively quantify these symptoms, whereas
in older children a more extensive tool should be used. Furthermore, preferably this
PROM should be non-invasive and not require specially trained assessors, making it
feasible for routine assessment of VIPN during chemotherapeutic treatment. To this
end, it is recommended that an age-dependent PROM is being developed, which
objectively assesses VIPN with regard to the developmental age of a child. Although
it is less reliable, in the age-group 2-4 years this can only be done by including a
(parent) proxy assessment as well. Moreover, if a PROM is available, it can be included
as a routine assessment during treatment, outside of the scope of research, making
physicians and others involved in the treatment of pediatric oncology patients more
aware of the occurrence of VIPN in a patient, which could require medical intervention
such as laxatives or use of analgesics.

Finally, retrospective chart-based review, which has frequently been used in the past
to assess VIPN?, should be discouraged as this is an inadequate method to assess VIPN,
as the absence of VIPN in a medical chart does not rule out that a patient still experi-
ences VIPN to some degree.
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The difficulty of assessing VIPN in pediatrics and the lack of a reliable measurement
toolis not unique to VIPN. This is a problem for several studies regarding adverse drug
reactions in pediatric oncology. For instance, the CTCAE is used for the management of
anticancer therapies and in clinical trials to provide standardization and consistency
in the definition of treatment toxicity. However, the described adverse events per item
are often not age-appropriate and therefore cannot always be used in pediatric oncol-
ogy. In the CTCAE version 4.03 of June 24 2010, it was noticed that the description of
26 adverse effects items should be adjusted for use in children and 21 effects were
missing for this population®. Unfortunately, these were not appropriately adapted in
follow-up versions of the CTCAE™.

EFFECT OF VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY ON
HEALTH-RELATED QUALITY OF LIFE IN CHILDREN WITH CANCER

In Chapter 4 we describe the association between health-related quality of life (HR-
Qol) and VIPN. Studies investigating the relation between HR-QoL and VIPN in chil-
dren are scarce. Moreover, the previous studies that are available on HR-QolL among
survivors of childhood cancer who suffer from VIPN, were conducted more than four
years after cessation of VCR treatment™**>, The study in chapter four is the study that
investigated the effect of VIPN on HR-QolL in children currently being treated for
cancer.

We show that children with VIPN had a significantly lower HR-QoL on almost all
domains (physical functioning, social functioning, emotional functioning, school
functioning and pain), irrespective of method of assessment of VIPN (Common Termi-
nology Criteria of Adverse Events (CTCAE) or ped-mTNS) and irrespective of self- or
proxy-assessment. This study highlights the debilitating effect of VIPN. Children
suffering from VIPN are at risk of performing not as well in school as other children
with cancer who do not have VIPN. Hence, this study shows the importance for future
research to investigate how we can optimize VCR therapy and reduce the risk of de-
veloping VIPN.

FACTORS CONTRIBUTING TO THE DEVELOPMENT OF
VINCRISTINE-INDUCED PERIPHERAL NEUROPATHY IN CHILDREN

In Chapter 2 we systematically reviewed the available literature on contributing
factors, both patient-related and VCR-related, on VIPN in children with cancer. This
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provided us with a good model to study the most important contributing factors of
VIPN, and therefore possibilities to reduce VIPN. The model is presented in Figure 1
of Chapter 2.

Duration of administration of vincristine

Ultimately, our goal is to reduce the development and severity of VIPN in children
with cancer. To this end Chapter 5 presents the results of an intervention study that
investigated the effect of administration duration on VIPN development in pediatric
oncology patients. We conducted a randomized controlled clinical trial (RCT) compar-
ing intravenous push-injections (1-5 minutes) with intravenous one-hour infusions
of VCR. Overall, we did not find a statistically significant difference between the
two groups regarding the occurrence or severity of VIPN. Interestingly, however,
children who received concomitant azole antifungals together with VCR had signifi-
cantly less severe VIPN when VCR was administered in one-hour. This could be due
to the competitive drug-drug interaction between VCR and azole antifungals, which
are both metabolized in the liver by CYP3A enzymes'®*. This interaction leads to
slower metabolization of VCR into M1, the active metabolite of VCR, which could be
more pronounced when the (peak) concentration of VCR is higher, i.e. when VCR is
administered as a push injection. In other words, one-hour administration is preferred
when co-medication is used with similar pharmacokinetic characteristics as azole
antifungals or when drug-drug interactions are likely to occur.

Pharmacokinetics of VCR

The PK of VCR is dependent on multiple factors. First of all, the dose of VCR influences
PK, and, as discussed in the aforementioned paragraph, so does concomitant drug
use. However, the effect of certain other variables on PK of VCR is uncertain. Some
studies showed an age-dependent relationship with clearance (Cl)*°, whereas some
did not**"*%. There was also no reported effect of sex on PK***?*, Moreover, there is a
large inter-patient and intra-patient variability with regards to PK*®****%3_In Chapter
6 we present the results of the PK outcomes related to administration duration (push
injection (1-5 minutes) vs one-hour infusion) and the relation between PK and VIPN.
This study confirmed our hypothesis that the maximum concentration (Cy,.,) of VCR is
indeed higher in the push group than in the one-hour group. In addition, we demon-
strated that intercompartmental clearance (IC-Cl) and volume of the peripheral com-
partment (V,) are significantly higher in the push group. Furthermore, it was shown
that IC-Cl was significantly higher in patients with VIPN. This supports our hypothesis
that longer lasting administration times of VCR can result in reduced levels of VIPN.
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PK of children treated with VCR is also influenced by genetic factors. In Chapter 7
we describe several genetic pathways associated with PK. We identified Melatonin
Receptor 1B (MTNR1), RAS-related protein 7A (RAB7A) and Small Nuclear Ribonucleo-
protein 13 (SNU13) to be associated with AUC or C,.,. Recently, SNU13 expression was
shown to be associated with increased sensitivity to VCR and VIPN development?®. The
association between C,,,, of VCR and VIPN offers a plausible working mechanism for
increased VCR sensitivity in these cells. These associations provide insight on working
mechanisms that can be used to find ways to reduce VIPN in children with cancer.

Genetic factors associated with vincristine-induced peripheral
neuropathy

The association between genetic factors and VIPN has frequently been studied™?’.
Many genetic factors appear to be associated with VIPN, however, as previously men-
tioned, results of the various studies are difficult to compare due to the diversity of
the tools used to asses VIPN and heterogeneous study populations. This could be an
explanation why many associations were only discovered in a single study and could
not be confirmed in other studies®. In Chapter 7 we describe the results of a genomic
association study in which we studied 94 pre-identified genes and their relation to
VIPN. We were able to validate the associations between a previously studied SNPs
and VIPN: SNP rs1049402 in the Glycyl tRNA Synthetase (GARS) gene?®. Furthermore,
we identified several unknown SNPs in previously identified genes related to VIPN:
rs35777125 (in Ewing's Tumor-Associated Antigen 1 (ETAA1))*® and rs71585289 in
Centrosomal Protein 72 (CEP72)*°. Finally we found several SNPs in previously un-
known genes related to VIPN: rs2272653 in N-Myc Downstream Regulated 1 (NRDG1),
rs12823621 and rs73083501 in FYVE, RhoGEF And PH Domain Containing 4 (FGD4),
rs10659 and rs9885672 in FIG4 Phosphoinositide 5-Phosphatase (FIG4) and finally
rs11650934 in SEPTINO.

Allin all, these results show that many SNP’s, from many different genes, seem to be
associated with VIPN. They can be related to: 1) an altered sensitivity of neurons to
the damaging effect of VCR; 2) to intracellular processes which are affected by VCR
(such as microtubule formation); 3) to the metabolization of VCR (such as SNPs that
enable a faster metabolization of VCR into M1, the main metabolite of VCR); or to
5) PK of VCR (which is dependent on many factors such as transporter proteins and
receptor and proteins necessary for transport of VCR into the cell and for intracellular
transport, amongst others). Unfortunately, this means that a single SNP associated
with VIPN usually has a small effect size, because the development of VIPN is de-
pendent on so many factors. It is difficult to adapt VCR treatment based on a single
SNP to reduce VIPN. This also means it is difficult to identify patients upfront who
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are at risk of developing (severe) VIPN, since screening on a single SNP would have
little impact. Therefore, research effort should be put into the development of a
multi-genic/multi-SNP based risk stratification model. In such a model, the effect of
multiple SNP’s/genetic aberrations are put together, ideally also combined with clini-
cal characteristics, to provide an estimated risk of VIPN development after treatment.
This is called a polygenic risk score. Based on this risk score, an individualized dosing
regimen should be used to reduce the risk of VIPN development in those identified as
high-risk patients.

STRENGTH AND LIMITATIONS

One of the strengths of this thesis is the multidimensional approach in how we have
studied VIPN during oncologic treatment in children. Furthermore, we have longitudi-
nally assessed all our outcomes. We have used two different measurement tools and
specifically trained our assessors to measure VIPN. Moreover, we performed the first
intervention study designed as a randomized controlled clinical trial that aimed to
reduce the development and severity of VIPN in children, by prolonging the time of
administration of VCR to one hour.

The studies conducted as part of this thesis have raised awareness to the problem of
VIPN in children. Nowadays, a lot of research effort is being put in new drug discover-
ies, while optimization of treatment from older drugs is often overlooked. Especially
in drugs who have been on the markets for several decades. In children this is even
more problematic, because almost all older drugs have never been specifically tested
in children and are used off-label. Therefore, the European Union (EU) adopted a law;
the Paediatric Regulation [Regulation (EC) No 1901/2006 of the European Parliament
and of the Council] which entered into force in January 2007. This law specifically
aims to improve public health for children through increasing research, information
and availability of medicines. Furthermore, since July 2008 it is mandatory to have a
Paediatric Investigation Plan (PIP) for the validation of a marketing authorization ap-
plication for adult and pediatric medicines currently not authorized in the EU (article
7 products). This means that newly developed drugs need to be specifically tested for
efficacy and safety in specific doses in children before they are allowed to be used
in clinical practice by children. However, this also means that most drugs who were
introduced before 2007, such as VCR, were not specifically tested in children and data
generated in adults were extrapolated for use in children, which increases the risk
of dosing errors and adverse drug reactions®®*?. As such, it is especially important
to study drugs introduced before 2007 and assess possible adverse events, PK, and
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optimum dosing strategies of these drugs in children. The funding program Goed
Gebruik Geneesmiddelen (Good Use of Drugs) by NWO (the Dutch Organization for
Scientific Research), who also funded the research in this thesis, aims to improve the
effective and safe use of currently existing drugs, which contributes to the proper use
of medicine in children.

This study also had some limitations. Since VCR is so widely used in so many treatment
protocols in pediatric oncology, we decided not to focus on one specific disease type,
since our outcomes could have an implication for all children treated with VCR. By
doing so, however, we have introduced a heterogeneity in our study population, since
children with different treatment plans, co-medications and varying cumulative VCR
doses were included. However, this problem of multi-agent therapy is almost always
encountered when studying a certain drug used for treatment of pediatric oncology
patients. To ensure adequate comparison of the outcome of interest in the context of
a multimodal therapy, a (RCT) in a large group of patients should be done, to divide
possible confounders of the outcome of interest equally between the randomization
arms. Furthermore, adequate statistical testing that can incorporate correction of
certain confounders should be used. However, this all requires a large sample size,
which is inherently difficult within the context of pediatric oncology research since
pediatric cancer is a rare disease. This often results in pediatric oncology trials to
be underpowered or difficult to complete within a reasonable timeframe**. Also our
sample size was relatively small. Especially to reliably study PK and genetics the sam-
ple size should have been larger to unequivocally determine the influence of these
parameters on VIPN. Therefore, these studies can be seen as hypothesis-generating
rather than to state firm conclusions. This is also due to the fact that we used a tar-
geted approach for our genetic analyses regarding the association with VIPN. Ideally,
a whole genome strategy should be performed in a sufficient sample size and with
adequate prospective assessment of VIPN to study the association between genomic
factors and VIPN. So far, no such study has been performed. Diouf et al.> performed a
genome-wide association study to identify CEP72 as a gene related to VIPN, but relied
on retrospective chart-based CTCAE assessment to identify VIPN.

The studies presented in this thesis all had a follow-up time of one year. Although it
is generally assumed that VIPN is a sub-acute condition that diminishes within several
months after treatment cessation, studies have shown that symptoms and conse-
quences of VIPN can still persist into adulthood of survivors of childhood cancer®**,
Therefore, our follow-up time might have been too short, especially to study the effect
of administration duration on the development and severity of VIPN. Furthermore,

even though the assessors were generally unaware of the randomization status of
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the patients regarding administration duration, they were not formerly blinded. This
could have introduced bias into our results.

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

General conclusions

This thesis has shown that VIPN in children is a multifactorial toxicity, affected by
ancestry, PK, dose and administration duration, co-medication, and genetic factors.
Furthermore, we have shown the effect of VIPN on HR-QoL of children currently
treated with VCR. We were the first to demonstrate that children with VIPN report
lower HR-QoL than children with cancer without VIPN. Also, we demonstrated that
children who are concurrently treated with azole antifungals and VCR, experience less
VIPN when VCR is administered in one-hour instead of a push injection. Theoretically,
one-hour infusions could be beneficial over push injections due to the fact that it
leads to a lower C,,, and lower IC-Cl, which showed an association with VIPN. Fur-
thermore, the results of our studies have demonstrated that VIPN is associated with
genetic factors such as SNPs in ETAA1, CEP72, NRDG1, FGD4 and FIG4 and PK of VCR
is associated with MTNR1B, RAB7A and SNU13. Finally, currently there is no golden
standard with respect to assessment tools of VIPN. There are some tools that could
be used as golden standard if their psychometric qualities appear to be adequate. In
our study we demonstrated that the psychometric qualities of the Dutch translated
version of the ped-mTNS, which can be used in children aged 25 years, were sufficient
and similar to the original English version of the ped-mTNS.

Future perspectives

New strategies should be developed to reduce VIPN in children, while maintaining
adequate VCR treatment. To this end, each of the contributing factors described in
this thesis should be taken into account. Pivotal in the prevention of VIPN in children
is the understanding that there is no such thing as “one size fits all”. In the future, VCR
treatment should be used on a more individualized basis. To optimize this a number
of factors should be taken into account, such as genomic features and a patient’s
individual PK profile. Currently, the St. Jude Children’s Research Hospital Total XVII
treatment protocol® is open for inclusion. As part of this study, children are screened
upfront for the CEP72 rs904627 T/T high-risk genotype for VIPN*. If these patients
are homozygous for the T/T genotype, they are randomized to receive reduced dose
of VCR of 1.0 or the conventional 1.5 mg/m? starting at Continuation week 1. Children
with a rs904627 C/T or CC genotype are randomized to receive 2mg/m* per dose
(instead of 1.5 mg/m?)*’. Furthermore, recently Verma et al.** used a metabolomics
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approach to identify metabolites that can predict VIPN development in children at
day 8, 29 and at 6 months after start of treatment. With these identified metabolites,
they developed a free user-friendly tool, VIPNp, for physicians to use their model to
identify patients upfront that are at risk of developing VIPN during treatment.

To optimize individualized VCR treatment using a patient’s individual PK, preparations
for the start of the CHAPATI trial (“CHildren treated with vincristine: A trial regarding
Pharmacokinetics, DNA And Toxicity of targeted therapy In pediatric oncology pa-
tients”), of which the study protocol is described in Chapter 8, are currently ongoing.
In short, in this study, we investigate the impact of ancestry and PK on VCR exposure,
thereby studying if it is beneficial to increase the dose of VCR in Kenyan children.
Previously it was shown that African(-American) children experience less VIPN
compared to Caucasian children***>. Moreover, studies have also demonstrated that
non-Caucasian patients in general have a poorer outcome of treatment for several
pediatric oncology diseases*®**’. This could be related to the fact that African children
have a lower exposure to VCR using a standardized dosing regimen, because of the
fact that many of these children are so-called rapid metabolizers®®. Moreover, African
children can tolerate a dose of 2 mg/m? with a maximum of 2.5 mg®¢, whereas this
dose in a cohort of mainly Caucasian has led to premature study termination due to
intolerable VIPN?®. This has resulted in the hypothesis that by using the current dose
of 2 mg/m? with a maximum of 2.5 mg, Kenyan children have a lower area under the
concentration time curve (AUC) compared to a historical cohort of mainly Caucasian
children. This cohort consists of pooled datasets, among which is the data presented
in Chapter 6. The CHAPATI trial is set up as follows: after a VCR administration blood
samples from the patient will be collected at three time-points. Of these samples, the
VCR concentration is determined after which the AUC is calculated. This AUC will be
compared to values measured in a historical reference cohort of pediatric oncology
patients. If the AUC is below the lower cut-off value, the subsequent VCR dose will be
increased by 20%. If the dose is similar to the AUC in the previous cohort, the dose
stays the same or if the dose is above a certain higher cutoff value, the subsequent
dose will be decreased. This process (VCR administration — sampling — determination
of VCR concentration - calculation of AUC — comparison with historical cohort — dose
adaptation) is, whenever possible (i.e. sufficient VCR administrations according to the
treatment protocol), repeated up to three times. Furthermore, there will be careful
monitoring of VIPN. When there is excessive VIPN, the subsequent dose will be low-
ered irrespective of AUC.

Obviously, individualized treatment is not only advocated for VCR, but for many other
drugs as well. In general, studies investigating these individualized treatment proto-
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cols have two perspectives: from the cancer itself and from the patient who receives
the drugs. For specific tumors it is advocated to identify risk-groups requiring more
or less intensive treatment. These risk groups are derived from genetic mutational
research or cytogenetics which have shown to alter the chance of survival of a spe-
cific tumor compared to other tumor types. Also, specific treatment targets within a
tumor are identified which can lead to drugs specifically designed for these treatment
targets within a tumor. These drugs can only be used in tumor types that have these
drugable targets. This type of precision medicine is currently used as treatment or
in trials within pediatric oncology*®. From the patient’s perspective, individualization
of treatment is mostly focusing on pharmacogenomics: genetic factors resulting in
slower or faster metabolization of drugs, possibly leading to dose adaptations. This
was mostly studied in thiopurine S-methyltransferase (TPMT). It was shown that based
on the TPMT activity in an individual the dose of mercaptopurine can be adapted,
leading to similar treatment outcomes with reduced toxicity*’. However, all these
tests and dose adaptations require additional testing and therefore increase costs.
Especially the use of tumor based targeted therapy leads to an increase in costs for
a small number of patients, since drugs can only be used in certain tumor types that
are sensitive to these drugs. This leads to new ethical questions regarding acceptable
costs to optimally treat a child with cancer. However, since many children survive
cancer and will live long afterwards, treatment of childhood cancer is almost always
cost-effective.

All these developments, the incorporation of pharmacogenomics and the use of PK,
will result in a more individualized dosing regimen of VCR in children. Currently, this
is already standard practice in the treatment with certain antibiotics, both in children
and in adults**. All this was done (and will be done) with the purpose to reduce VIPN
and other toxicities, while maximizing the therapeutic effectiveness of VCR in children
with cancer, thereby resulting in equal or even higher cure rate, and better HR-QolL of
children with cancer.
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CHAPTER 10

In this thesis we study different aspects of vincristine (VCR)-induced peripheral
neuropathy (VIPN) in children with cancer. Vincristine is a commonly used chemo-
therapeutic agent in pediatric oncology. Its most important side-effect is VIPN. This
is a debilitating dose-limiting toxicity resulting in sensory symptoms, such as pain,
numbness or tinglings and/or motor symptoms, such as foot drop or difficulty to walk.
It can also result in autonomic symptoms such as constipation. Since VCR is frequently
used in many pediatric oncology treatment protocols, many children suffer from this
toxicity. With the studies presented in this thesis, we want to gain more insight into
which children are at risk of developing VIPN, improve the way VIPN is assessed,
understand more of the relationship between VCR pharmacokinetics (PK) and VIPN
and between genetic factors and VIPN. Moreover, this thesis aims to explore ways
to reduce VIPN in children by reporting and discussing the results of an intervention
study. Finally, the consequences of VIPN with respect to perceived health-related
quality of life (HR-Qol) are discussed in this thesis as well as a new intervention study
that aims to optimize VCR treatment in a specific population.

Childhood cancer inits entirety is a rare disease. The incidence of cancer among adults
differs from the incidence among children. In children, acute lymphoblastic leukemia
is the most common type of cancer, whereas adults mainly have solid tumors, espe-
cially carcinomas. The latter are very rare in children. The outcomes of childhood can-
cer have greatly improved over the last decades, which has led to a shift in research
focus from only improving survival to also improving the quality of survival. VCR is
one of the oldest types of chemotherapy used in children and was already discovered
in the 1960’s. It is derived from the Catharanthus roseus plant. It works by inhibiting
mitosis within the cell. VIPN is the result of a complex pathophysiology: VCR leads to
alterations in the immune system resulting in neuro-inflammation. It also alters action
potentials and excitability within the neurons. Furthermore, there are diminished sen-
sory fibers in the neurons and finally, it alters the cellular metabolism, also resulting
in altered excitability. There is no specific treatment for VCR, only supportive care. The
working mechanism of VCR, the pathophysiology of VIPN, and the contributing factors
related to VIPN are described in more detail in Chapter 1.

Chapter 2 presents an overview of the available literature on the methods to assess
VIPN in children as well as all the contributing factors resulting in VIPN in a system-
atic review. Studied factors include patient characteristics, VCR dose, administration
method, pharmacokinetics, and genetic factors. Furthermore, this review reports on
currently available methods to assess VIPN in children. In total, twenty-eight stud-
ies were included. First, the different ways VIPN is assessed in the different studies,
with their different psychometric qualities is discussed. This diversity of methods
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of VIPN assessment seriously impairs comparability across study outcomes. Results
indicate that Caucasian race, higher single VCR dose, older age and low VCR clearance
negatively influence VIPN, although results regarding the latter two factors are rather
conflicting. Moreover, genetic pathways influencing VIPN are identified. In this chapter
a schematic overview of all possible contributing factors towards VIPN is presented.
These factors as well as their interplay are important to determine the occurrence and
severity of VIPN in children.

In Chapter 3 the Dutch translation of a newly developed method to assess VIPN, called
the pediatric-modified Total Neuropathy Score (ped-mTNS), is tested for its construct
validity and reliability in Dutch pediatric oncology patients aged 5-18 years. Con-
struct validity (primary aim) of the ped-mTNS is determined by testing hypotheses
about expected correlation between scores of the ped-mTNS (range: 0-32) and the
Common Terminology Criteria for Adverse Events (CTCAE) (range: 0-18). This is done
by comparing patients and healthy controls and by comparing patients and controls
regarding their total ped-mTNS scores and the proportion of children identified
with VIPN. Inter-rater and intra-rater reliability and measurement error (secondary
aims) are assessed in a subgroup of study participants. Among the 112 children (56
patients and 56 age- and gender-matched healthy controls) evaluated, correlation
between CTCAE and ped-mTNS scores is as expected (moderate (r = 0.60)). Moreover,
as expected, patients have significantly higher ped-mTNS scores and more frequent
symptoms of VIPN compared with controls (both p < .001). Reliability is measured
within the intra-rater group (n = 10) (intra-class correlation coefficient (ICCygreement) Was
0.64, standard error of measurement (SEM,geemenc) Was 2.92, and smallest detectable
change (SDCygreement) Was 8.1) and within the inter-rater subgroup (n = 10) (ICCygreement
was 0.63, SEM,greement Was 3.7, and SDCygreemen: Was 10.26). These results indicate insuf-
ficient reliability. In summary, the Dutch version of the ped-mTNS appears to have
good construct validity for assessing VIPN in a Dutch pediatric oncology population,
whereas reliability appears to be insufficient and measurement error high. All in all,
standardization of VIPN assessment in children needs to be improved. To this end,
future research aimed at evaluating and further optimizing the psychometric charac-
teristics of the ped-mTNS is needed.

In Chapter 4 the effect of VIPN on health-related quality of life (HR-QoL) during pe-
diatric cancer treatment is described. VIPN was measured at baseline and 1-5 times
during treatment using CTCAE and ped-mTNS. Assessment of HR-QoL was done with
self-and proxy assessment of the Cancer and Generic module of the Pediatric Cancer
Quality of Life Inventory™ (PedsQL). In total, n = 86 children were included. HR-QoL
of children with VIPN (n = 67, 76%) is significantly lower in comparison with children
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without VIPN: estimated Total score of PedsQL Generic (proxy) 84.57; B = -8.96 and
95% confidence interval (Cl) -14.48 to -3.43; p = 0.002, estimated PedsQL Generic
Total score (self-reported): 85.16, B = -8.38 (95% Cl: -13.76 to -3.00); p = 0.003.
Similar results are found in the Pain and Hurt domain of the PedsQL Cancer (estimated
score (proxy): 85.28, B = -9.94 [95%Cl: -16.44 to —3.45], p = 0.003; estimated score
(self-report): 97.57, B = —=19.15 [95%Cl: -26.82 to -11.48], p < 0.001). From this, it
can be concluded that VIPN results in a significant reduction of HR-Qol in children
under treatment for a malignancy, which means that VIPN has an important adverse
effect on the well-being of pediatric oncology patients. This study underlines the
importance of optimizing treatment with VCR, thereby aiming to reduce VIPN while
maintaining treatment efficacy.

Chapter 5 describes the results of an intervention study investigating the effect of
administration duration of VCR on VIPN development in children with cancer. In this
study, one-hour infusions are compared to push-injections with respect to their ef-
fect on VIPN. This is a multicenter randomized controlled trial in which participants
received all VCR administrations through push injections or one-hour infusions. VIPN
was measured similar to the measurements described in Chapter 4. Moreover, data
on comedication, such as azole antifungals, were collected. Overall, results show no
effect of administration duration on total CTCAE score or ped-mTNS score. However,
total CTCAE score is significantly lower in patients receiving one-hour infusions con-
currently treated with azole antifungal therapy (B = 1.58; p = 0.04). Therefore, it is
concluded that based on this study VCR administration through one-hour infusions
do not result in less VIPN compared to VCR push injections in pediatric oncology
patients overall. However, one-hour infusion leads to less severe VIPN compared to
push-injections when azole antifungal therapy is administered concurrently with VCR.
Therefore, children treated with VCR and requiring concurrent azole therapy likely
benefit from VCR one-hour infusions instead of push injections, although larger trials
are needed to confirm this association.

Chapter 6 describes the effects of administration duration (push injections 1-5 min-
utes versus one-hour infusions) on VCR pharmacokinetics (PK), and the association
between PK and VIPN. PK was assessed at 1-5 occasions (1-8 samples in 24 h per
occasion). PK samples were analyzed using high-performance liquid chromatog-
raphy/tandem mass spectrometry. Population PK of VCR and its relationship with
administration duration was determined using a linear two-compartment model with
first-order elimination and data was analyzed using a non-linear mixed effect model.
Furthermore, individual post-hoc parameters were estimated: area under the concen-
tration time curve (AUC) and maximum concentration (Cp.,) in the plasma and in the
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peripheral compartment. VIPN was assessed as described in Chapter 4 and Chapter
5.The intercompartmental clearance (IC-Cl), volume of the peripheral compartment
(V2), and C,.x are significantly higher in the push group. Furthermore, higher IC-Cl is
significantly correlated with VIPN development. Therefore, it can be concluded that
administration of VCR by push leads to increased IC-Cl, V,, and C,., compared to
one-hour infusions. However, AUC is similar between push injections and one-hour
infusions. In conclusion, administration of VCR by one-hour infusions leads to similar
or higher exposure of VCR without increasing VIPN.

Some children are more susceptible to VIPN, depending on genetic factors and PK.
Some genetic variants leading to VIPN have already been identified, but no genetic
factors leading to VCR PK differences are currently known. Chapter 7 describes the
results of a gene-targeted approach investigating associations between genetic
factors and VCR PK and VIPN. In this study, genetic associations were identified and
validated between VCR and VIPN and VCR and PK in children with cancer. VIPN was,
again, measured as in Chapter 4, Chapter 5 and Chapter 6 using two tools: CTCAE and
the ped-mTNS. The analyzed PK samples of Chapter 6 were used for investigating its
association with genetic factors. Targeted next-generation sequencing was performed
and single nucleotide polymorphisms (SNPs) were studied in 94 pre-identified genes,
which were selected based on present literature or protein function. In total n=85
patients were included in the study. Nine single-nucleotide polymorphisms (SNPs) in
seven genes (NDRG1, GARS, FIG4, FGD4, SEPTIN9, CEP72 and ETAA1) are associated
with VIPN. Furthermore, three SNPs in three genes (MTNR1B, RAB7A and SNU13) were
associated with PK of VCR. In conclusion, PK of VCR and VIPN are influenced by SNPs;
upfront identification of those that lead to an altered susceptibility to VIPN or VCR
exposure could help individualize VCR treatment.

Chapter 8 describes a study protocol aimed towards an alternative VCR dosing
regimen for children at low risk of developing VIPN. This study, which is scheduled to
open for accrual in late 2022, will be conducted in Moi Teaching and Referral Hospital
in Eldoret, Kenya. It is known that in clinical practice, VCR is often sub-optimally dosed
in black African children compared to Caucasian children due to genetic differences
in the metabolism of VCR. This study aims to optimize the dosing regimen of VCR
using therapeutic drug monitoring while carefully monitoring toxicity. This will be
a prospective cohort study. All children aged 2-14 years diagnosed with cancer and
scheduled to receive a minimum of four administrations of VCR can be included. After
the administration of VCR, blood samples will be taken. These will be shipped to and
analyzed in the Netherlands to determine the VCR concentration in each sample.
Based on this, a dose advise will be given for subsequent VCR administrations. This
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cycle (VCR administration — sampling — analysis — adapted VCR dose) will be repeated
maximum three times in total, when children receive sufficient VCR administrations
according to their treatment protocol. Toxicity will be monitored by determination of
the bilirubin, by CTCAE and by ped-mTNS assessment. This study aims to include 100
patients. The required dose to achieve a therapeutic VCR level, will be compared to
a historic cohort of mainly Caucasian patients. The results could lead to an alteration
in the dosing regimen of VCR in black (African) pediatric oncology patients, thereby
improving overall therapeutic efficacy and treatment outcome of all black (African)
pediatric oncology patients.

Chapter 9 puts all results of this thesis into perspective and addresses the implica-
tions of the various study results. The lack of consistency in measurement tools to
assess VIPN is discussed, which seriously hampers the comparability between studies.
It is advocated that a patient-reported outcome measurement (PROM) for VIPN as-
sessment in children should be developed and thoroughly studied for its validity and
reliability. This could possibly lead to the identification of a golden standard for VIPN
assessment. Furthermore, the consequences of VIPN are discussed, mainly the effect
on HR-QolL, both during and after treatment. The notion that VIPN leads to reduced HR-
QoL during treatment should contribute to more efforts towards optimization of VCR
treatment in children. One of the options to optimize VCR treatment is determination
of the optimal VCR administration duration. Although this effect is not unequivocally
demonstrated, in case concomitant treatment with azole antifungals is needed, one-
hour infusions of VCR should be considered. Furthermore, two important factors are
discussed that could lead towards a more individualized treatment regimen of VCR:
PK and genetic associations. More generally, it is also discussed why it is important to
focus on optimization of current anticancer treatment especially in children and not
solely on development of new drugs. Moreover, the strengths and limitations of the
presented studies in this thesis are discussed,. Currently undertaken study endeavors
are also discussed, such as the study mentioned in Chapter 8. Finally, it is advocated
that there is a need for a more individualized dosing regimen for VCR in children,
which aims to optimize the therapeutic efficacy and minimize the toxicity of VCR.
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CHAPTER 11

In dit proefschrift zijn verschillende aspecten van vincristine (VCR)-geinduceerde
perifere neuropathie (VIPN) onderzocht. VCR is een veelgebruikt chemotherapeu-
ticum binnen de kinderoncologie. De belangrijkste bijwerking is VIPN. Dit is een
ernstige dosis-beperkende bijwerking die zorgt voor sensorische symptomen (zoals
pijn, dofheid en tintelingen) en/of motorische symptomen (zoals een klapvoet of
moeilijkheden met lopen). Bovendien kan VIPN autonome symptomen veroorzaken,
zoals obstipatie. Omdat VCR frequent gebruikt wordt in meerdere kinderoncologische
behandelprotocollen, hebben veel kinderen te maken met deze bijwerkingen. Met
de studies uit dit proefschrift willen we nieuw licht schijnen op welke kinderen een
verhoogd risico lopen op het ontwikkelen van VIPN, de manier waarop we VIPN meten
bij kinderen, de relatie tussen farmacokinetiek (PK) van VCR en VIPN en de relatie tus-
sen genetische factoren en VIPN. Tevens beschrijft dit proefschrift de uitkomsten van
een interventiestudie welke als doel had om VIPN in kinderen te verminderen en een
studie waarin de gevolgen van VIPN op de kwaliteit van leven (HR-QolL) gedurende de
behandeling is onderzocht. Tenslotte wordt de opzet van een nieuwe interventies-
tudie beschreven waarin het optimaliseren van de VCR behandeling in een specifieke
populatie wordt onderzocht.

Kinderkanker is een zeldzame ziekte. Bij kinderen komen andere types kanker voor dan
bij volwassenen. Bij kinderen is acute lymfatische leukemie de meest voorkomende
vorm van kanker, terwijl bij volwassenen met name solide tumoren voorkomen en dit
betreffen vaak carcinomen. Deze carcinomen zijn echter zeldzaam bij kinderen. De
overleving van kinderkanker is de laatste decennia sterk verbeterd, waardoor er een
verschuiving heeft plaatsgevonden in het onderzoeksveld, waarbij er niet langer al-
leen op de overleving van kinderkanker wordt gefocust, maar ook op de kwaliteit van
overleving. VCR is één van de oudste types van chemotherapie. Het is reeds in de jaren
zestig ontdekt en het is afkomstig uit de Catharanthus roseus plant. Het werkings-
mechanisme is gebaseerd op het remmen van mitose, of celdeling, in verschillende
celtypen. VIPN kent een complexe pathofysiologie: VCR zorgt voor veranderingen in
het immuunsysteem die uiteindelijk leiden tot neuro-inflammatie. Het verandert ook
actiepotentialen en de gevoeligheid voor prikkels in de zenuwen. Tenslotte zorgt VCR
voor een afname van het aantal sensorische vezels in de zenuwen en een verandering
in het metabolisme van de zenuwen. Er is geen specifieke behandeling voor VIPN, er
zijn alleen ondersteunende behandelingen van de symptomen van VIPN. Het werk-
ingsmechanisme van VCR, de pathofysiologie van VIPN en de factoren die bijdragen
aan de ontwikkeling van VIPN zijn in meer detail beschreven in Hoofdstuk 1.

In Hoofdstuk 2 wordt in een systematische review een overzicht gegeven van de
beschikbare literatuur over: de verschillende manieren om VIPN te meten in kinderen
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en de factoren die van invloed zijn op het ontwikkelen van VIPN. Hierbij is er gekeken
naar verschillende patiéntkarakteristieken (zoals leeftijd en geslacht), maar ook naar
de gebruikte dosering van VCR, de toedieningsduur, PK en genetische factoren. Er
zijn 28 studies geincludeerd. Allereerst zijn de verschillende meetmethodes van VIPN
beschreven, met de bijbehorende psychometrische eigenschappen. Het gebruik van
een scala aan meetmethodes voor VIPN zorgt ervoor dat het lastig is om de resultaten
van verschillende studies met elkaar te vergelijken. Verder toonden de resultaten van
deze review aan dat Kaukasische afkomst, een hogere VCR dosering, hogere leeftijd
en een tragere klaring van VCR leiden tot een verhoogd risico op VIPN, al zijn de resul-
taten van de laatste twee factoren niet eenduidig. Tevens zijn er genetische factoren
geidentificeerd die VIPN beinvloeden. In dit Hoofdstuk is een schematisch overzicht
gepresenteerd van alle factoren die van invloed zijn op VIPN. Deze factoren, evenals
hun onderliggende relaties, zijn allen van belang voor het ontstaan van (ernstige)
VIPN bij kinderen.

In Hoofdstuk 3 worden de resultaten beschreven van de vertaling van een Nederlands
meetinstrument van VIPN, namelijk de pediatric-modified Total Neuropathy Score
(ped-mTNS). De ped-mTNS is onderzocht op de constructvaliditeit en betrouwbaar-
heid in een Nederlandse populatie van kinderen met kanker tussen de 5-18 jaar oud.
De constructvaliditeit (primaire uitkomstmaat) van de ped-mTNS is bepaald aan de
hand van de verwachte correlatie tussen scores van 2 meetinstrumenten: de ped-
mTNS (scoremogelijkheden: 0-32) en de Common Terminology Criteria for Adverse
Events (CTCAE) (scoremogelijkheden: 0-18). De metingen zijn gedaan bij zowel
patiénten als bij gezonde controles. Inter-rater- en intra-rater betrouwbaarheid en
meetfout (secundaire uitkomstmaten) zijn bepaald in een subgroep van patiénten. Uit
de resultaten blijkt dat in de groep van 112 kinderen (56 patiénten en 56 controles
van dezelfde leeftijd en geslacht) de correlatie tussen de CTCAE en de ped-mTNS
scores was zoals van te voren verwacht (namelijk gemiddeld (r = 0.60)). Tevens had-
den de patiénten, zoals ook van tevoren verwacht, een significant hogere ped-mTNS
score en ervaarden zij vaker symptomen van VIPN in vergelijking met de controles (p
< 0.001). De betrouwbaarheid is gemeten binnen de intra-rater subgroep (n = 10). De
intra-class correlation coefficient (ICCagreement) Was 0.64, de standard error of measure-
ment (SEMagreement) Was 2.92 en de smallest detectable change (SDCgreement) Was 8.1.
Binnen de inter-rater groep (n = 10) bleek de ICCygreement = 0.63, SEMygreement = 3.7 €N
SDCigreement = 10.26. Deze resultaten suggereren een onvoldoende betrouwbaarheid
van de Nederlandse versie van de ped-mTNS. Echter, de constructvaliditeit van dit
meetinstrument blijkt goed te zijn. Concluderend is het nodig is om het meten van
VIPN bij kinderen te standaardiseren. Toekomstig onderzoek zou gericht moeten zijn
op het verbeteren van de psychometrische eigenschappen van de ped-mTNS.
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In Hoofdstuk 4 is het effect van VIPN op kwaliteit van leven (HR-Qol) gedurende de
behandeling van kinderkanker beschreven. VIPN is gemeten voor start behandeling
en 1-5 keer gedurende de behandeling middels de CTCAE en de ped-mTNS. HR-Qol is
gemeten met zelf- en proxy-assessment van de Cancer en de Generic module van de
Pediatric Cancer Quality of Life Inventory™ (PedsQL). In totaal zijn er 86 patiénten in
deze studie geincludeerd. HR-QoL van kinderen met VIPN (n = 67, 76%) was signifi-
cant lager in vergelijking met kinderen zonder VIPN: benaderde Totale score van de
PedsQL Generic (proxy) 84.57; = -8.96 (95% betrouwbaarheidsinterval (Cl) -14.48
tot -3.43); p = 0.002, benaderde PedsQL Generic Total score (zelf): 85.16, B = -8.38
(95% Cl: -13.76 tot -3.00); p = 0.003. Vergelijkbare resultaten werden gevonden in
het Pain domein van de PedsQL Cancer (benaderde score (proxy): 85.28, B = -9.94
(95%Cl: -16.44 tot -3.45), p = 0.003; benaderde score (zelf) 97.57, B = -19.15
(95%Cl: -26.82 tot -11.48), p < 0.001. Hieruit kan geconcludeerd worden dat VIPN
leidt tot een significante afname van HR-QolL in kinderen die behandeld worden voor
een vorm van kinderkanker, wat betekent dat VIPN belangrijk is voor het welzijn van
kinderen met kanker. Deze studie onderstreept het belang van het optimaliseren van
de behandeling met VCR, waarbij het doel moet zijn om VIPN te verminderen en de
effectiviteit van VCR gelijk te houden.

In Hoofdstuk 5 wordt een interventiestudie gepresenteerd naar het effect van toedien-
ingsduur van VCR op de ontwikkeling van VIPN bij kinderen met kanker. In deze studie
zijn één-uurs infusies vergeleken met push-injecties op de ontwikkeling van VIPN.
Het betreft een gerandomiseerde multicenter studie waarin patiénten al hun VCR
toedieningen of als push-injectie of als één-uurs infusie hebben ontvangen. Hierbij is
voor de meting van VIPN gebruik gemaakt van de dezelfde meetinstrumenten als die
worden beschreven in Hoofdstuk 5. Ook is er data verzameld over comedicatie, zoals
azolen antischimmel medicatie. Resultaten toonden geen effect van toedieningsduur
op de totale CTCAE of ped-mTNS score, maar totale CTCAE score was wel significant
lager in patiénten die VCR als één uurs infusie kregen en tevens azolen antischimmel
gebruikten (B = 1.58; p = 0.04). Daarom is vanuit deze studie geconcludeerd dat één-
uursinfusies van VCR niet leiden tot minder VIPN in vergelijking met VCR push injecties
in kinderen met kanker. Indien echter tevens azolen antischimmelmedicatie gebruikt
worden, zullen één-uurs infusies van VCR leiden tot minder VIPN in vergelijking met
push injecties van VCR. Daarom zouden één-uurs infusies in plaats van push-injecties
van VCR voordelig kunnen zijn als een kind tevens azolen antischimmel medicatie
nodig heeft. Er zijn echter grotere studies nodig om deze relatie te bevestigen.

In Hoofdstuk 6 wordt ook het effect van toedieningsduur (push-injecties versus één-
uurs infusies) van VCR bestudeerd, maar dan op de PK van VCR. Ook wordt de associa-
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tie tussen PK en VIPN bestudeerd. PK is gemeten op 1 tot 5 meetmomenten (1 tot 8
samples gedurende 24 uur per meetmoment). Samples zijn geanalyseerd met behulp
van high-performance liquid chromatography/tandem mass spectrometry. Populatie
PK van VCR en de relatie met toedieningsduur is bepaald met behulp van een lineair
twee compartiment model met first-order eliminatie en geanalyseerd volgens de non-
lineair mixed effect methode. Ook zijn er individuele post-hoc parameters berekend:
area under the concentration time curve (AUC) en maximale VCR concentratie (Cpax)
in het plasma en het perifere compartiment. VIPN is gemeten zoals beschreven in
Hoofdstuk 4 en Hoofdstuk 5. In totaal zijn er 70 PK meetmomenten in 35 kinderen
geanalyseerd. Resultaten toonden aan dat de intercompartmental clearance (IC-Cl),
volume of the peripheral compartment (V,), en C,., significant hoger waren in de push
groep. Tevens was een hogere |C-Cl significant gecorreleerd met VIPN. Oftewel: push
toedieningen leiden tot toename van IC-Cl, V, en C. in vergelijking met één-uurs in-
fusies, terwijl de AUC hetzelfde is tussen de beide groepen. Concluderend kan gesteld
worden dat toediening van VCR in één uur tot eenzelfde of hogere blootstelling van
VCR leidt zonder toename van VIPN.

Hoofdstuk 7 beschrijft de associatie tussen genetische factoren en de PK van VCR en
VIPN. Uit de literatuur blijkt dat sommige kinderen gevoeliger zijn voor de ontwikkel-
ing van VIPN. Dit komt met name door verschillen in genetische factoren en PK van
VCR. Sommige genetische varianten die tot VIPN kunnen leiden zijn al geidentificeerd
maar er zijn nog geen genetische factoren geidentificeerd die kunnen leiden tot
PK-verschillen van VCR. In deze studie zijn genetische associaties geidentificeerd en
gevalideerd tussen VCR en VIPN en VCR en PK'in kinderen met kanker. VIPN is gemeten
zoals beschreven in Hoofdstuk 4, Hoofdstuk 5 en Hoofdstuk 6. De geanalyseerde PK
samples uit Hoofdstuk 6 zijn gebruikt om de associatie met genetische factoren te
bestuderen. Voor de genetische factoren is gebruik gemaakt van gerichte next-gen-
eration sequencing en zijn SNPs bestudeerd in 48 vooraf vastgestelde genen, welke
zijn geselecteerd op bekende associaties in de huidige literatuur en/of de functie van
het eiwit waarvoor een gen codeert. In totaal zijn 85 kinderen geincludeerd in de
studie. Uit de resultaten bleek dat er negen SNPs in 7 genen (NDRG1, GARS, FIG4,
FGD4, SEPTIN9, CEP72 en ETAA1) geassocieerd waren met VIPN. Verder bleken er 3
SNPs in 3 genen (MTNR1B, RAB7A en SNU13) geassocieerd met PK van VCR. Uit de
resultaten kan geconcludeerd worden dat de PK van VCR en VIPN beinvloed worden
door verschillende SNPs. Het identificeren van patiénten die voorafgaand aan de
behandeling een verhoogd risico lopen op het ontwikkelen van VIPN of bijvoorbeeld
een lagere blootstelling aan VCR kan er in de toekomst hopelijk voor zorgen dat de
behandeling van VCR aangepast kan worden en zo leiden tot een betere behandeling
met VCR.
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In Hoofdstuk 8 wordt het protocol van een studie gepresenteerd dat als belangrijkste
doel heeft om de dosering strategie van VCR aan te passen in een groep kinderen
met een verlaagd risico op VIPN. Deze studie zal worden uitgevoerd in het Moi Teach-
ing and Referral Hospital in Eldoret, Kenia. In zwarte (Afrikaanse) kinderen is VCR
vaak suboptimaal gedoseerd doordat dezelfde dosering wordt gebruikt als in witte
Kaukasische kinderen, maar door genetische verschillen in het metabolisme van VCR
hebben zwarte (Afrikaanse) kinderen vaak een lagere blootstelling aan VCR. In deze
studie wordt de dosering van VCR geoptimaliseerd met behulp van therapeutic drug
monitoring terwijl de toxiciteit zorgvuldig wordt gemonitord. Het is een prospectieve
cohort studie. Alle kinderen tussen de 2-14 jaar die gediagnosticeerd worden met
kanker en die volgens het behandelprotocol van hun ziekte een bepaald minimum
aantal keren VCR toegediend krijgen, kunnen worden geincludeerd. Na de toediening
van VCR zullen bloedsamples worden afgenomen, welke naar Nederland worden ver-
scheept en hier worden geanalyseerd om de spiegel van VCR in elk sample te bepalen.
Gebaseerd op deze metingen kan vervolgens een dosisadvies worden gegeven voor
de daaropvolgende VCR toedieningen. Deze cyclus (VCR toediening — samplen - anal-
yseren — aanpassen VCR dosering) zal in totaal maximaal drie keer worden herhaald,
indien er volgens het behandelprotocol voldoende VCR toedieningen zijn. Toxiciteit
zal worden gemonitord met behulp van het bilirubinegehalte in het bloed, de CTCAE
en de ped-mTNS. Voor deze studie zullen 100 kinderen worden geincludeerd. De
benodigde dosering om een therapeutische VCR concentratie te bereiken zal worden
vergeleken met een historisch cohort van voornamelijk witte Kaukasische kinderen.
De resultaten van deze studie kunnen leiden tot een aanpassing in de dosering van
VCR in alle zwarte (Afrikaanse) kinderen met kanker, waarbij de effectiviteit en de
uitkomst van de behandeling van kinderkanker in deze groep kan worden verbeterd.

In Hoofdstuk 9 worden alle resultaten van dit proefschrift in perspectief geplaatst en
worden de implicaties van de bevindingen besproken. Het gebrek aan consistentie om
VIPN te meten wordt bediscussieerd, wat serieuze gevolgen heeft voor het vergelijken
van studieresultaten. Er wordt beargumenteerd dat er een patient reported outcome
measurement (PROM) voor VIPN-metingen in kinderen moet worden ontwikkeld,
waarbij de validiteit en betrouwbaarheid ook zal moeten worden onderzocht. Dit
alles om te komen tot een gouden standaard voor het meten van VIPN in kinderen.
Ook de gevolgen van VIPN worden besproken, met name het effect op HR-QolL, zowel
gedurende als na de behandeling. De uitkomst dat VIPN leidt tot een verminderde
HR-Qol, geeft aan dat het van groot belang is om de VCR-behandeling van kinderen
verder te optimaliseren. Eén van de opties om de behandeling te optimaliseren is het
bepalen van de meest optimale toedieningsduur van VCR. Alhoewel dit effect niet
onomstotelijk is aangetoond, moeten één uurs infusies worden overwogen indien
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er naast VCR tevens azolen antischimmelmedicatie moet worden gebruikt. Tevens
worden twee belangrijke determinanten besproken die kunnen leiden tot een meer
geindividualiseerde behandeling van VCR: PK en genetische factoren. In meer al-
gemene zin wordt er tenslotte bediscussieerd waarom het belangrijk is om te focussen
op het optimaliseren van de huidige oncologische behandeling, in het bijzonder bij
kinderen, en niet alleen op het ontwikkelen van nieuwe medicatie. Ook de sterke en
zwakke punten van de studies in dit proefschrift worden besproken. Tenslotte wordt
de huidige stand van zaken besproken met betrekking tot het optimaliseren van de
behandeling van VCR, waarbij de toekomstige studie zoals beschreven in Hoofdstuk
8 ook aan bod komt. Als conclusie wordt er beargumenteerd dat er een noodzaak
is voor een meer geindividualiseerde behandeling van VCR in kinderen, waarbij de
effectiviteit wordt geoptimaliseerd en de toxiciteit wordt geminimaliseerd.
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DANKWOORD

Hora est! Onwerkelijk om deze woorden na al die jaren te typen. Het is een lange,
mooie weg geweest die uiteindelijk heeft geleid tot dit proefschrift. Een weg, oftewel
een camino, die ik niet zonder hulp van velen had kunnen voltooien.

Allereerst wil ik alle patiénten en hun ouders bedanken. Wat hebben jullie mij veel
geleerd, gemotiveerd en geinspireerd. Zoals dat meisje, dat door een bepaalde mu-
tatie aan veel studies niet mee kon doen, maar wel aan deze. Ze was zo ziek en had
zo veel pijn en wij moesten nog een extra infuus bij haar prikken voor de studie. Met
tranen in haar ogen zei ze dat ze dat wel wilde, omdat ze zo graag andere kinderen
wilde helpen.

Natuurlijk noem ik hier verder als eerste prof. Dr. G.J.L. Kaspers. Beste Gertjan, als net
afgestudeerde dokter heb je mij uit de collegebanken geplukt. Bedankt voor jouw ma-
nier van leidinggeven die gekenmerkt wordt door het vertrouwen in je promovendi,
bedankt voor alle kansen die je me hebt geboden om mij verder te ontwikkelen dan
voor de voltooiing van dit proefschrift nodig was. Bedankt dat je me hebt gesteund
in al mijn (internationale) ambities. Je eigen ambitie en motivatie om door middel
van onderzoek de behandeling van kinderkanker wereldwijd te verbeteren heb ik
blindelings overgenomen. Ik hoop dat we nog lang samen mogen werken en ik van je
kan blijven leren.

Dr. M.H. van den Berg Beste Marleen, wat zijn wij een fantastisch team samen. Als mijn
copromotor had je me niet beter kunnen aanvullen. Jouw doordachtheid, nauwkeurig-
heid, rustige uitstraling en organiserend vermogen was een perfect antwoord op mijn
meer praktische, ietwat chaotische en drukke manier van werken. Daarnaast was er
altijd tijd voor gezelligheid, waardoor het een hele fijne samenwerking werd. Samen
met Gertjan hebben jullie er voor gezorgd dat ik me altijd gesteund heb gevoeld, dat
jullie altijd bereikbaar waren als ik jullie nodig had en dat ik alles uit mijn promotietijd
heb kunnen halen wat ik maar wilde....en ik heb geleerd dat zo’n promotieteam zeker
niet vanzelfsprekend is, dus bedankt.

Geachte leden van de leescommissie, veel dank voor het nemen van de tijd om mijn
proefschrift te lezen. Jullie zijn allen mensen waar ik veel van kan leren en ik verheug
me er op jullie inzichten over mijn werk te horen.

Mijn fantastische paranimf Daan Berkhout. Onderzoeksmaatje van het eerste uur. Van
stickers op poeppotjes plakken in de vriezer, tot biertjes drinken in de Basket. Alles
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is gezellig met jou. Ontelbare uren hebben we gelachen, onzinnig gedaan, frustraties
gedeeld en het leven gevierd. Ik ben trots op het pad wat jij genomen hebt weg van de
Kindergeneeskunde, al had ik dolgraag met jou als AIOS genootje mijn opleidingstijd
willen doorbrengen. Mijn andere paranimf en broer Daniel van de Velde. Ik kan niet
eens beginnen om uit te leggen wat jij voor mij betekent. Jij bent mijn Buddha broer,
waar ik zo ongelooflijk veel van kan leren. Ik probeer de wereld vaak door jouw ogen
te bekijken om te beslissen wat het goede is om te doen. Je bent een groot voorbeeld
als oom voor Jesse en Nathan. Ik heb het je al 1000x gezegd, maar nog nooit zwart op
wit: ik ben zo intens, niet normaal, ongelooflijk, super trots op alles wat jij de afgelo-
pen jaren hebt aangepakt en hoe je in het leven staat. Ik hoop dat ik mijzelf ooit net
zo goed leer kennen als jij jezelf kent. Ik hou zielsveel van je.

Aan alle deelnemende Nederlandse centra en de onderzoekers daarbij: dr. C. van den
Bos (AMC), dr. .M. van der Sluis (Erasmus MC) en prof. Dr. M.M. van den Heuvel (Prin-
ses Maxima Centrum) dank voor het helpen met de uitvoering van de VINCA studie.
Aan alle deelnemende Belgische centra en de ondersteuning van de BSPHO (Belgian
Society of Paediatric Haematology Oncology): An Michiels (UZ Leuven), prof. Dr.J. van
der Werff Ten Bosch (UZ Brussel), dr. H. Segers (UZ Leuven), dr. L. Willems (UZ Gent)
en dr. C. Chantrain (Clinique du MontLégia) ook jullie bedankt voor het opnemen van
de VINCA studie. Het was op een punt dat we met onze rug tegen de muur stonden
om aan onze inclusies te komen en zonder jullie hulp hadden we het nooit gered. Ook
bedank ik alle overige co-auteurs die nog niet eerder genoemd zijn. Jullie kritische
blik op mijn artikelen hebben deze op talloze momenten naar een hoger plan getild.
Dank voor de tijd die jullie hiervoor hebben genomen.

ledereen bij ZonMW van het Goed Geneesmiddelen Gebruik programma bedankt:
jullie financiéle steun was onmisbaar voor dit project.

ledereen van de kinderoncologie in het VUmc: Jacqueline Cloos, Arjenne Kors,
Margreet Veening, Martine Raphael, Stephanie Smetsers en Dannis van Vuurden
bedankt voor de gezelligheid bij de lunchtafel en begeleiding. Jullie zijn een diverse
groep en van jullie allemaal heb ik veel kunnen leren. In het bijzonder noem ik nog
Floor Abbink: als klinisch aanspreekpunt van deze studie kon ik eerst bij je terecht
voor praktische zaken, maar tijdens mijn periode als arts-assistent werd je mijn men-
tor en heb je mij begeleid in mijn eerste stappen als dokter. Maar ook daarna ben je
me blijven helpen. Je rol als vraagbaak en onze gesprekken richting mijn sollicitatie
als AIOS Kindergeneeskunde zijn van doorslaggevende waarde geweest waarom dit
gelukt is. 1k kijk er naar uit om (hopelijk) de komende jaren weer intensief met je
te kunnen samenwerken in het Amsterdam UMC. Natuurlijk noem ik hier ook Rinske
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Meesters-Graafland en in het bijzonder Sanne Melman. Jullie praktische hulp bij
de VINCA was geweldig, maar met name Sanne: wat heb ik ongelooflijk veel van jou
geleerd tijdens onze periode op de dagbehandeling van de Kinderoncologie. Wat ben
je gezellig en wat heb jij een hart voor je patiénten. Bedankt dat je mij op sleeptouw
hebt genomen tijdens mijn eerste klinische doktersbaan. Lieve dames van de voor-
malig dagbehandeling VUmc wat hebben we veel tijd met elkaar gespendeerd en wat
was het gezellig!

Een speciale dank aan alle onderzoeksverpleegkundigen in Nederland en Belgié zon-
der wie de uitvoering van deze studie onmogelijk was geweest. In het bijzonder dank
aan Sandra Diepenhorst, als onderzoeksverpleegkundige, maar ook voor je lekkere
eten en je gezelligheid!

Studenten Sarah, Hamza, Debbie, Elise, Katherine, Fatima, Jorrit en Ruby. Bedankt
voor jullie hulp bij mijn onderzoek. Ik wens jullie een mooie carriére toe. Sarah jij in
het bijzonder bedankt voor je harde werk; wat was het leuk om je jaren later tegen te
komen in Alkmaar en te zien wat een goede dokter je bent geworden.

Een speciale plek voor Aniek Uittenboogaard, wat laat ik al mijn projecten met veel
vertrouwen aan jou toe.lkben onder deindruk van hoejijje promotietraject vormgeeft,
om weet te gaan met tegenslagen en hoe je alles aanpakt. Ik hoop dat we nog lang
samen mogen werken. Ook wil ik hierbij mijn reisgenoten tijdens de diverse Kenia
bezoeken (in het bijzonder Karin) bedanken. Wat zijn dit indrukwekkende bezoekjes
geweest, die me altijd weer zo hebben gemotiveerd om door te zetten. Hopelijk gaat
de studie onder de bezielende leiding van Aniek nu echt snel van start om ook daar de
zorg weer een stapje beter te maken.

Mijn oud-collega’s arts-assistenten en kinderartsen in het Gelre ziekenhuis in Apel-
doorn: wat is het voor mij een goede stap geweest om bij jullie te komen werken. Ik
had me geen betere, veiligere en leuke eerste werkplek als ANIOS kunnen bedenken.

Mijn collega arts-assistenten, verpleegkundigen (in het bijzonder Sharda) en kinder-
artsen in het NWZ in Alkmaar (in het bijzonder Jeroen Hol als mijn opleider), mijn
eerste AIOS baan. De overgang was groot en ik moest erg wennen, maar wat heb ik
ongelooflijk veel geleerd en gezien. Elke kinderarts heeft mij iets unieks meegegeven
wat ik dankbaar als bagage meeneem in de rest van mijn carriére. Jullie vakgroep is
een voorbeeld voor mij voor de vakgroep waar ik later in hoop te komen werken. Ik
heb veel zin in mijn volgende stap in het Amsterdam UMC, maar ik laat Alkmaar achter
met heel veel heimwee; ik voel me als een vis in het water bij jullie.
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Mede-onderzoekers van voormalig PK4X en the Basement. Senioronderzoekers Eline
en Katja wat was het fijn om jullie als vraagbaak te kunnen raadplegen als ik er even
niet uit kwam. Femke en Miret, mijn eerste kamergenootjes, dank voor jullie steun
tijdens de eerste periode van mijn onderzoek. Raphaéle, met name de copromotor
van Lindsay, maar intussen hebben we ook samen een artikel geschreven. Ik kan super
veel van je leren, dank voor je hulp. Hester, wat leuk dat we samen hebben kunnen
werken aan het publiceren van het laatste stuk van jouw proefschrift. Preklinische
oncollega’s Lot, Susanna en Hans dank voor jullie ideeén bij de oncologie research-
besprekingen, maar ook de gezelligheid tijdens de vele VONK feestjes. Dan natuurlijk
heel veel dank aan mijn klinische oncollega’s Sophie, Fatma, Francis, Esmee, Romy,
Kim, Marloes en Lindsay. Wat had ik zonder jullie gemoeten! Zeuren over de dage-
lijkse gang van zaken, over alles eigenlijk, maar ook afleiding, koffie-momentjes,
wandelingen en goede gesprekken. We hebben lief en leed met elkaar gedeeld, maar
ook mooie feestjes en congressen. Het was me een waar genoegen. In het bijzonder
Lindsay, mijn voor-eeuwig-collega. Wat is het bijzonder om al die jaren al gezamenlijk
op te trekken. Vanaf de juniorcoschappen, via het onderzoek nu samen AlOS...en zoals
het er naar uit ziet nog een hele tijd samen. Het is zo fijn om iemand op de werkvloer
te hebben die je al zo lang en goed kent. Wat ben je een fijne collega en een fijn mens.
033 collega’s Stefanie, Arend, Diane, Jonneke, Dana, Charlotte, Marita...ik zag jullie
vaker dan mijn eigen vrienden en familie J. Het voelde ook een beetje als familie...alle
dagelijkse beslommeringen deelden we met elkaar, alle irritaties, alle frustraties, alle
lachwekkende situaties. De verjaardagstraditie van elke keer een nieuwe verrassing
op het beeldscherm, de vele Tony's die we gedeeld hebben, promoveren is wél leuk...
het zorgde dat werk soms op het tweede plan is gekomen, maar we hebben toch maar
mooi (bijna) allemaal ons proefschrift afgerond! Jonneke jou noem ik in het bijzonder.
Wat ben jij een lieve en attente collega; die altijd meeleefde...die het niet droog kan
houden bij zwangerschapsaankondigingen J. Dank voor al je steun! Overige PK4X/
basement collega’s: Bibian, Britt, Sophia, Michelle, Nancy en Thomas we hebben een
aantal gekke jaren met elkaar meegemaakt met vele verhuizingen. Het was fijn om te
weten dat er altijd een plekje klaar was om naar terug te gaan. Het voelt symbolisch
dat de basement nu is opgedoekt J.

Tim de Meij: mijn eerste onderzoekstappen heb ik toch echt bij jou gezet. Wat leuk
dat we samen onderzoek zijn blijven doen. Dank voor al je steun, interesse en gezel-
ligheid gedurende de jaren.

Alle AKS genootjes wat was het leuk om twee jaar met jullie het AKS te organiseren!
De ontbijtvergaderingen bij the breakfast club, het eten en feesten na het AKS en
uiteraard het AKS zelf! We hebben twee mooie edities neergezet. Het was intens
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gezellig. Mijn TULIPS PhD genootjes zo leuk om jullie te leren kennen en de tour door
Nederland gemaakt te hebben langs alle ziekenhuizen! Leuk om jullie te hebben leren
kennen en nu op andere plekken weer tegen te komen.

Aan mijn academische opleiders Diederik Bosman en Brigitte de Bie: dank jullie wel
voor het vertrouwen dat jullie in mijn capaciteiten als kinderarts hebben en dat jullie
mij de kans hebben geboden om mijn opleiding in de mooiste stad én het mooiste
ziekenhuis van Nederland te kunnen volgen.

Natuurlijk ook mijn fantastische AlOS opleidingsgenootjes van 2021 en intervisie-
maatjes. Wat maken jullie het werken een feestje en wat hebben we veel aan elkaar.
Het feit dat we zulke leuke collega’s hebben maakt alles zoveel makkelijker.

And finally a special thanks for everyone working at the Pharmaceutical Sciences
department at St. Jude Children’s Research Hospital. Working at St. Jude has really
been a dream come true. And to be welcomed at such a great department was extra
special. Especially prof. dr. Bill Evans, you have been nothing but great to me. As a
clinical doctor working in a preclinical environment | was sometimes a weird duck in
the pond (as we say in Dutch) but you have been nothing but open en welcoming to
my suggestions. | cannot express how much | have learned and appreciated my time
working under your supervision. | hope you enjoy retirement as much as you enjoyed
your working life. Also Kristine Crews thank you for the warm welcome. You took us
grocery shopping on our first day and that was our first Memphian outing. | hope we
run into each other at conferences more often! Also a thank you to Carl Panetta for
being my private tutor in the beginnings of pharmacokinetic modelling. It was chal-
lenging for me to deep dive into this unknown territory, but by your guidance and
stepwise approach | was able to learn the basics, for which | am grateful. Of course
Dan and Olivia: Dan, you picked us up from the airport around midnight! That was un-
expected, but we were so grateful to have someone there waiting for us. And that was
an instantaneous start of a very nice friendship. | cannot count the practical jokes and
laughs we had in those months. And the rest of the (post) Memphis crew: Marita (okay
byeeeee), Bartje (life happens, whiskey helps), Sasja (from KLIK to Memphis!), Vicky
(the most lovely housecat), Laura (my fellow AlOS), Laurens (something about leaving
and cleaning a house), Fabienne (een paarlemoeren hockeybal en zo oneindig veel
meer om blij van te worden), Christina (but whyyyy??) and Susy, John and Jolieke. You
guys are so freaking awesome! You have made our six months in Memphis one of the
best times of our lives. | am so stoked that almost everyone lives in the same country
now and we are all still in touch. You have no idea what you guys mean to me. Also
thanks to Fulbright the Netherlands, de René Vogels stichting, de KNAW Ter Meulen
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fonds en the CCA Travelgrant for giving me the financial support that was needed for
us to go to Memphis.

Aan al mijn lieve vrienden: de Summer is Awesome gang (Arne, Alwin, Anna, Wil-
lemijn, Marjette en Oscar) klimweekendjes, wintersporten, avonden bier drinken in
de kroeg en nu samen babies krijgen...alles hebben we gedeeld en ik hoop dat dit voor
altijd zo door mag gaan. Aruba gang (Marieke en Danny, Hanneke en Evert-Jan, Thijs
en Jeannette) en nog zoveel meer Arubianen: dushi ta hopi bon! Ik zal altijd heimwee
blijven houden naar ons heerlijke eilandleven. Met jullie afspreken voelt alsof we het
toch een beetje vast kunnen houden. Vriendenkring (Jill, Sebastiaan, Jeannette, Jort,
Floor, Mas, Ester, Carolien, Reinier, Sanne) wat zijn jullie een leuke groep mensen.
Altijd gezelligheid en altijd een goed gesprek. Ik hoop dat we dit vast kunnen blijven
houden. Lieve Kirsten, mijn onbetwiste beste vriendinnetje. Wat kennen wij elkaar
al lang, wat heeft onze vriendschap al veel vormen gehad en wat is het bijzonder dat
we nog steeds zo close zijn. Je bent onmisbaar in mijn leven en ik ben zo blij met jou.
Floortje wat een fantastische herinneringen hebben wij al samen. De bergen hebben
ons nog dichter bij elkaar gebracht...ik hoop dat we nog veel magische dagen zullen
delen zoals in Italié. Je ben een geweldig persoon en ik bewonder je zeer. En al mijn
andere lieve vriendjes: we zien elkaar niet vaak, maar als we elkaar zien is het goed.
Het is zo waardevol om mensen om je heen te hebben waar je wat van kunt leren en
mooie momenten mee kan delen.

Mijn leuke lieve schoonfamilie wat is het fijn om jullie als bonus er bij te hebben
gekregen. Wat hebben we het goed met elkaar en wat vormen jullie een fijne basis
om op terug te vallen.

Mijn lieve broer Martin van de Velde en Lara van Gaalen. Wat hebben we het altijd ge-
zellig samen. Martin: jouw weg is niet altijd makkelijk, maar ik bewonder enorm hoe jij
voor de volle 200% voor je eigen passie gaat. Je bent niet bang om op je bek te gaan
en dan weer opnieuw te beginnen. Je eigen, authentieke zelf is een heel bijzonder
mens met fantastische kwaliteiten. Laat niemand je ooit iets anders vertellen. Ik hoop
dat we nog veel mooie momenten met elkaar mogen beleven.

Mijn lieve mama Sonja van de Velde. Wat zorg je altijd goed voor mij. Ik kan altijd
bij je terecht als ik iets nodig heb; of als ik gewoon even wil kletsen. Je bent altijd
geinteresseerd in wat ik doe. Je bent een geweldige oma voor Jesse en Nathan en
jouw steun als back-up is onmisbaar; zonder dat kan ik niet alle dingen doen die ik nu
doe. Ik vind het knap hoe jij je leven vorm en inhoud geeft en je ontwikkelt. Geniet
nog maar van al het moois dat er is!
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En dan mijn lieve papa Hans Martin van de Velde. Ik draag dit boek aan je op, maar
zoveel liever had ik dat niet hoeven doen en had ik je dit boek gegeven. Jij bent be-
gonnen met mijn wetenschappelijke vorming; al op de kleuterleeftijd. Altijd was je
bezig om als kind mijn honger naar kennis te stillen: door boeken te geven of musea
bezoeken. Uren konden we verdwalen in het Nint (wat nu Nemo is), of boeken kijken
op de grond bij de Slegte, soms tot frustratie van mama. Goede gesprekken voerden
we in de bergen; die liefde heb je rechtstreeks op me overgedragen. Nu ik moeder ben
probeer ik Nathan en Jesse mee te geven wat jij mij ook hebt gegeven. Ik draag je stem
bij me en ik mis je elke dag, maar wat ben ik blij, dankbaar en trots dat ik jou mijn papa
mag noemen. Bedankt voor al je liefde, wijsheid en geduld.

Lieve Nathan wat ben jij een plezier, elke dag weer. Je vrolijkheid, je liefheid, je intrin-
sieke wil om de wereld te ontdekken, hoe je speelt...ik kan uren naar je kijken. Je bent
een rustig, bedachtzaam en sociaal mannetje en ik ben helemaal gek op je.

Lieve Jesse wat ben jij een kadootje. Jouw guitige glimlach, die je zo rijkelijk uitdeelt,
kan een hele kamer opvrolijken. Wat ben je al lekker aan het ontdekken. Ik geniet
enorm van jou!

De laatste woorden van dit dankwoord richt ik natuurlijk tot jou aller, allerliefste
Linda van de Velde. Eén ding is zeker: niks van wat in dit proefschrift staat had ik ge-
kund zonder jou. Jij bent echt mijn steun en toeverlaat, soms tot vermoeiends toe. Jij
bent de meest zorgzame persoon die ik ken. Jij bent pas blij als iedereen om je heen
blij is. Ik heb intens veel bewondering voor de weg die jij hebt afgelegd om te komen
waar je nu bent. Het motiveert mij om het onderste uit de kan te halen en ook te gaan
voor dat wat ik wil bereiken. Ik ben zo trots op jou en ons mooie gezin. Ik weet dat
mijn enthousiasme en overtuigingskracht soms overweldigend zijn en dat het lastig is
om je daarin staande te houden. En al dat enthousiasme zorgt er voor dat ik vaker weg
van huis ben dan mij lief is. Dat kan alleen meer door alles wat jij doet om ons gezin
draaiende te houden. Een soms zware en onmisbare taak die je zo geweldig vervuld.
Nathan en Jesse mogen zo trots en blij zijn met zo'n geweldige moeder als jij. Jij kan
iedereen in hun kracht zetten en laten stralen en ik weet dat je alles faciliteert om mij
te laten stralen. Hiervoor kan ik je nooit genoeg bedanken. Ik hou zielsveel van jou!
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